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Abstract: Radiation-induced bone injury (RBI) has a multifaceted mechanism of occurrence, is influenced by vari-
ous factors, and is difficult to prevent. Clinicopathologic features and manifestations of disease progression were
observed in two patients with distinct fractures: one with a left-sided fourth rib fracture after postoperative radio-
therapy for lung cancer, and the other with a right-sided intertrochanteric femur fracture following accidental expo-
sure to a *Ir radiation source 5 years prior. These two clinical case reports discussed the clinicopathologic features
of RBI and disease progression and utilized transcriptome sequencing to explore potential new targets for treating
this type of RBI. Both patients exhibited similar incurable osteolytic bone destruction and fatty infiltration in their
pathology. It is proposed that XIST, the most significantly upregulated gene identified by transcriptome sequencing
analysis, maybe a potential target for understanding these molecular mechanisms.
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Introduction

Excessive doses of ionizing radiation can lead
to metabolic and clinicopathological changes
in bone tissue, resulting in decreased bone
strength and an increased risk of fracture; this
is known as radiation-induced bone injury (RBI)
[1, 2]. Pathological changes in the bone can be
categorized as radiation osteoporosis, osteora-
diomyelitis, radiation pathologic fracture, oste-
oradionecrosis, and radiation dysostosis [3].
RBI typically occurs as a complication of clinical
radiotherapy or in the event of nuclear acci-
dents, with the high calcium content of bone
allowing it to absorb more than 30%-40%
more radiation than surrounding tissues [4].
Radiation can directly impact bone-associated
cells [5-7], leading to alterations in bone mor-
phology and an increased risk of bone loss and
fractures. Furthermore, radiation can damage
the microstructure and mechanical properties
of bone by disrupting its mineral and organic
components [8, 9]. A previous study showed

that patients with anal, cervical, and rectal can-
cers face a greater risk of pelvic fracture by
216%, 66%, and 65%, respectively, following
pelvic radiotherapy [10]. The exact molecular
mechanism underlying the pathological chang-
es in RBI remains unclear, and effective pre-
ventive and therapeutic measures are lacking
[11]. Further research is needed to explore new
molecular mechanisms and prevention strate-
gies for RBI.

We present case reports of RBI caused by
radiotherapy and exposure to an Iridium-192
(*°2Ir) radiation source, along with an analysis
of RNA-seq results from an animal model. We
aimed to offer insights for early intervention in
the development of RBI.

Case presentation
Patient 1

A 58-year-old male patient was admitted to the
Department of Thoracic Surgery at our hospital,
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Figure 1. Detailed progression of lesions for patient 1 before and after radiotherapy. A. The CT scan reveals a
subpleural mass shadow located in the lingual segment of the left upper lobe. This mass is closely adherent to
the pleura and predominantly consists of a lobulated solid component featuring distinct burr-like projections. B.
Immunohistochemistry of lung tissue showed CK7 (+) and Ki-67 (+, 70%), while immunohistochemistry of rib tis-
sue showed CK (-), and Ki 67 (-). C-E. The postoperative radiotherapy plan demonstrates a coverage window with a
prescription dose of PGTV of 6600 cGy/220 cGy/30 frequency. F. A CT scan revealed cortical discontinuity of the
fourth rib on the left side. G. RBI bone tissue sections of the ribs in more unirradiated areas displayed extensive
destruction of bone trabeculae, replaced by adipocytes (arrows), with no infiltration of cancer cells observed.

where he underwent radical pulmonary resec-
tion surgery. This procedure was necessitated
by the identification of a malignant nodule in
the left upper lung during computed tomogra-
phy (CT) health screening (Figure 1A). Post-
operative pathology revealed poorly differenti-
ated adenocarcinoma of the left upper lung,
with immunohistochemistry results showing
CK7 (+) and Ki-67 (+, 70%) (Figure 1B). Due to
manifestations of intolerance, including vomit-
ing, loss of appetite, and leukopenia, observed
after several postoperative administrations of
the chemotherapeutic agents carboplatin and
paclitaxel, a localized radiation therapy regi-
men was conducted over a nine-month period,
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delivering a total dose of 66 Gy (Figure 1C-E),
two years following the surgery. A recurrent
complication of chest ulcers with associated
pain was observed during radiotherapy. The
patient presented to our hospital 5 months
after completing radiotherapy, and a cortical
discontinuity of the left fourth rib was identified
on a CT scan (Figure 1F). Subsequently, partial
resection of the fourth rib and flap transfer
repair were performed. Paraffin sectioning of
the resected rib revealed a decrease in bone
tissue minerals, thinning of the bone structure,
a decrease in bone trabeculae, and the substi-
tution of bone marrow with fibrous tissue and
lymphocytes relative to those in unirradiated
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ribs (Figure 1G). Immunohistochemistry results
indicated no signs of cancer cell metastasis in
the bone tissue, with CK7 (-) and Ki-67 (-) find-
ings (Figure 1B).

Patient 2

A 62-year-old male patient presented to our
hospital 5 days after an accidental exposure to
a '°2|r radiation source, leading to right extrem-
ity skin ulceration. The investigation revealed
that the radiation source had an activity of 25
Ci, roughly the size of a soybean. Upon evalua-
tion, it was determined that the estimated
whole-body irradiation dose was 1.41 Gy, with
the right lower extremity receiving a local aver-
age dose of 36 Gy. Patients with mild bone mar-
row form of acute radiation sickness (BM-ARS)
resulting from external irradiation are managed
with supportive and anti-infective therapy, tran-
sitioning to the recovery phase 40 days postir-
radiation. After 1 month of the exposure, a
noticeably greater percentage of mature mono-
cytes were observed on the right side of the
bone marrow smear than on the left side
(Figure 2A, 2B). The patient underwent multi-
ple right lower limb flap transplantations and
received anti-infective treatment for radiation-
induced skin damage. Following improvement,
the patient was transferred to a rehabilitation
hospital for ongoing treatment to enhance
functional recovery of the right lower limb.
Subsequently, regular medical follow-up was
conducted, revealing a progressive increase in
abnormal signals in the right femur on magnet-
ic resonance imaging (MRI) (Figure 2C-F) and
bone turnover markers (Figure 2I). Five years
later, the patient presented with pain and limit-
ed mobility in the right lower limb during physi-
cal activity. He sought treatment at our hospi-
tal, where an MRI revealed an intertrochanteric
fracture and osteoradiomyelitis of the lower
part of the right femur (Figure 2F). Subse-
quently, the patient underwent external fixa-
tion bracket placement for the right femur frac-
ture (Figure 2G, 2H). Intraoperative pathologi-
cal findings indicated necrotic trabecular bone,
and abundant fat vacuoles (Figure 2J).

Exploration of potential molecular mecha-
nisms of RBI

RBI model in mice

To further elucidate the molecular mechanisms
of RBI, transcriptome sequencing assays were
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conducted on the mRNAs of both the experi-
mental and control groups in an animal model.
C57BL/6J mice, females, 4 months old, were
purchased from Shanghai SLAC Laboratory
Animal Co., Ltd. (Shanghai, China). The femurs
of mice in the experimental group were irradi-
ated locally with an 80 cGy dose of intermit-
tent radiation 10 times, and cell samples were
collected 10 weeks later to establish an opti-
mal model of RBI [12]. The success of model
construction can be efficiently assessed by
observing significant bone destruction, which
includes trabecular changes and a reduction in
cellular density [13]. Mice were maintained
under specific pathogen-free animal research
facilities, with a 12-hour dark/12-hour light
cycle, 22°C + 1°C temperatures, and ad libitum
access to food.

Library preparation and sequencing

RNA purification, reverse transcription, library
construction, and sequencing were conducted
at Shanghai Majorbio Bio-pharm Biotechnology
Co., Ltd. The preparation of the RNA-seq tran-
scriptome library was carried out in accordance
with the lllumina Stranded mRNA Prep, Liga-
tion protocol (San Diego, CA), utilizing 1 ug of
total RNA as the starting material. Initially, mes-
senger RNA was isolated through a polyA
selection method using oligo(dT) beads, and
this was followed by fragmentation using
fragmentation buffer. Subsequently, double-
stranded complementary DNA (cDNA) was syn-
thesized with the aid of a SuperScript double-
stranded cDNA synthesis kit (Invitrogen, CA)
employing random hexamer primers during the
synthesis process. The produced cDNA under-
went several steps in preparation for the final
library, including end-repair, phosphorylation,
and the incorporation of adapters, all per-
formed in line with the established library con-
struction protocol. To ensure the proper size
of the cDNA target fragments, the libraries
underwent size selection on 2% Low Range
Ultra Agarose to specifically isolate fragments
of approximately 300 base pairs. These select-
ed fragments were then amplified through PCR
using Phusion DNA polymerase for a total of 15
PCR cycles. Finally, after quantification using
the Qubit 4.0 system, the sequencing library
was prepared for sequencing on the NovaSeq X
Plus platform, utilizing the NovaSeq Reagent
Kit for effective sequencing processes.
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Figure 2. Detailed lesions in patient 2 after exposure to °2Ir radiation source. A and B. One month later, there was
a notable increase in the number of mature monocytes in the right lower extremity compared to the left extremity
(arrows). The percentage of mature monocytes in the bone marrow smear of the left lower extremity was 1.50%,
while in the right lower extremity it was 9.00%. C-G. RBI image of the °Ir source accident involving the right femur.
C. Six weeks later, T2WI-SPAIR revealed large soft tissue abnormal signals with no bone marrow cavity abnormali-
ties. D. Five months later, T2WI-SPAIR showed flaky edema signals in the bone marrow cavity of the upper segment
of the right femur. E. One year later, there were significantly more abnormal signals in the upper segment of the
femur than in the previous segment. F. Five years later, the enhanced NMR signal displayed multiple small nodular
low-signal foci in the middle and lower segments of the right femur with uneven enhancement. G. Proximal bone
fracture and irregular bone cortex thinning were observed (arrows). H. Postoperative internal fixation of the fracture
was performed. |. The bone turnover markers 3-CTx and TPINP were significantly increased and peaked at 1-2 years.
J. Intraoperative biopsy revealed necrotic trabecular bone, collagen fibers, and abundant fat vacuoles (arrows).

Differential expression analysis and functional enrichment analysis, which included KEGG,

enrichment was conducted to ascertain which DEGs were
notably enriched in metabolic pathways, with

To determine differentially expressed genes Bonferroni-corrected P-values of less than 0.05

(DEGs) between two distinct samples, the in relation to the entire transcriptome back-

expression levels of each transcript were com- ground. KEGG pathway analysis was performed

puted using the transcripts per million reads using Python’s scipy software.

(TPM) approach. Differential expression analy-

sis was essentially conducted utilizing DESeq2 Results of the RNA-sep

[14]. Genes that exhibited [log2FC| > 1 and

FDR < 0.05 were classified as significantly dif- Analysis of the RNA-seq data revealed 490

ferently expressed. Furthermore, a functional genes with upregulated expression and 407
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Figure 3. Analysis of differentially expressed genes from RNA-seq. A. The RNA-seq results were analyzed for DEGs.
Upregulated genes are represented by blue while downregulated genes are indicated by red. A total of 490 genes
were upregulated and 407 genes were downregulated. B. KEGG pathway enrichment revealed that the DEGs were
associated with signaling pathways, primarily involving the IL-17, TNF, MAPK, and osteoclast differentiation path-
ways. C. Heatmap illustrates the up-regulation of osteoclast-related gene (CTSK, TRAF6, NFATC1 et al.) expression
and the down-regulation of genes osteoblast-related gene (Runx2, Wnt, Axin et al.) expression in the RBI group of
mice. D. The volcano plot of DEGs highlighted the 10 genes with the most significant differences.

genes with downregulated expression (Figure
3A). KEGG pathway enrichment analysis of
these differentially expressed genes highlight-
ed signaling pathways such as apoptosis, the
MAPK cascade, and osteoclast differentiation
(Figure 3B). In the RBI animal model, we ob-
served that genes associated with osteoclast
function and lipogenesis were upregulated,
whereas genes related to osteoblast were
downregulated (Figure 3C). Following irradia-
tion, genes of research interest were identi-
fied, with IGHG2 and XIST showing the most sig-
nificant upregulation and OASL, IFIT and IRF
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being the most noticeably downregulated
(Figure 3D).

Discussion

The incidence of localized rib injuries following
radiotherapy in breast cancer patients ranges
from 0.4% to 5.7% [15, 16], and there is a lack
of specific descriptions in the literature regard-
ing rib fractures and injuries resulting from °2Ir
radiation sources post-radiotherapy. As such,
we have compiled an overview of the pathology
and imaging patterns associated with RBI. This
case report details the clinicopathologic fea-
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tures and imaging manifestations of a radio-
therapy-induced rib fracture and a rare hip frac-
ture caused by a **?Ir radiation source, along
with BM-ARS and osteoradiomyelitis.

One of the tissues sensitive to radiation is the
bone marrow, where a dose of 1-10 Gy can
cause BM-ARS [17], which can be reversible
and depends on several additional situations.
This condition is characterized by a decrease in
peripheral whole blood cells, and hematopoiet-
ic stem cells, and can lead to complications
such as infections and bleeding [18]. The
effects of radiation on myeloid cells are first
observed in peripheral blood cells. Hence, the
early analysis of bone marrow smears is impor-
tant. In the second case study, the patient’s
bone marrow smear at 4 weeks revealed a low
granulocyte-to-erythrocyte (G/E) ratio of 1.24:1
and a high monocyte percentage of 9.00%.
These findings may be associated with osteo-
clast activation [19], which gradually improved
following anti-infective treatment. Following
radiation exposure, the most significant decre-
ase in lymphocytes occurs within 6-24 hours
[20], followed by decreases in neutrophils and
platelets [21]. Currently, treatment options for
BM-ARS are limited, emphasizing the urgent
need for the development of drugs for the pre-
vention, mitigation, and treatment of BM-ARS.

Distinguishing RBI from rib metastasis in lung
cancer patients is crucial in clinical practice.
RBI typically presents with bone destruction
within the radiation field, manifesting as patchy
worm-eaten changes. This condition is often
associated with radiation pneumonitis in the
corresponding area, a lack of soft tissue mass-
es, and the presence of thickened and broken
skin within the radiation field. Over time, radio-
logical rib injury may show signs of spontane-
ous healing or remain stable without significant
changes during follow-up. Lung cancer bone
metastasis is primarily driven by hematoge-
nous spread, leading to bone resorption by
osteoclasts and the formation of osteolytic
lesions [22]. Upon metastasis to bone, lung
cancer cells release signaling molecules that
trigger the activation of osteoclasts and osteo-
blasts. The cytokines released by osteoclasts
further stimulate tumor cells to produce osteo-
lytic factors, creating a detrimental feedback
loop. Treatment with osteoclast-inhibiting dr-
ugs, such as bisphosphonates, can effectively
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reduce osteoclast activity in malignant bone
lesions, thereby mitigating hypercalcemia and
hyperuricemia [23].

The case of osteoradiomyelitis may have been
caused by a secondary infection following local-
ized immune deficiency due to RBI. Osteora-
diomyelitis presents a complex imaging profile
and must be distinguished from other forms of
osteomyelitis [24]. Patients with acute osteo-
myelitis typically exhibit soft-tissue swelling in
the early stages, followed by extensive bone
destruction in the medullary cavity, early sub-
periosteal abscess formation, mild periosteal
reaction, and dead bone formation [25].
Chronic osteomyelitis is characterized by evi-
dent bone hyperplasia surrounding bone de-
struction, clear periosteal reaction, dead bone,
and sinus tracts. Sclerosing osteomyelitis pres-
ents with localized symptoms, evident bone
hyperplasia sclerosis, cortical thickening, and
narrowing and occlusion of the medullary ca-
vity [26, 27]. In this case, the patient’s MRI pri-
marily revealed bone destruction, irregular thin-
ning of the bone cortex, subperiosteal fluid col-
lection, infection in the medullary cavity, soft
tissue swelling with infection, and sinus tract
formation, indicative of osteoradiomyelitis.

The mechanism of RBI is intricate, and influ-
enced by multiple factors, posing challenges
for prevention. Current understanding points to
vascular damage and disruption of the osteo-
genic-osteoclastic balance as primary mecha-
nisms [9, 28], yet their precise molecular path-
ways remain elusive. Exploring new potential
therapeutic drugs and treatment methods is
essential for addressing RBI. Identifying char-
acteristic genes or molecules linked to RBI
could be used as indicators for predicting and
treating such damage [29]. Total mRNA was
extracted for high-throughput sequencing from
the groups of experimental and control model
mice. Differential gene expression analysis was
then conducted on the sequencing data. The
most significant upregulation of the XIST gene,
known for its important role in mammalian X
chromosome inactivation by targeting specific
autosomal regions and inducing repressive
chromatin changes, may mediate immune reg-
ulation [30-32]. Further investigation and addi-
tional experimental and clinical data are
required to confirm whether the most signifi-
cant XIST gene upregulation contributes to RBI

Am J Cancer Res 2025;15(1):209-216



Features and mechanisms of radiation-induced bone injury

and elucidate the exact underlying mecha-
nism.
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