
Spatial gene expression changes in the mouse heart after base-
targeted irradiation

Walls, G. M., Ghita, M., Queen, R., Edgar, K. S., Gill, E. K., Kuburas, R., Grieve, D. J., Watson, C. J., McWilliam,
A., Van Herk, M., Williams, K. J., Cole, A. J., Jain, S., & Butterworth, K. T. (2023). Spatial gene expression
changes in the mouse heart after base-targeted irradiation. International Journal of Radiation Oncology - Biology
- Physics, 115(2), 453-463. https://doi.org/10.1016/j.ijrobp.2022.08.031

Published in:
International Journal of Radiation Oncology - Biology - Physics

Document Version:
Publisher's PDF, also known as Version of record

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2022 the authors.
This is an open access article published under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution and reproduction in any medium, provided the author and source are cited.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Open Access
This research has been made openly available by Queen's academics and its Open Research team.  We would love to hear how access to
this research benefits you. – Share your feedback with us: http://go.qub.ac.uk/oa-feedback

Download date:18. Jul. 2024

https://doi.org/10.1016/j.ijrobp.2022.08.031
https://pure.qub.ac.uk/en/publications/77fa0ddf-058e-46fb-aee7-76ef9cb31b55


www.redjournal.org
BIOLOGY CONTRIBUTION
Spatial Gene Expression Changes in the Mouse
Heart After Base-Targeted Irradiation
Gerard M. Walls, FRCR,*,y Mihaela Ghita, PhD,* Rachel Queen, PhD,z Kevin S. Edgar, PhD,x Eleanor K. Gill, PhD,x,k

Refik Kuburas, PhD,* David J. Grieve, PhD,x Chris J. Watson, PhD,x Alan McWilliam, PhD,{,#

Marcel Van Herk, PhD,{,# Kaye J. Williams, PhD,** Aidan J. Cole, FRCR, PhD,*,y Suneil Jain, FRCR, PhD,*,y and
Karl T. Butterworth, PhD*

*Patrick G Johnston Centre for Cancer Research, Queen’s University Belfast, Northern Ireland; yCancer Centre Belfast City Hospital,
Belfast Health & Social Care Trust, Belfast, Northern Ireland; zBiosciences Institute, Faculty of Medical Sciences, Newcastle University,
Newcastle-upon-Tyne, England; xWellcome-Wolfson Institute for Experimental Medicine, Queen’s University Belfast, Belfast, Northern
Ireland; kDepartment of Physiology, Anatomy and Genetics, University of Oxford, Oxford, England; {Division of Cancer Sciences,
University of Manchester, Oglesby Building, Manchester, England; #Department of Radiation Therapy Related Research, The Christie
Foundation Trust, Manchester, England; and **Division of Pharmacy and Optometry, School of Health Science, Faculty of Biology
Medicine and Health, University of Manchester, Manchester, England
Received Mar 30, 2022; Accepted for publication Aug 5, 2022

Purpose: Radiation cardiotoxicity (RC) is a clinically significant adverse effect of treatment for patients with thoracic malig-
nancies. Clinical studies in lung cancer have indicated that heart substructures are not uniformly radiosensitive, and that dose
to the heart base drives RC. In this study, we aimed to characterize late changes in gene expression using spatial transcriptom-
ics in a mouse model of base regional radiosensitivity.
Methods and Materials: An aged female C57BL/6 mouse was irradiated with 16 Gy delivered to the cranial third of the heart
using a 6 £ 9 mm parallel opposed beam geometry on a small animal radiation research platform, and a second mouse was
sham-irradiated. After echocardiography, whole hearts were collected at 30 weeks for spatial transcriptomic analysis to map
gene expression changes occurring in different regions of the partially irradiated heart. Cardiac regions were manually anno-
tated on the capture slides and the gene expression profiles compared across different regions.
Results: Ejection fraction was reduced at 30 weeks after a 16 Gy irradiation to the heart base, compared with the sham-irradi-
ated controls. There were markedly more significant gene expression changes within the irradiated regions compared with
nonirradiated regions. Variation was observed in the transcriptomic effects of radiation on different cardiac base structures
(eg, between the right atrium [n = 86 dysregulated genes], left atrium [n = 96 dysregulated genes], and the vasculature [n = 129
dysregulated genes]). Disrupted biological processes spanned extracellular matrix as well as circulatory, neuronal, and contrac-
tility activities.
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Conclusions: This is the first study to report spatially resolved gene expression changes in irradiated tissues. Examination of
the regional radiation response in the heart can help to further our understanding of the cardiac base’s radiosensitivity and sup-
port the development of actionable targets for pharmacologic intervention and biologically relevant dose constraints. � 2022 The
Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
Introduction
Radiation cardiotoxicity (RC) is as an important sequela of
treatment for patients with lung, esophagus, breast, and
mediastinal malignancies, despite recent advances in radia-
tion therapy technology.1-4 RC is manifested as ischemia,
arrhythmia, heart failure, valvulopathy, or pericardial dis-
ease in the months or years posttreatment.5,6 The affected
underlying cardiac tissues are highly interdependent in their
orchestration of the heart’s overall function, maintaining
systemic blood pressure.7-9 Given this complexity, it is likely
that radiation-related pathologies of the heart in select sub-
structures may affect other regions of the heart through
mechanical aberration or downstream biological effects. For
example, ischemic vascular events can cause arrhythmias8

and pericardial disease,10 and valvular11 and pericardial
problems12 can precipitate muscular pump failure (ie, heart
failure).

RC is primarily determined by the relative anatomic rela-
tionship of thoracic tumors and the heart. For example, left-
sided tangential breast fields are associated with premature
left anterior descending coronary artery disease, and medi-
astinal field geometries for lymphoma are associated with
valvular stenosis or regurgitation.13 Modern radiation ther-
apy planning and conformal delivery techniques have signif-
icantly reduced the probability of normal tissue
complication,14 yet recent evidence indicates that the heart
remains a critical organ at risk that displays regional radio-
sensitivity characteristics, with the heart base being particu-
larly important.15-17 The base of the heart includes the
proximal portion of “serial” organs such as the coronary
arteries and the cardiac conduction system, as well as “paral-
lel” structures such as the atrial myocardium. It is likely that
there is variation in the radiation response of these substruc-
tures, governed by their underlying nonuniform alpha/beta
ratios.18

We have previously demonstrated regional radiosensitiv-
ity in the heart in a preclinical model of RC by targeting the
base of the heart.19 In this study, we use the same partial
heart irradiation model to characterize the late-occurring
gene expression (GE) changes in different heart regions
using spatial transcriptomics. This approach provides a
high-resolution presentation of the spatial gene expression
landscape to better understand radiobiological response
after targeted irradiation. These data can help to directly
inform the development of preventative strategies such as
pharmacologic interventions and biologically derived sub-
structure dose constraints to reduce the probability of
adverse reactions in the heart.
Methods and Materials
Animals

Female C57BL6J mice aged 9 months (Charles River Labora-
tories, Oxford, UK) were housed under controlled conditions
(12-hour light-dark cycle, 21°C) in standard caging with 3 to
5 littermates and received a standard diet (Teklad, Envigo,
UK) with water ad libitum. Six mice were randomly assigned
to receive irradiation, 16 Gy/1# to the heart base, and six
were assigned to receive sham irradiation. Animals were
closely monitored throughout the experiment and weighed at
least twice per week to ensure <15% weight loss. All experi-
mental procedures were carried out in accordance with the
Home Office Guidance on the Operation of the Animals
(Scientific Procedures) Act 1986, published by His Majesty’s
Stationery Office London, and were approved by the institu-
tional Animal Welfare and Ethical Review Body (PPL2813).
Irradiation procedures

Animals were anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg) by intraperitoneal injection before irra-
diation. Animals were irradiated with 220 kV x-rays at a
dose rate of 2.67 Gy/min on a small-animal radiation
research platform (Xstrahl Life Sciences, UK) calibrated
using the Institute of Physics and Engineering in Medicine
and Biology code of practice.20 The cranial third of the heart
was localized on cone beam computed tomography and a
parallel, opposed, anterior-posterior field arrangement was
created using a 3 £ 9 mm collimator. Representative field
arrangements from Muriplan are shown in Figure 1A-C.
Echocardiography

Transthoracic echocardiography (TTE) was performed at
baseline and at 30 weeks after irradiation to assess structural
and functional cardiac parameters using a Vevo770 ultra-
sound system with a high-frequency 45 MHz RMV707B
scan head (VisualSonics Inc). Animals were anesthetized
using 2% isoflurane during acquisition. Left ventricular met-
rics during systole and diastole were recorded for 2 seconds
and 3 measurements were recorded during this window for
each value. Using M-mode, the left ventricular ejection frac-
tion (LVEF) and fractional shortening (LVFS) were derived
from a parasternal short-axis view. Using pulse-wave Dopp-
ler imaging, E/A ratio, myocardial performance index

http://creativecommons.org/licenses/by/4.0/


Fig. 1. Beam arrangement used for irradiations in the (A) sagittal, (B) coronal, and (C) transverse planes on cone-beam
computed tomography. (D) The dose distribution in heart and lung are plotted in the dose volume histogram. (E) Functional
cardiac parameters 30 weeks after 16 Gy radiation therapy to the heart base or sham irradiation.Abbreviations: E/A = E/A ratio,
EF = left ventricular ejection fraction, FS = left ventricular fractional shortening, MPI = myocardial performance index.
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(MPI) and isovolumetric relaxation times (IVRT) were cal-
culated. Observers were blinded to the experimental groups
of mice during data collection. Paired t tests were calculated
for the functional parameters and histologic features. Pear-
son’s correlation coefficient was generated for assessment of
the relationship of DVH and TTE parameters.
Myocardial morphology

Tissue sections with atrial and ventricular tissue present
were stained with hematoxylin (Dako Mayer’s haematoxylin
10148347) and eosin (Sigma-Aldrich HT110216) (H&E), or
Masson’s trichrome (ab150686), as per manufacturer
instructions. Pericardial thickness was evaluated on the for-
mer, and perivascular fibrosis on the latter, with 20 meas-
urements made per section.
Spatial sample preparation and quality control

After the follow-up TTE, mice were humanely killed by cervi-
cal dislocation. Hearts were resected at the level of the ascend-
ing aorta and briefly rinsed in phosphate buffered saline to
remove blood. The hearts of one irradiated and one control
animal were embedded in Optimal Cutting Temperature
compound (CellPath, Powys, Wales, UK) and snap-frozen
using an isopentane slurry in dry ice, oriented carefully in the
superior-inferior and right-left axes. To assess the RNA integ-
rity number (RIN), 3, 10-mm cryosections of cardiac tissue
were placed in RLT buffer (Qiagen, 1053393) and homoge-
nized with a Precelleys lysing kit, CK28-R (P000916-LYSko-
A) using a Precelleys 24 tissue homogeniser (Bertin Technolo-
gies). Total RNA was extracted using an AllPrep DNA/RNA/
miRNA Universal Kit (QIAGEN, 80224), according to the
manufacturer’s instructions. RIN was assessed using a 2100
Bioanalyzer (Agilent), with a threshold of 7.0 set for proceed-
ing with spatial experiments. Additional sections for hematox-
ylin and eosin (H&E) staining were taken to check tissue
morphology and for freeze artefacts.

Both hearts were cryosectioned at 10-mm thickness in the
coronal plane. Consecutive tissue sections, each containing all
4 heart chambers and the great vessels, were placed within
one of the slide capture areas (6.5 £ 6.5 mm) of a chilled Vis-
ium Tissue Optimisation Slide (Visium Kit PN-1000191) and
2 Visium Spatial Gene GE Slides (Visium Kit PN-1000185)
and stored at �80°C. Sections were stained with H&E,
mounted in glycerol and brightfield images were taken on a
Nikon A1R invert confocal microscope with a 10X objective.
Tissue optimization

The tissue optimization slide was used to determine permea-
bilization conditions for the heart tissue following the man-
ufacturer’s protocol. A permeabilization time of 40 minutes
showed the optimum fluorescent cDNA signal and was used
for the subsequent GE assays.
Gene expression

After tissue permeabilization and reverse transcription of
the RNA captured by the GE slide, the probes were cleaved
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from the slide and sequencing libraries prepared according
to the manufacturer’s protocol. Each GE slide capture area
has »5000 GE spots and the RNA captured by these probes
share a common DNA barcode within the capture probe
sequence that is used to spatially map the transcripts back
to the tissue section, using the H&E images as reference.
Each spot is 55 mm wide (resolution 1-10 cells) and these
are separated by 45 mm. The cDNA was sequenced at
50,000 reads per spot using an Illumina NovaSeq 6000 and
the resulting data aligned to reference genome (mm 10-
3.0.0) using Space Ranger version 1.0.
Data quality and filtering

The count matrix was first enriched for protein-coding RNA
and lincRNA gene types. Next, the expression matrix was
filtered by removingMALAT1 andMTRNR genes, as well as
highly expressed genes related to hemoglobin. Spots with
fewer than 500 genes and genes expressed in fewer than 15
spots were excluded. Spots with more than 10% mitochon-
drial GE were also discarded.
Sequence Alignment and Data Processing

The Spaniel package (v1.2.0, bioRxiv 619197) was used to
import the data into R and to create the spot plot images.
Normalization, dimensionality reduction, and integration of
data from the 4 technical replicates for each heart were per-
formed using the Seurat package (v3.1.3)21 with a scale fac-
tor defined as the average of column sums across the
expression matrix, using the LogNormalize method. Genes
with high dispersion were selected using the FindVariable-
Genes function. Sources of technical and biological variabil-
ity within the data, including cell cycle activity22 and
number of genes and mitochondrial content were regressed
out using the ScaleData function. Spot plot images were
generated for a prespecified list of genes from the literature
to confirm visualized GE changes were appropriate.
Cluster visualization

Clusters were then identified using the FindClusters func-
tion. We used Uniform Manifold Approximation and Pro-
jection (UMAP) to visualize clusters in a reduced 2-D space.
To identify differential GE within the clusters for each sam-
ple, pair-wise comparisons of individual clusters against all
other clusters in the same sample were performed using the
FindAllMarkers function in the Seurat package (version
3.1.3).21 Clusters were visualized and their characteristics
extracted using the 10X Loupe browser program. Human
cardiac cell GE atlases were used to suggest likely cell
populations.23,24 The clusterProfiler package (version
3.16.1) was used to generate summary gene ontology (GO)
dot plots for clusters with sufficient differential GE.
Subsequently, high-resolution bright field microscopy
images were used to prospectively annotate histology
corresponding to distinct heart regions on whole heart
sections, namely the 4 chambers, great vessels, and valves
(Fig. E1). A transverse strip of the superior ventricle was
excluded from annotations to account for the uncertainty
in the placement of the inferior border of the irradiation
field for either or both animals. The bounds of this strip
were decided based on anatomy (rather than pathology)
by investigator group consensus, before analysis. GE data
from all spot coordinates within labeled regions were
averaged across spots permitting comparison of GE
between the control and irradiated samples per anno-
tated cardiac region.
Gene enrichment and network analysis

GO characteristics of genes from annotated substructures
were determined using the ToppFun function of Top-
pGene25 for all DE genes with an average log10 fold-change
value >0.378 (corresponding to a fold-change of 1.3) and
adjusted P value < .05. The entire set of genes identified
across both samples was provided as a background gene list.
The false discovery rate (Benjamini & Yekutieli) of <0.05
was taken to be significant for biological processes (BPs),
and redundancies in the biological process lists were
removed using Revigo.26 Protein-protein interaction net-
work analysis was performed on enriched genes using Cyto-
scape.27 To confirm appropriate GE distributions visually
before the analysis proper, comparisons with both normal28

and postirradiation29,30 whole-heart transcriptome study
results were undertaken.
Results
Base radiosensitivity model

As shown previously, 16 Gy delivered in 1 fraction to the
cranial third of the heart caused functional effects at late
time points. The dose distribution to the heart and lungs is
depicted in Figure 1D. Perivascular fibrosis and pericardial
thickness were both increased in the atrial region of the irra-
diated animals compared with controls, without a corre-
sponding difference in the ventricles (Figs. E2-4). TTE
measurements at 30 weeks revealed more marked reduc-
tions in LVFS, LVEF, and E/A ratio in the irradiated mouse,
and a less reduced MPI (Fig. 1E), in keeping with the
expected deterioration in cardiac function. This was in keep-
ing with the trends observed in treatment groups (n = 6) as a
whole, in which LVFS and LVEF were significantly reduced
and MPI was nonsignificantly increased (Fig. E5). Taken
together, these results are indicative of left ventricular sys-
tolic dysfunction.
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Evaluation of spatial transcriptomics

A total of 3543 and 3712 individual spots detected tissue for
the control (n = 1) and irradiated animals (n = 1) respec-
tively. An average of 2623 genes per spot were generated
from 13,733 raw reads from an average of 18,706 unique
transcripts per spot. The similarity in GE levels was compa-
rable between technical replicates for both hearts was high
as determined by Pearson’s correlation.

To visualize distinct tissues as defined by GE patterns,
spots were clustered as shown in the UMAP plots in
Figure 2A and 2C. Overlaying these data on histology, clusters
grossly corresponded to distinct heart regions, as demon-
strated in the spot plots (Figs. 2B, 2D). Targeted searches for
hallmark genes for each of the of cardiac domains, based on a
recent human atlas (Table E1) confirmed appropriate spatial
distribution patterns of cardiac cell populations on coregis-
tered H&E (representative examples from the sham-irradiated
heart are shown in Fig. 3, and the irradiated heart, in Fig. E6).

Dot plots were generated to grossly compare the distin-
guishing BPs within each sample (Fig. 4). In the unirradi-
ated control tissue, our data showed that processes related
to cellular respiration, lipid metabolism and the electron
transport chain were predominant in line with the function
of working cardiomyocytes. In contrast, in the irradiated
base tissue, the most prevalent BPs were immune-related.
Fig. 2. On the left, integrated UMAP clusters for all 4 technica
right, the corresponding spot plots generated to visualize the anat
for (B) the control and (D) the irradiated heart.
The significantly dysregulated gene ontology profiles had
minimal overlap in the BPs represented, suggesting a pro-
foundly distinct transcriptional profile exists postirradiation
with 16 Gy. Clusters from the base and nonbase regions are
represented in the control and irradiated samples.

To visually assess whether GE changes after irradiation
were spatially defined appropriately, spot plot images were
generated for a prespecified set of genes from previous tran-
scriptomic publications in cardiac irradiation murine models
(Fig. E7).28 PPARa and Nrf2 spot plots confirmed DE changes
after irradiation localized to the irradiated heart volume of the
cardiac base, and were not present in the ventricles. In contrast,
TGF-b was not consistently upregulated in any heart region.

Of note, although the extra cluster identified in the irra-
diated heart could be a product of the clustering process, it
likely represents thymus tissue included in the heart speci-
men, given that key gene upregulation in this cluster
includes FASN (important in adipocytes) and CD74 (mac-
rophages). Because the thymus effaces the anterior heart it
is commonly found in cardiac specimens.

Region-specific GE changes

To analyze how GE changes differ between regions after irra-
diation, GE was averaged across all spots in each region and
compared between the irradiated sample and the control. The
l repeats for the (A) control and (C) irradiated heart. On the
omic location of spots with different transcriptional profiles



Fig. 3. Examples of spot visualization for upregulated genes representing key cardiac cell populations in the control heart.
Abbreviation: CMs = cardiomyocytes.
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significantly dysregulated GE predominantly localized to the
volume of irradiated heart tissue (131 atrial genes vs 28 ven-
tricular genes). Although genes were always dysregulated in
the same direction between the right and left atria, less than a
third were common to both regions, suggesting distinct and
regional specific GE changes (Table E2).

In the right atrium of the irradiated case, the 3 most sig-
nificantly activated BPs were extracellular matrix structure
and organization, circulatory system development and regu-
lation of cell population and proliferation (6%-8% genes in
annotation). No BPs were significantly downregulated. The
5 most prominent nodal genes from a network analysis of
Fig. 4. Dot plots for the (A) unirradiated and (B) irradiated hea
tially expressed genes or were not significantly associated with a ge
all significantly dysregulated genes identified in the right
atrium were Fn1, Timp1, Cav1, Vwf and TagLn (13°-26°),
which are described in Table 1.

In contrast, in the left atrium, the 3 most significantly acti-
vated BPs were the classic complement pathway, B cell medi-
ated immunity and response to interferon gamma (13%-50%
genes in annotation). The most 3 most significantly downre-
gulated BPs were regulation of calcium transmembrane trans-
porter activity, regulation of heart contraction and cytokine-
mediated pathways (6%-50% genes in annotation). The 5
most prominent nodal genes from a network analysis of all
significantly dysregulated genes identified in the left atrium
rts. Clusters not represented did not show sufficient differen-
ne ontology term.



Table 1 Description of prominent nodal genes from network analysis of dysregulated atrial genes

Gene symbol Gene name Molecular function Related biological processes Laterality

Fn1 Fibronectin 1 Peptidase activator Calcium-independent cell-matrix
adhesion, cell-substrate junction
assembly, and positive regulation of
axon extension

Both

Timp1 Tissue inhibitor of
metalloproteinase 1

Metalloendopeptidase inhibitor
activity, cytokine activity, zinc
binding activity

Connective tissue replacement involved
in inflammatory response wound
healing

Right

Cav1 Caveolin 1 Enzyme binding, identical
protein binding, and protein
heterodimerization

Blood vessel diameter maintenance,
blood vessel morphogenesis, and
negative regulation of signal
transduction

Right

Vwf Von Willebrand factor Chaperone binding, identical
protein binding, integrin
binding activity

Platelet activation Right

TagLn Transgelin Actin filament binding Epithelial cell differentiation Right

Myh6 Myosin heavy polypeptide 6,
cardiac muscle a

Microfilament motor Adult heart development, muscle cell
development, regulation of heart
contraction

Left

Col3a1 Collagen type III a1 SMAD binding Aorta smooth muscle tissue
morphogenesis, negative regulation of
neuron migration, positive regulation
of Rho protein signal transduction,
cellular response to amino acid
stimulus, collagen fibril organization

Left

C1qa Complement component 1, q
subcomponent a-polypeptide

Complement-mediated synapse
pruning, microglial cell
activation, nervous system
development

Classical complement activation
pathway

Left

Postn Periostin, osteoblast-specific
factor

Heparin binding activity Cell adhesion, cellular response to
vitamin K extracellular matrix
organization, regulation of Notch
signaling pathway, tissue development

Left

SMAD = SMA (small worm phenotype) and MAD (Mothers Against Decapentaplegic) gene families.
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were Fn1, Myh6, Col3a1, C1qa and Postn (14°-28°) and are
described in Table 3.28 Spot plot images were generated for
the key atrial genes for visualization (Fig. E8) illustrating how
gene activation was generally restricted to the irradiated car-
diac volume.

The majority (20 of 28) of the dysregulated ventricular
genes were also dysregulated in the atria. Although the genes
were always dysregulated in the same direction between the
right and left ventricles, there was an insufficient number of
significantly differentially expressed genes to generate GO
BPs or network analyses for the individual ventricles. The 8
dysregulated genes unique to ventricular regions were Hbb-
bt, Ptgds, Myom2, Myh7, Ivns1abp, Lbh, Rpl13a, and Mlf1
which are described in Table E3.28 The top 5 differentially
expressed genes identified common to both the atria and
ventricles were Nppa, Myl7, Myl4, Malat1, and Sln, and
these genes are described in Table E4.28

Blood enters and leaves the heart via large vascular struc-
tures connected superiorly and are considered a part of the
cardiac base. Although there were 39 significantly upregulated
genes in the great vessels region, no significantly activated cor-
responding BPs were identified. The top 3 downregulated BPs
were carboxylic acid metabolic process, ribose phosphate met-
abolic process, and organophosphate metabolic expression.
The 5 most prominent nodal genes from a network analysis
of all significantly dysregulated genes identified in the great
vessels were Sdha, Uqcrfs1, Uqcrc1, Atp5a1, and Cox4i1 (59°-
64°), which are described in Table E5.28

The atrioventricular valves ensure unidirectional blood
flow in the heart from atria to ventricles. From 259 upregu-
lated genes in the valve region, the top 3 significant BPs
were cell activation, immune effector process, and response
to cytokine. From the 27 downregulated genes, the only sig-
nificant downregulated biological process was muscle system
process. The 5 most prominent nodal genes from a network
analysis of all significantly dysregulated genes identified in
the atrioventricular valves were Actb, Gapdh, Fn1, CD44,
and Tyrobp (51°-106°), which are described in Table E6.28
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The central region of the heart is a fibrous structure that
plays an important structural role in the heart and includes
the Bundle of His, which is the strands of the conduction
system that coordinate ventricular contraction. From 362
upregulated genes in the central region, the top 3 significant
BPs were extracellular matrix organization, extracellular
structure organization, and external encapsulating structure
organization. From the 404 downregulated genes, the top 3
significantly downregulated BPs were generation of precur-
sor metabolites and energy, cellular respiration, and energy
coupled proton transport down electrochemical gradient.
The 5 most prominent nodal genes from a network analysis
of all significantly dysregulated genes identified in the cen-
tral region were Il-1b, Itgb1, Acta2, Fn1, and Actb (113°-
195°), which are described in Table E7.28
Discussion
The heart is an elaborate organ that is classically described as
being ‘parallel’ in terms of structure, yet several constituent
substructures within the heart exhibit characteristics of serial
tissue organization. These features suggest the potential for
heterogeneity in underlying mechanisms of radiation response
between the atria, ventricles and other important regions that
are yet to be fully characterized. The base region, correspond-
ing to the top of the heart, has been shown to mediate cardiac
radiosensitivity in several clinical studies,15-17 possibly due to
the key substructures within, including the proximal coronary
arteries and the conduction nodes. This region is particularly
relevant in thoracic radiation therapy as primary lung and
esophageal tumors and their regional nodal spread are typi-
cally within the immediate vicinity and therefore this cardiac
region can get exposed to radical dose levels.

In this study, we present the first report of spatial GE in a
translationally relevant model of cardiac toxicity after targeted
irradiation of the heart base. Our murine model exhibits
detectable cardiac dysfunction after 16 Gy image-guided radi-
ation to the cranial third of the heart.19 Unsupervised analysis
enabled clusters of GE spots to be formed that represent dis-
tinct cardiac cell populations within the heart that spatially
mapped to the corresponding H&E microanatomy. Gross
comparison of the unsupervised dot plots for the 2 hearts
enabled visualization of the most altered BPs per cluster that
were predominantly related to immune and metabolic pro-
cesses in the irradiated heart, in contrast to the control where
a variety of normal physiological processes prevailed.

A direct comparison of gene profiles between regions of
the heart was performed by annotation of H&E sections.
Dysregulated GE was identified in all regions, with a 6-fold
increase in the number of dysregulated genes in the atria
compared with the ventricular regions suggesting that late
GE changes predominantly localize to the irradiated heart
volume yet changes in out-of-field cardiac regions were also
observed. Considerable overlap was observed in the dysre-
gulated genes of both atria and several genes were unique to
both the atria and ventricular regions. Network analysis for
each of the atrial regions revealed a distinct pattern of hub
genes with only the FN1 gene common to both regions.

The protein product of FN1, fibronectin 1, is a peptidase
activator that maintains the extracellular matrix including cal-
cium-independent cell-matrix adhesion, cell substrate junc-
tion assembly, and positive regulation of axon extension.24

The tissue levels of fibronectin 1 are known to increase at 12
weeks after whole-heart irradiation with 21 Gy/7# in rats and
are a known downstream mediator of TGF-b signaling, which
has previously been implicated in normal tissue toxicity.31 Dif-
ferences in GE between right and left regions agrees with pre-
vious reports showing that laterality influences GE in healthy
and diseased hearts.32-34 Also, we identified other extracellular
matrix-related genes in the network analysis of the atria
including Timp1, Col3a1, and Postn.

Other pathways involved in the atria included the Cav1,
Tagln, Myh6 and C1qa genes suggesting the involvement of
the vasculature, myocytes and complement pathways. These
genes have also previously been implicated in the BPs medi-
ating radiation toxicity in the heart.35,36 or other normal tis-
sues.37 Of note, from the biological processes analysis, the
upregulation of “hydrogen peroxide metabolic process,”
possibly related to previous oxidative stress resulting from
targeted radiation, supports the mechanism by which anti-
oxidant therapy may ameliorate RC (eg, vitamin E).38

A total of 28 genes were significantly up- or downregulated
after 30 weeks in the ventricles, 8 of which were altered in the
ventricles exclusively. Nodal genes from the network analysis
of the protein products of these genes related to pathologic
isoforms of myosin (Myh7), a key myocyte protein, and endo-
crine elements such as atrial natriuretic peptide (NPPA) and
prostaglandin D2 synthase (Ptgds) that have been implicated
in nonradiation disease states.39 Upregulation of these genes
may account for some elements of radiopathology previously
described such as cardiomyocyte hypertrophy35,40 and addi-
tional natriuretic peptide expression.41

Also, nonmuscular regions of the heart such as the valves
and the great vessels each had unique patterns of GE postir-
radiation and key genes were related to regional functions
(eg, integrin receptor beta, involved in collagen binding, in
the central fibrous body which plays a skeletal role in the
heart, and mitochondrial proteins in the great vessels, possi-
bly linked to vascular smooth muscle).

As summarized in Figure 5, these novel data obtained
through spatial transcriptomics offer insight into the under-
lying basis of regional radiation response in the heart. The
genes identified as uniquely dysregulated in the atria require
mechanistic validation and may improve our understanding
of base radiosensitivity that has been observed clinically.
Genes identified as distinctly dysregulated in the ventricular
region are likely to play a role in how irradiation of the car-
diac base affects other regions of the heart. Furthermore,
cardiovascular drug screens with these molecular targets
could help select cardiovascular drugs for future therapy
studies for radiation cardiotoxicity prophylaxis.

Although regional heterogeneity in the GE patterns
of the normal heart has been previously reported,42 the



Fig. 5. Proposed schema for interpretation of partial heart irradiation spatial transcriptomic analyses. (Radiation
field = black rectangle; right atrium = yellow; left atrium = blue; great vessels = red; right ventricle = purple; left
ventricle = green; atrioventricular valves = orange; central fibrous body = black; irradiated right ventricle = white; irradiated
left ventricle = pink.)
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high-resolution tissue landscape has not been reported in
the context of radiation response. A previous study identi-
fied >5000 differentially expressed genes in the rat left ven-
tricles 1 week after whole-heart irradiation, showing that
mitochondrial dysfunction, protein ubiquination, and sir-
tuin signaling were predominantly enriched.43 The authors
also showed that the oxidative stress modulating transcrip-
tion factor Nrf2 is involved as an important upstream regu-
lator of the early radiation response, and Nrf2 was shown to
be upregulated in our study after cardiac base irradiation.
Nrf2 is a transcription factor for >1000 genes, and because
many have been implicated in heart failure, it is subject to
intense investigation at present.44 Other similar studies
combining transcriptomics and proteomics30 highlight
pathology relating to cardiac remodeling, metabolic pertur-
bation, and fibrosis, which each have well-established posi-
tions in the etiology of RC.40,45 Specifically, induction of the
TGF-b pathway and inactivation of the PPAR-a pathway
were shown, with evidence of cross-talk between the signal-
ing via MAPK activation resulting from radiation. Our
study found that PPAR-a is activated after cardiac base irra-
diation yet TGF-b was not upregulated in the spatial tran-
scriptome, possibly because of the shorter follow-up and the
reduced heart volume irradiated in our study.

In comparison with previous methods involving tissue
microdissection or in situ sequencing, spatial transcriptom-
ics allows for high-resolution, unbiased analysis of the tran-
scriptional landscape.46 This approach has been applied
previously to resolve spatial heterogeneity in heart failure
using cardiac biopsies,47 to map embryonic cardiogenesis,23

and to identify cellular differentiation and morphogenesis
processes.48 This study is the first spatial transcriptomic
analysis of irradiated tissues and reveals distinct regional GE
changes. Given the complex range of cell types in the heart,
future studies may integrate single-cell sequencing with spa-
tial transcriptomics, potentially using cardiac biopsies from
patients undergoing radiation therapy to model clinically
relevant baseline disease states such as ischemic heart dis-
ease or arrhythmia.

Although our study provides a robust analysis of the het-
erogeneous GE profile of the regional heart tissues, it has sev-
eral limitations. Only 4 technical repeats were used from 2
animals and so individual, sample-specific variation may be
important. In addition, the genes highlighted in the results
were not independently examined by in situ hybridization or
immunohistochemistry for additional validation, and this is
recommended before such work is translated to a clinical con-
text. Also, our analysis was performed at a single dose frac-
tionation and time point, which may restrict extrapolation to
the clinical scenario despite a similar biologically effective
dose for typical lung cancer radiation treatment plans.49

Despite these limitations, for the first time, we have demon-
strated the application of spatial transcriptomics to provide
unique, spatially resolved variations in GE in irradiated tissues.
We anticipate that similar approaches will be increasingly
implemented to better understand the spatial and temporal
complexity of RT response in tumor and normal tissues.
Conclusion
We provide the first evidence of spatially resolved GE in a
clinically relevant mouse model of RC. Our data give mech-
anistic insight into primary atrial and secondary ventricular
radiation effects in the heart, advancing our understanding
of regional variations in radiosensitivity. Furthermore, the
novel approach employed is equally applicable to the study
of radiation toxicities in other complex organs at risk to
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refine the underlying mechanisms of tissue-specific radia-
tion effects.
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