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Abstract

Background: Males < 40 years old are more likely to be diagnosed with and die from osteosarcoma (OS). The
underlying mechanisms may depend on sex differences in immune response.

Methods: We used SEER data to estimate survival differences between males and females aged < 40 years at OS
diagnosis. In NCI TARGET-OS cases, we determined sex differences in gene expression, conducted Gene Set
Enrichment Analysis (GSEA), and applied the LM22 signature to identify biologic sex differences. We compared sex
differences in gene expression profiles in TARGET-OS to those observed in Sleeping Beauty (SB) transposon

mutagenesis accelerated Trp53747%-

mutant mouse-OS and healthy adult osteoblasts.

Results: Males had worse 17-year overall survival than females (SEER p < 0.0001). From 87 TARGET-OS cases, we observed
1018 genes and 69 pathways that differed significantly by sex (adjusted p < 0.05). Pathway and gene lists overlapped with
those from mice (p = 0.03) and healthy osteoblasts (p = 0.017), respectively. Pathways that differed significantly by sex were
largely immune-based and included the PD-1/PD-L1 immunotherapy pathway. We observed sex differences in M2
macrophages (LM22; p = 0.056) and M1-M2 macrophage transition (GSEA; p = 0.037) in TARGET-OS. LM22 trends were
similar in mice. Twenty-four genes differentially expressed by sex in TARGET-OS had existing cancer therapies.

Conclusions: Sex differences in OS gene expression were similar across species and centered on immune pathways.
Identified sex-specific therapeutic targets may improve outcomes in young individuals with OS.
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Introduction

Osteosarcoma (OS), a bone tumor that displays a
bimodal peak in incidence during the teen and late adult
years [1], has a male predominance in incidence [2]. In
children < 20years old, OS displays a male excess of
33% in incidence [2] that is hypothesized to depend on
rapid growth accompanying changes in the hormonal
milieu in males and females during their respective
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pubertal windows [2-5]. OS has dismal 5-year survival
at 60-70% [6]. Males < 20years old at diagnosis have
worse survival than females and experience a 30% excess
risk of death, which we found to be largely independent
of stage of disease [7]. The biologic reasons underlying
the male excess in death may depend on sex differences
in tumor biology or response to treatment.
Investigations into the somatic landscape of pediatric
OS have reported much lower mutation frequencies
than adult tumors [8], shown complex karyotypes
characterized by chromosome arms losses/gains [9], and
found frequent chromothripsis [10]. These large
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structural changes make the OS genome highly unstable
stalling the development of OS-specific therapies in re-
cent decades [11]. Beyond gross chromosomal abnor-
malities, genomic studies have also found that OS
frequently harbors TP53 mutations [12], which echoes
the high risk of OS among individuals with Li-Fraumeni
syndrome [13, 14]. We and others have found that OS is
characterized by low immune cell infiltrate, which is
prognostic [15, 16]. However, rarely, if ever, is sex con-
sidered in these analyses, which precludes us from iden-
tifying etiologic or biologic mechanisms that lead to a
male excess in OS incidence and death [1].

We previously reported worse survival after an OS
diagnosis for males compared to females < 20 years of
age at diagnosis [7]. Therefore, we hypothesized that sex
differences in OS biology may be one measurable mech-
anism that underlies the male excess in death. As such,
our aim was to evaluate sex differences in OS gene ex-
pression among children and young adults using the
publicly available NCI Therapeutically Applicable Re-
search to Generate Effective Treatments (TARGET) ini-
tiative data and place these findings in context to those
observed in a genetically engineered mouse model [17]
and healthy adult osteoblasts [18]. The use of the mouse
model allows us to determine the utility of studying sex
differences in vivo as amassing a cohort of pediatric and
young adult OS patients is challenging given the rarity
of OS. The use of healthy adult osteoblasts serves as a
baseline measure of sex differences in osteoblast gene
expression as osteoblasts are hypothesized to be a likely
cell of origin for OS [19]. Finally, using the information
on differential gene expression from the TARGET-OS
cases, we sought to identify potential sex-specific thera-
peutic targets for future exploration as there have been
few improvements in OS treatment and survival since
the 1980s [20].

Materials and methods

Data

To estimate sex differences in overall survival in children
and young adults, we obtained data from the Surveil-
lance, Epidemiology, and End Results (SEER) 18 regis-
tries (2000-2016) as described elsewhere [7]. Cases had a
first primary, microscopically confirmed malignant OS
and were included based on age at diagnosis matching
that in TARGET (0-39 years). OS was categorized using
ICD-O-3 codes 9180-9183, 9185-9187, 9192-9194; ex-
cluding OS in Paget disease (9184; date accessed: April
30, 2020) [20].

The results published here for human OS are based
upon data generated by the NCI TARGET (https://ocg.
cancer.gov/programs/target) initiative, dbGaP accession:
phs000468. The data used for this analysis are available
at  https://portal.gdc.cancer.gov/projects. Using the
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University of California, Santa Cruz’s Xena platform
(date accessed: March 3, 2020), we obtained mRNA-
sequencing data for gene expression and clinical data for
87 of the 285 TARGET cases to determine sex differ-
ences in gene expression [21]. We identified sex differ-
ences in gene expression from 61 male and 41 female
OS samples from mice with Trp53%°”"_mutant
osteoblast-specific somatic loss that underwent a Sleep-
ing Beauty (SB) transposon screen [17]. Lastly, we deter-
mined sex differences in osteoblast gene expression
generated by microarrays from 95 healthy individuals
(53 males, 42 females; aged 40-90 years) (Gene Expres-
sion Omnibus ID: GSE15678) [18].

Statistical analysis

From SEER, we obtained age at diagnosis (0- < 10,
10 < 20, 20-39years), race/ethnicity (white, black,
Hispanic, Asian/Pacific Islander [API]; other races
excluded), year of diagnosis (2000-2005, 2006-2010,
2011-2016), primary tumor site (upper limb [topog-
raphy codes: C40.0, C40.1], lower limb [topography
codes: C40.2, C40.3], other [topography codes other
than C40.0-C40.3]), stage of disease (local, regional,
distant), and vital status (alive, dead). Chi-squared
tests were performed to test for sex differences in
the distribution of selected covariates. Kaplan-Meier
survival curves were constructed and log-rank p
values were utilized to compare 17-year overall sur-
vival differences between sexes.

For TARGET-OS, we used available data categorized
as shown above in SEER for age, race/ethnicity, primary
tumor site, and vital status along with year of diagnosis
(1997-2005/2006-2014) and disease status (metastatic/
non-metastatic). The 87 TARGET-OS cases did not dif-
fer by clinical characteristics from those without gene
expression data (N = 198; results not shown) (all chi-
squared p > 0.05).

Gene expression analysis

TARGET-0S

Gene expression data as raw counts per gene was ob-
tained. DESeq2 was used to perform differential expres-
sion testing (male—female). Heatmaps were generated (R
heatmap) using the variance stabilizing transformation
(VST) count data as expression values.

TP53-SB mutant mice

Proprietary RNA sequencing data from mouse-OS
(Largaespada) was aligned using HISAT2 to a custom
version of mm10 that included an additional chromo-
some representing the SB transposon. Counts per
gene were generated using “Subread featurecounts” to
the Ensemble v96 annotation edited to include the SB
transposon as an additional gene feature. DESeq2 was
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used to perform differential expression testing (male—fe-
male). Fisher’s exact test was used to determine significant
overlap between TARGET-OS and mouse-OS genes.

Healthy adult osteoblasts

Normalized expression and metadata from osteoblasts
(GSE15678) were downloaded using “getGEO” (R GEO-
query). Differential expression testing (male—female) was
performed using limma. A chi-squared test was used to
determine significant overlap between TARGET-OS and
osteoblast genes.

Pathway analysis

Ingenuity Pathway Analysis (IPA) and the Reactome
Pathway Database [22] were used to identify biologic
pathways defined by significantly differentially expressed
genes by sex (adjusted p value < 0.05). The log2-fold
change for male-female expression was entered into [IPA
for each gene to identify pathways that differed
significantly by sex for TARGET-OS and mouse-OS
(date accessed: April 25, 2020). Pathways comprised
of > two genes that had a significant p value determined
by IPA were included herein. IPA BioProfiler was used to
identify chemotherapies available or in clinical trials for
other cancers for the TARGET-OS genes that were
differentially expressed by sex. Differentially expressed
gene names were also entered into the Reactome Pathway
Database (date accessed: April 16, 2020). Fisher’s exact
tests were used to compare overlapping IPA pathways
between TARGET-OS and mouse-OS.

LM22 analysis

CIBERSORT with the LM22 gene signature [23] was
used to determine the spectrum of immune cell infiltra-
tion in TARGET-OS and mouse-OS samples. VST count
data was utilized for expression. As suggested by CIBER-
SORT, quantile normalization was disabled, 500 permu-
tations were run, and results are given as absolute
values. Two-sided ¢ tests were performed between male
and female patients using LM22 immune cell type abso-
lute values.

Gene set enrichment analysis

Results from DESeq2 differential expression tests on
TARGET-OS and mouse-OS were filtered to remove
genes with N/A log-fold changes or adjusted p values.
VST count data was used for expression values of
remaining genes and written into GCT format for GSEA
v4.0.3. Sex was used as the phenotypic data (male = 0,
female = 1). TARGET-OS and mouse-OS were com-
pared to the MSigDB C7 collection: immunologic signa-
tures and 1000 permutations were performed to
calculate p values. An alpha of 0.05 was used in all statis-
tical tests.
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Results

Study populations

SEER-OS (N = 2940) and TARGET-OS (N = 87) had
similar sex distributions with both approximately 55%
male (Table 1). Compared to SEER-OS, TARGET-OS
were more frequently aged 10- < 20years at diagnosis
(SEER 57%, TARGET 77%), non-Hispanic white (SEER
47%, TARGET 65%), had lower limb tumors (SEER 71%,
TARGET 90%), and more advanced disease (SEER
[distant disease] 21%, TARGET [metastatic] 25%). We
observed significant 17-year overall survival differences
by sex in SEER (Fig. 1). Males had inferior survival to fe-
males overall (log-rank p value < 0.0001), for local dis-
ease (log-rank p value = 0.0013), and lower limb tumors
(log-rank p value < 0.0001). There were similar trends in
14-year overall survival in the full TARGET-OS group,
but not among the cases with gene expression data
(Supplemental Figure 1).

Sex differences in gene expression

We observed significant sex differences in gene expres-
sion (adjusted p value < 0.05) for 1018 genes in TARG
ET-OS (Supplemental Table 1). Of these, 98 (9.6%) were
from the sex chromosomes (X n = 55 [5.4% of total]; Y
n = 43 [4.2% of total]) (Supplemental Figure 2). When
we performed unsupervised hierarchical clustering on all
genes significantly differentially expressed by sex, clear
clusters by sex emerged (Fig. 2). These clusters were
largely independent of Y chromosome genes and were
generally recapitulated in clustering performed without
the Y (Supplemental Figure 2).

Significant sex differences in mouse-OS gene expres-
sion were observed for 918 genes (Supplemental Table
2), 723 of which had a known human ortholog. Of these,
22 (3.0%; Fisher’s exact p value = 0.0006) overlapped
with TARGET-OS genes. Of the 22 genes that were
shared between mouse-OS and TARGET-OS (Supple-
mental Table 5), five were on the human sex chromo-
somes and the remaining was autosomal. We also
compared sex differences in gene expression in TARG
ET-OS to those in healthy adult osteoblasts [18] to as-
certain baseline sex differences in osteoblast gene ex-
pression. We found 348 genes from osteoblasts that
were differentially expressed by sex (Supplemental Table
3) (n = 39 X chromosome [11.2%], n = 11 Y chromo-
some [3.2%]), and 24 genes (6.9%; X? p value = 0.017)
overlapped with TARGET-OS. Differentially expressed
osteoblast genes that overlapped with TARGET-OS
included 11, five X, and eight autosomal genes.

Pathway analysis

Using IPA, we identified pathways that differed signifi-
cantly by sex using the 1018 significantly differentially
expressed genes for TARGET-OS. This resulted in 69
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Table 1 Demographic and clinical characteristics of TARGET-OS and SEER-OS cases
TARGET-0S SEER-OS
Total Females Males X2p Total Females Males X2p
N (%) N (%) N (%) value N (%) N (%) N (%) value
Sex
Male 50 (57.5) 50 (57.5) 1635 (55.6) 1635 (55.6)
Female 37 (42.5) 37 (42.5) 1305 (44.4) 1305 (44.4)
Age at diagnosis (years)
0-<10 10 (11.5) 6 (16.2) 4 (8.0) 0.06 348 (11.8) 176 (13.5) 172 (10.5) 0.03
10-< 20 67 (77.0) 30 (81.1) 37 (74.0) 1675 (57.0) 718 (55.0) 957 (58.5)
20-< 40 10 (11.5) 127) 9 (18.0) 917 (31.2) 411 (31.5) 506 (31.0)
Race/ethnicity
White 47 (65.3) 15 (46.9) 32 (80.0) 0.02 1354 (46.7) 623 (48.3) 731 (45.4) 0.20
Hispanic 11 (15.3) 9 (28.1) 2 (5.0 857 (29.5) 359 (27.9) 498 (30.9)
Black 7(9.7) 4(125) 3(7.5 459 (15.8) 211 (164) 248 (15.4)
API 7 (9.7) 4(125) 3(7.5) 232 (8.0) 97 (7.5) 135 (84)
Missing 15 5 10 38 15 23
TARGET year of diagnosis
1997-2005 34 (41.0) 12 (324) 22 (47.8) 0.18 - - -
2006-2014 49 (59.0) 25 (67.6) 24 (52.2) - - -
Missing 4 0 4
SEER year of diagnosis
2000-2005 - - - 849 (28.9) 378 (29.0) 471 (28.8) 049
2006-2010 - - - 1025 (34.9) 468 (35.9) 557 (34.1)
2011-2016 - - - 1066 (36.3) 459 (35.2) 607 (37.1)
Primary site
Upper limb 6 (6.9) 4(10.8) 2 (4.0 0.35 397 (13.5) 166 (12.7) 231 (14.1) 0.04
Lower limb 79 (90.8) 33(89.2) 46 (92.0) 2081 (70.8) 910 (69.7) 171 (71.6)
Other 2(23) 0 (0.0) 2 (4.0 462 (15.7) 229 (17.6) 233 (14.3)
TARGET metastasis at diagnosis
Non-metastatic 65 (74.7) 25 (67.6) 40 (80.0) 0.22 - -
Metastatic 22 (253) 12 (324) 10 (20.0) -
SEER stage of disease
Local - - - 969 (36.2) 459 (38.6) 510 (34.3) 0.02
Regional - - 1136 (42.5) 500 (42.1) 636 (42.8)
Distant - - - 569 (21.3) 229 (19.3) 340 (22.9)
Missing 266 117 109
Vital status
Alive 58 (68.2) 24 (64.9) 34 (70.8) 0.64 1971 (67.0) 921 (70.6) 1050 (64.2) 0.0003
Deceased 27 (31.8) 13 (35.1) 14 (29.2) 969 (33.0) 384 (294) 585 (35.8)
Missing 2 0 2 0 0 0

pathways composed of > two genes that differed signifi-
cantly by sex (Supplemental Table 4) out of 359 identi-
fied pathways. Top pathways were immune related
including Thl and Th2 pathways, B cell development, T
helper cell differentiation, CD28 signaling in T helper

cells, the complement system, T cell exhaustion signal-
ing, various macrophage differentiation pathways, and
the PD-1, PD-L1 cancer immunotherapy pathway, which is
similar to the top pathway identified in Reactome, PD-1
signaling (results not shown) [22]. Regulatory pathways,



Mills et al. Biology of Sex Differences (2021) 12:5 Page 5 of 12
P
A. Overall
100 p=<0.0001
s
2 - Female
5 - Male
2 50
c
@
o
o
o
G T T T T 1
0 5 10 15 20
Years since diagnosis
B. Local Disease C. Regional Disease D. Distant Disease
100 p=0.0013 100 p=0.1359 100 p=0.3924
© © ©
> > >
2 < S - Female
ss ; E - Male
2 50 2 50 2 50
c c c
[ @ @
< o o
o [ o
o o o
0 T T T T 1 G T T T T 1 c T T T T 1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Years since diagnosis Years since diagnosis Years since diagnosis
E. Upper Limb E. Lower Limb G. Other Locations
100 p=0.6951 100 p=<0.0001 100 p=0.3463
® ® ®
> > >
s s s - Female
3 3 3 - Male
2 50 2 50 < 50
c c c
@ @ @
o o o
[} [ [
[-% (% (%
0 T T T T 1 c T T T T 1 c T T T T 1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Years since diagnosis Years since diagnosis Years since diagnosis
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including the p53 signaling pathway, also differed by
sex. Using the IPA BioProfiler, we identified 24 genes
significantly differentially expressed by sex that have
existing therapies in use or in clinical trials for other
cancers (Table 2).

In mouse-OS, 157 IPA pathways differed significantly by
sex (Supplemental Table 5) and 16 overlapped with TARG
ET-OS pathways (Fisher’s p value = 0.03). Overlapping path-
ways included signaling of p53, calcium, VEGF, T cell ex-
haustion, and IL-4. Both TARGET-OS and mouse-OS had
differences in estrogen-related pathways. Pathways were
nearly identical when excluding the sex chromosomes for
TARGET-OS and mouse-OS (results not shown).

Expression measurements of immune cell composition

We applied the LM22 signature [23] to determine sex
differences in leukocyte composition within TARGET-
OS and mouse-OS (Fig. 3, Supplemental Table 6, and
Supplemental Table 7). Trends were similar in mouse-

OS and TARGET-OS, but the magnitude of LM22 cell
type absolute values was lower in mouse-OS. In mouse-
OS and TARGET-OS, we observed an increase in MO
macrophages for both sexes and a higher level in female
mouse-OS (mouse-OS ¢ test p value = 0.045). Resting
CD4 memory T cells were elevated in both sexes and a
female excess in M2 macrophages (TARGET-OS ¢ test p
value = 0.056) and resting memory CD4 T cells (TARG
ET-OS t test p value = 0.081) was observed. Among fe-
males, there was a suggestive, though non-significant,
survival benefit of having M2 levels in the top quartile
(Supplemental Figure 3). In the GSEA immunologic
gene set (C7) [24] (Supplemental Table 8 and 9), few
strong enrichments emerged in mouse-OS and in TARG
ET-OS females. In TARGET-OS males, we observed
stronger enrichments for two gene sets concerning the
transition of macrophages from M1 to M2 and MCSE-
treated macrophages (Supplemental Table 8; FWER p
values 0.037 and 0.062, respectively).
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Discussion

Using population-based data from OS captured in SEER,
we observed significantly worse long-term survival for
males compared to females overall, for local disease and
among lower limb tumors. Therefore, we hypothesized
that sex differences in tumor genomics may be import-
ant for disease biology and future therapy development.
In 87 NCI TARGET-OS cases, we observed significant
sex differences in gene expression for 1018 genes. From
this list, we identified 69 biologic pathways that differed

by sex and found sex differences in macrophage types
and states by LM22 and GSEA, respectively. In TARG
ET-OS, we found significant sex differences in previously
identified genes aberrantly expressed in OS including
CDK4 [12], LCK [16, 25], HLA-DOA [16], ROSI [16, 25],
FLT3 [16], and TP53 [12]. We observed significant sex
differences in immune pathways including those involv-
ing T cells, B cells, Thl and Th2, and the complement
system. Similarly, we identified sex differences in macro-
phages that may underlie observed sex differences in OS
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Table 2 Ingenuity pathway analysis BioProfiler results showing genes significantly differentially expressed by sex in TARGET-OS that
have existing chemotherapies for other cancers

Gene Molecule Type Higher Differential Cancers known to be associated with the gene Drug trials for particular
gene gene condition associated
expression expression, p with this gene

value

ACHE Enzyme Males 0.005 Brain tumor, leukemia, lung cancer Phase 3

3 Peptidase Females 0.01 Neuroblastoma, Langerhans cell histiocytosis, leukemia Approved, phase 2/3,

phase 3
CD3D Transmembrane Females 0.006 B cell acute lymphoblastic lymphoma, lymphoblastic B cell ~ Approved, phase 2/3,
receptor lymphoma phase 3
CD3E Transmembrane  Females 0.009 B cell acute lymphoblastic lymphoma, B cell acute Approved, phase 2/3,
receptor lymphoblastic leukemia phase 3
CDK4 Kinase Females 0.02 Breast cancer, soft tissue sarcoma, lung cancer, melanoma Approved, phase 2/3,
phase 3, phase 4

CEAC Other Females 0.04 Lung cancer Phase 3

AMS5

CHRNA7  Transmembrane Males 0.03 Bladder cancer Phase 4

receptor
CYP19AT Enzyme Females 0.02 Breast cancer, fallopian tube neoplasm, ovarian carcinoma,  Approved, phase 2/3,
serous peritoneal adenocarcinoma, leiomyoma, uterine phase 3, phase 4
cancer

FCGR3A/ Transmembrane Females 0.009 Neuroblastoma, Langerhans cell histiocytosis, leukemia Approved, phase 2/3,

FCGR3B  receptor phase 3

FLT3 Kinase Females 0.03 Chronic myelogenous leukemia, acute myeloid leukemia, Approved, phase 2/3,

acute myeloid leukemia associated with myelodysplastic phase 3, phase 4
syndrome, non-small cell lung cancer, colorectal adenocar-

cinoma, hepatocellular carcinoma, renal cell carcinoma, ad-

vanced stage gastrointestinal stromal tumor, pancreatic

neuroendocrine tumor

FSHR G-protein Females 0.04 Prostate cancer Phase 3

coupled
receptor

HTR3B lon channel Females 0.03 Pancreatic cancer Phase 2/3

ICOS Transmembrane Females 0.008 Head and neck cancers Phase 3

receptor

IL5 Cytokine Females 0.04 Nasal polyp Phase 3

KCNC1 lon channel Males 0.0003 Prostate cancer Phase 4

KCND2  lon channel Females 0.01 Prostate cancer Phase 4

LCK Kinase Females 0.04 Chronic myelogenous leukemia, acute lymphoblastic Approved, phase 2/3,

leukemia, angiosarcoma, non-small cell lung carcinoma, phase 3, phase 4
renal cell carcinoma, soft tissue sarcoma, epithelioid malig-
nant pleural mesothelioma, extraskeletal osteosarcoma, leio-
myosarcoma, colorectal adenocarcinoma, sarcoma,
malignant peripheral nerve sheath tumor, malignant soft tis-
sue neoplasm, cancer, chondrosarcoma, ovarian cancer,
colorectal adenocarcinoma, soft tissue sarcoma, melanoma,
synovial sarcoma
MUC16  Other Females 0.03 Ovarian cancer Phase 3
PLA2G2A Enzyme Females 0.03 Advanced oral squamous cell carcinoma, colorectal cancer,  Phase 2/3, phase 3, phase
Langerhans cell histiocytosis, primary oral squamous cell 4
carcinoma, soft palate squamous cell carcinoma
ROS1 Kinase Females 0.03 Lung cancer, hepatocellular carcinoma, renal cell carcinoma, Approved, phase 2/3,
soft tissue sarcoma, T cell lymphoma, myofibroblastic tumor, phase 3, phase 4
neuroblastoma, gastrointestinal carcinoid tumor,
neuroendocrine malignant tumor, pancreatic endocrine
tumor, thyroid cancer, pancreatic neuroendocrine tumor,
melanoma
TGFB2 Growth factor Males 0.04 Anaplastic astrocytoma, glioblastoma Phase 3
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Table 2 Ingenuity pathway analysis BioProfiler results showing genes significantly differentially expressed by sex in TARGET-OS that

have existing chemotherapies for other cancers (Continued)

Gene Molecule Type Higher Differential Cancers known to be associated with the gene Drug trials for particular
gene gene condition associated
expression expression, p with this gene

value
TNFRSF8  Transmembrane Males 0.001 Hodgkin lymphoma, T cell lymphoma, anaplastic large cell ~ Approved, phase 3, phase
receptor lymphoma 4
TP53 Transcription Females 0.0002 Myelodysplastic syndrome Phase 3
regulator
TUBB4A  Other Males 0.02 Anaplastic glioma, anaplastic oligodendroglioma, glioma, B Approved, phase 2/3,

cell-like diffuse large B cell lymphoma, acute lymphoblastic

phase 3, phase 4

leukemia, lymphoma, acute myeloid leukemia, non-small cell
lung cancer, ovarian cancer, d breast cancer, cervical cancer,
cholangiocarcinoma, endometrial carcinoma, esophageal
cancer, fallopian tube cancer, follicular B cell or T cell lymph-
oma, gastric adenocarcinoma, pancreatic cancer, prostate
cancer, sarcoma, soft tissue sarcoma, testicular carcinoma,
bladder carcinoma, AlDS-related Kaposi sarcoma, anaplastic
astrocytoma, anaplastic medulloblastoma, angiosarcoma

progression or severity. We identified sex differences in
calcium signaling, p53 signaling, and other cell cycle
control pathways. The PD-1, PD-L1 cancer immuno-
therapy pathway also differed by sex. Additionally, we
found 24 genes that were differentially expressed by sex
in TRAGET-OS that also have existing chemotherapies
in use for other cancers. These findings suggest there
may be opportunities to use existing therapies in a sex-
specific manner to improve the outcomes for OS, which
would be a welcomed advancement in a cancer with
poor outcomes and little treatment progress since the
mid-80s [26].

We observed significant sex differences in gene ex-
pression of genes reported to be important in OS. Spe-
cifically, CDK4 [12], LCK [16, 25], HLA-DOA [16], ROSI
[16, 25], FLT3 [16], and TP53 [12]. CDK4 is a member
of the cyclin-dependent kinase (CDK) 4/6-retinoblast-
oma protein (Rb) pathway that is altered in many human
cancers, including synovial sarcoma [27], and has been
found to be focally amplified in OS [12]. We observed
higher expression of CDK4 in females in our study
(male-female log2-fold change = -0.63; adjusted p =
0.02) and Li et al. reported higher CDK4 expression in
high-grade synovial sarcomas [27] suggesting that CDK4
may be a sexually dimorphic marker of OS disease sever-
ity to be validated in future studies. We observed higher
expression of ROSI, a known oncogene, in females
(male-female log2-fold change = -1.79; adjusted p =
0.004). ROS1I is important in lung cancer with a correla-
tive relationship to PD-L1 expression [28]. As we ob-
served sex differences in both ROSI and the PD-LI
pathway in our study, further work examining ROSI as a
biomarker for initiation of PD-L1 immunotherapy in OS
may be informative. TP53, a tumor suppressor that is
most often mutated in OS [12], was observed to have
higher expression in females (male-female log2-fold

change = —-2.41; adjusted p = 2.8 x 107/) in our study.
The relationship between TP53 somatic mutation and
gene expression is not straightforward. In adult breast
cancers, missense and deletion mutations had differen-
tial impacts on gene expression that were associated
with prognoses [29]. Therefore, in OS, the relationship
between TP53 mutation and expression by sex is likely
to be complex. We are unable to evaluate that in this
study; however, understanding sex differences in TP53
mutation and expression will likely be very informative
regarding OS outcomes in the future.

Many immune-related pathways differed by sex in
TARGET-OS. In general, there are sex differences in
innate and adaptive immune responses with females
having more robust responses across the lifespan
demonstrated by fewer early childhood infections and a
higher incidence of autoimmune disease in adulthood
[30-33]. Based on our previous work examining sex
differences in childhood cancer incidence and outcomes
[2, 7], we hypothesized that the female immune system
may contribute to their better survival, particularly for
OS. Interestingly, in the present analysis of TARGET-
OS, we observed many immune pathways exhibiting sex
differences including those regulating macrophages, B,
and T cells. Additionally, we observed sex differences in
the complement system, which has been reported in
lupus, Sjogren’s syndrome, and schizophrenia and is
thought to impact disease development in a sexually
dimorphic manner [34]. Similarly, the immune system
appears to be important in the observed sex differences
in OS biology as well.

Macrophages, an important immune system compo-
nent with an identified role in cancer metastasis, includ-
ing OS [16, 35-37], were identified as differing by sex in
TARGET-OS and mouse-OS [38]. Both sexes in TARG
ET-OS and mouse-OS had high levels of MO
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macrophages and females had higher M2 macrophage
levels. M2 macrophages are thought to promote metas-
tasis in OS and other cancers [16, 35-37]. Our finding
of higher levels of M2 macrophages in females with OS
in both humans and mice suggests that there may be

some biologically conserved mechanisms driving the
abundance of this cell type in females with OS. We ob-
served a potential survival benefit in TARGET-OS fe-
males with high M2 levels, which is counter to the
observation that M2 macrophages promote metastasis
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and are associated with poor survival. This points to the
complicated relationship between macrophages and OS
and warrants further investigation in a larger study of
sex differences in OS biology and outcomes. In GSEA,
we observed an enrichment of macrophage differenti-
ation pathways in TARGET-OS males, again suggesting
a sexually dimorphic role of macrophages in OS. Col-
lectively, these findings suggest an enrichment of macro-
phages along with variation in macrophage activity may
be important in OS sex differences in both humans and
mice.

We sought to identify cancer therapies that may have
a sex-specific benefit in OS as survival from OS is poor
and there have been few improvements in outcomes for
decades. In our study, we observed sex differences in the
PD-1, PD-L1 cancer immunotherapy pathway and found
24 genes differentially expressed by sex in TARGET-OS
that also have chemotherapies in use for other malignan-
cies. PD-L1 expression is associated with a 90% excess
risk in death for OS and an elevated risk of death among
males (Hazard ratio: 1.25) [39]. In vitro and in vivo stud-
ies have shown that PD-I blockade enhances cisplatin
effectiveness and may improve outcomes in humans [40,
41]. There is much debate in the literature on sex differ-
ences in immunotherapy response with males having
better outcomes than females. It is hypothesized that the
female immune environment has higher baseline activity
so the addition of immunotherapy does not create as
large of an effect [42, 43]; however, this remains to be
evaluated in the pediatric and young adult populations
but should be studied to determine the potential clinical
benefit of immunotherapy in OS [44].

Concerning sex-specific treatment strategies, we found
sex differences in genes previously identified in OS with
therapies approved or in clinical trials for other cancers
including CDK4 [12] in soft tissue sarcomas and breast
cancers; LCK [16, 25] in sarcomas and hematologic ma-
lignancies; ROS1 [16, 25] in soft tissue sarcomas and
neuroendocrine tumors; FLT3 [16] in hematologic ma-
lignancies and other cancers; and, TP53, which is com-
monly mutated in OS and has a drug in phase 3 trials
for myelodysplastic syndrome [12]. The list of gene tar-
gets in Table 2 shows that (1) consideration of sex in fu-
ture therapy trials is critical as it may offer some level of
benefit for males and females with OS; and (2) that there
are an array of sex-specific OS genes with therapies that
could be evaluated in future animal studies and human
trials. These opportunities could impact OS outcomes,
which have changed little in past decades.

Using 87 cases of OS from the publicly available NCI
TARGET initiative, we have examined gene expression
differences between males and females using various
analytic tools and identified biologic pathways and im-
mune cell composition differences by sex that may be
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important in disease pathogenesis. However, our work
should be interpreted in light of the following limita-
tions. The TARGET-OS sample size is limited preclud-
ing us from conducting stratified analyses by age at
diagnosis, tumor location, and metastatic disease. There
is no pediatric osteoblast genomic data source to our
knowledge. As such, we used adult data, which likely
does not fully represent the developmental stage most
appropriate for TARGET-OS cases. While we did ob-
serve sex differences in immune pathways, we are unable
to follow these findings up in TARGET-OS as there are
no available biospecimens for genomic assays or immu-
nohistochemistry. Further, a population-based sample of
OS biospecimens and accompanying outcome data
would be necessary to more clearly determine the role of
tumor biology in the observed male excess in OS deaths.

Perspectives and significance

In population-based data, males had significantly worse
overall survival than females following an OS diagnosis.
The mechanisms underlying these differences may de-
pend on tumor biology or treatment response. Using the
publicly available NCI TARGET-OS data, we observed
gene expression differences between males and females
that allowed us to discover sex differences in an array of
immune-related pathways and cell types including B
cells, T cells, and macrophages. Interestingly, these dif-
ferences were recapitulated in a genetically engineered
mouse-OS model suggesting conservation of these sex
differences across species and highlighting the utility of
studying OS pathogenesis in mice as human studies are
costly and challenging owing to the rarity of OS. We
found 24 genes differentially expressed by sex in TARG
ET-OS that have therapies currently available in other
cancers and may represent sex-specific therapeutic tar-
gets. Placing our findings for gene expression in light of
past clinical trials, particularly those that have not suc-
ceeded, may shed light on the potential mechanisms of
sex in OS treatment failure. Going forward, our findings
may also be used in new clinical trials as a way to deter-
mine whether drug targets are sexually dimorphic. As
we observed poor long-term survival for males diag-
nosed with OS among children and young adults using
population-based data, developing tailored strategies to
improve survival for males and females with OS is crit-
ical as we work to improve survival for all individuals
with this highly fatal malignancy.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513293-020-00347-y.

Additional file 1: Supplemental Figure 1. Overall survival for A. All
TARGET-OS cases with survival information and B. TARGET-OS cases with



https://doi.org/10.1186/s13293-020-00347-y
https://doi.org/10.1186/s13293-020-00347-y

Mills et al. Biology of Sex Differences (2021) 12:5

gene expression data and survival information. Supplemental Figure 2.
Gene expression in TARGET-OS patients. A. Heatmap of all differentially
expressed genes (ad]. p-value <0.05) identified between male.
Supplemental Figure 3. Survival differences among female TARGET-OS
cases with high LM22 M2 macrophage scores. Supplemental Table 1.
TARGET osteosarcoma gene expression in males compared to females,
ranked by adjusted p-value. Supplemental Table 2. Mouse
osteosarcoma gene expression in males compared to females, ranked by
adjusted p-value (*indicates gene also found significant differentially
expressed by sex in TARGET OS). Supplemental Table 3. Healthy adult
osteoblast gene expression in males compared to females, ranked by
adjusted p-value (GEO: GSE15678) (*indicates gene also found significant
differentially expressed by sex in TARGET OS). Supplemental Table 4.
TARGET osteosarcoma Ingenuity Pathway Analysis pathways that differed
significantly by sex, ranked by p-value. Supplemental Table 5.
Ingenuity Pathway Analysis in mice for pathways that differed
significantly by sex, ranked by p-value. Supplemental Table 6. Results
from TARGET-OS LM22 analysis. Supplemental Table 7. Results from
mouse-OS LM22 analysis. Supplemental Table 8. Top 10 GSEA C7 gene
sets ranked by FWER for TARGET-OS females and males. Supplemental
Table 9. Top 10 GSEA C7 gene sets ranked by FWER for mouse-OS fe-
males and males.

Data availability

The TARGET-OS (dbGaP accession: phs000468) and healthy adult osteoblast
(Gene Expression Omnibus ID: GSE15678) data are publicly available
resources. The mouse-OS data is proprietary.

Authors’ contributions

LIM: Conceptualization of study, study design, data analysis, and manuscript
drafting and editing, LGS: Conceptualization of study and manuscript
drafting and editing, DAL: Conceptualization of study, data generation, study
design, and manuscript drafting and editing, LAW: Study oversight,
conceptualization of study, study design, data analysis, and manuscript
drafting and editing. The author(s) read and approved the final manuscript.

Funding

This work was supported by the Zach Sobiech Osteosarcoma Fund (LIM),
the American Cancer Society Research Professorship (DAL), and the
Children’s Cancer Research Fund (LAW).

Ethics approval and consent to participate
As this is publicly available data or mouse data, the study does not require
consent for participation.

Competing interests

D.AL. is the co-founder and co-owner of several biotechnology companies
including NeoClone Biotechnologies, Inc.,, Discovery Genomics, Inc. (recently
acquired by Immusoft, Inc), B-MoGen Biotechnologies, Inc. (recently acquired
by Bio-Techne Corporation), and Luminary Therapeutics, Inc. D.ALL. holds
equity in, serves as a Senior Scientific Advisor for and Board of Director mem-
ber for Recombinetics, a genome editing company. The business of all these
companies is unrelated to the contents of this manuscript. D.A.L. consults for
Genentech, Inc, which is funding some of his research. The remaining
authors declare no conflicts of interest.

Author details

1Departr‘nent of Pediatrics, University of Minnesota School of Medicine,
Minneapolis, MN, USA. *Masonic Cancer Center, University of Minnesota,
Minneapolis, MN, USA. ®Division of Epidemiology and Clinical Research,
Department of Pediatrics, University of Minnesota, Minneapolis, MN, USA.
“Brain Tumor Program, University of Minnesota, Minneapolis, MN, USA.
°Department of Genetics, Cell Biology and Development, University of
Minnesota School of Medicine, Minneapolis, MN, USA. SCenter for Genome
Engineering, University of Minnesota, Minneapolis, MN, USA.

Page 11 of 12

Received: 29 September 2020 Accepted: 9 December 2020
Published online: 06 January 2021

References

1.

20.

21.

Mirabello L, Troisi RJ, Savage S. Osteosarcoma incidence and survival
improvement. Cancer. 2009;115(7):1531-43.

Williams LA, Richardson M, Marcotte EL, Poynter JN, Spector LG. Sex ratio
among childhood cancers by single year of age. Pediatr Blood Cancer. 2019;
66(6):27620.

Granados A, Gebremariam A, Lee JM. Relationship between timing of peak
height velocity and pubertal staging in boys and girls. J Clin Res Pediatr
Endocrinol. 2015;7(3):235-7.

Mirabello L, Pfeiffer R, Murphy G, Daw NC, Patifio-Garcia A, Troisi RJ, et al.
Height at diagnosis and birth-weight as risk factors for osteosarcoma.
Cancer Causes Control. 2011;22(6):899-908.

Gianferante DM, Mirabello L, Savage SA. Germline and somatic genetics of
osteosarcoma - connecting aetiology, biology and therapy. Nat Rev
Endocrinol. 2017;13(8):480-91.

Mirabello L, Troisi RJ, Savage SA. Osteosarcoma incidence and survival rates
from 1973 to 2004: data from the surveillance, epidemiology, and end
results program. Cancer. 2009;115(7):1531-43.

Williams LA, Spector LG. Survival differences between males and females
diagnosed with childhood cancer. JNCI Cancer Spectr. 2019;3(2):1-11.
Grobner SN, Worst BC, Weischenfeldt J, Buchhalter |, Kleinheinz K, Rudneva
VA, et al. The landscape of genomic alterations across childhood cancers.
Nature. 2018;555(7696):321-7.

Lau CC, Harris CP, Lu XY, Perlaky L, Gogineni S, Chintagumpala M, et al.
Frequent amplification and rearrangement of chromosomal bands 6p12-
p21 and 17p11.2 in osteosarcoma. Genes Chromosom Cancer. 2004;39(1):
11-21.

Stephens PJ, Greenman CD, Fu B, Yang F, Bignell GR, Mudie LJ, et al.
Massive genomic rearrangement acquired in a single catastrophic event
during cancer development. Cell [Internet]. 2011;144(1):27-40. Available
from: http://dx.doi.org/https.//doi.org/10.1016/j.cell.2010.11.055.

Kansara M, Teng MW, Smyth MJ, Thomas DM. Translational biology of
osteosarcoma. Nat Rev Cancer. 2014;14(11):722-35.

Perry JA, Kiezun A, Tonzi P, Van Allen EM, Carter SL, Baca SC, et al.
Complementary genomic approaches highlight the PI3K/mTOR pathway as
a common vulnerability in osteosarcoma. Proc Natl Acad Sci U S A. 2014;
111(51):E5564-73.

Bougeard G, Renaux-Petel M, Flaman JM, Charbonnier C, Fermey P, Belotti
M, et al. Revisiting Li-Fraumeni syndrome from TP53 mutation carriers. J Clin
Oncol. 2015;33(21):2345-52.

Mirabello L, Yeager M, Mai PL, Gastier-Foster JM, Gorlick R, Khanna C, et al.
Germline TP53 variants and susceptibility to osteosarcoma. J Natl Cancer
Inst. 2015;107(7):5-8.

Wu CC, Beird HC, Andrew Livingston J, Advani S, Mitra A, Cao S, et al.
Immuno-genomic landscape of osteosarcoma. Nat Commun [Internet].
2020;11(1):1-11. Available from: http://dx.doi.org/https://doi.org/10.1038/
s41467-020-14646-w.

Scott MC, Temiz NA, Sarver AE, LaRue RS, Rathe SK, Varshney J, et al.
Comparative transcriptome analysis quantifies immune cell transcript levels,
metastatic progression, and survival in osteosarcoma. Cancer Res. 2018;78(2):
326-37.

Moriarity BS, Otto GM, Rahrmann EP, Rathe SK, Wolf NK, Weg MT, et al. A
sleeping beauty forward genetic screen identifies new genes and pathways
driving osteosarcoma development and metastasis. Nat Genet [Internet].
2015;47(6):615-624. Available from: http://dx.doi.org/https://doi.org/10.1038/
ng.3293.

Grundberg E, Kwan T, Ge B, Lam KCL, Koka V, Kindmark A, et al. Population
genomics in a disease targeted primary cell model. Genome Res. 2009;
19(11):1942-52.

Mutsaers AJ, Walkley CR. Cells of origin in osteosarcoma: mesenchymal
stem cells or osteoblast committed cells? Bone [Internet]. 2014:62:56-63.
Available from: http://dx.doi.org/https://doi.org/10.1016/j.bone.2014.02.003.
Diessner BJ, Marko TA, Scott RM, Eckert AL, Stuebner KM, Hohenhaus AE,
et al. A comparison of risk factors for metastasis at diagnosis in humans and
dogs with osteosarcoma. Cancer Med. 2019;8(6):3216-26.

Goldman MJ, Craft B, Hastie M, Repecka K, McDade F, Kamath A, et al.
Visualizing and interpreting cancer genomics data via the Xena platform.
Nat Biotechnol. 2020,38:675-8.


https://doi.org/10.1016/j.cell.2010.11.055
https://doi.org/10.1038/s41467-020-14646-w
https://doi.org/10.1038/s41467-020-14646-w
https://doi.org/10.1038/ng.3293
https://doi.org/10.1038/ng.3293
https://doi.org/10.1016/j.bone.2014.02.003

Mills et al. Biology of Sex Differences (2021) 12:5

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat A, et al. The
reactome pathway knowledgebase. Nucleic Acids Res. 2020;48(D1):D0498-
503.

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods.
2015;12(5):453-7.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci [Internet].
2005;102(43):15545-50 Available from: http://www.pnas.org/cgi/doi/10.1073/
pnas.0506580102.

Mirabello L, Zhu B, Koster R, Karlins E, Dean M, Yeager M, et al. Frequency of
pathogenic germline variants in cancer-susceptibility genes in patients with
osteosarcoma. JAMA Oncol. 2020,6(5):724-34.

Isakoff MS, Bielack SS, Meltzer P, Gorlick R. Osteosarcoma: current treatment
and a collaborative pathway to success. J Clin Oncol. 2015;33(27):3029-36.
Li X, Seebacher NA, Garbutt C, Ma H, Gao P, Xiao T, et al. Inhibition of
cyclin-dependent kinase 4 as a potential therapeutic strategy for treatment
of synovial sarcoma. Cell Death Dis [Internet]. 2018,9(5). Available from:
http://dx.doi.org/https://doi.org/10.1038/541419-018-0474-4.

Lee J, Park CK, Yoon HK, Sa YJ, Woo IS, Kim HR, et al. PD-L1 expression in
ROS1-rearranged non-small cell lung cancer: a study using simultaneous
genotypic screening of EGFR, ALK, and ROST. Thorac Cancer. 2019;10(1):
103-10.

Kim J-Y, Park K, Jung HH, Lee E, Cho EY, Lee KH, et al. Association between
mutation and expression of TP53 as a potential prognostic marker of triple-
negative breast cancer. Cancer Res Treat [Internet]. 2016;48(4):1338-50.
Available from: http://e-crt.org/journal/view.php. https://doi.org/104143/crt.
2015.430.

Libert C, Dejager L, Pinheiro I. The X chromosome in immune functions:
when a chromosome makes the difference. Nat Rev Immunol [Internet].
2010;10(8):594-604. Available from: http://dx.doi.org/https://doi.org/10.1038/
nri2815.

Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev
Immunol [Internet]. 2016;16(10):626-638. Available from: http://dx.doi.org/
https://doi.org/10.1038/nri.2016.90.

Washburn T, Medearis D, Child B. Sex differences in susceptibilty to
infections. Pediatrics. 1965;35(1):57-64.

Piccini P, Montagnani C, De Martino M. Gender disparity in pediatrics: a
review of the current literature. Ital J Pediatr. 2018;44(1):4-9.

Kamitaki N, Sekar A, Handsaker RE, de Rivera H, Tooley K, Morris DL, et al.
Complement genes contribute sex-biased vulnerability in diverse disorders.
Nature. 2020;(May 2020).

Heymann MF, Lézot F, Heymann D. The contribution of immune infiltrates
and the local microenvironment in the pathogenesis of osteosarcoma. Cell
Immunol [Internet]. 2019;343(October 2017):103711. Available from: https://
doi.org/https;//doi.org/10.1016/j.cellimm.2017.10.011.

Dumars C, Ngyuen JM, Gaultier A, Lanel R, Corradini N, Gouin F, et al.
Dysregulation of macrophage polarization is associated with the metastatic
process in osteosarcoma. Oncotarget. 2016;7(48):78343-54.

Guo Z, Song J, Hao J, Zhao H, Du X, Li E, et al. M2 macrophages promote
NSCLC metastasis by upregulating CRYAB. Cell Death Dis [Internet]. 2019;
10(6). Available from: http://dx.doi.org/https://doi.org/10.1038/541419-019-
1618-x.

Aras S, Raza Zaidi M. TAMeless traitors: macrophages in cancer progression
and metastasis. Br J Cancer [Internet]. 2017;117(11):1583-1591. Available
from: http://dx.doi.org/https://doi.org/10.1038/bjc.2017.356.

Zhu Z, Jin Z, Zhang M, Tang Y, Yang G, Yuan X, et al. Prognostic value of
programmed death-ligand 1 in sarcoma: a meta-analysis. Oncotarget. 2017;
8(35):59570-80.

Liu X, He S, Wu H, Xie H, Zhang T, Deng Z. Blocking the PD-1/PD-L1 axis
enhanced cisplatin chemotherapy in osteosarcoma in vitro and in vivo.
Environ Health Prev Med. 2019;24(1):1-11.

Lussier DM, O'Neill L, Nieve LM, MS MA, Holechek SA, Collins AW, et al.
Enhanced T-cell immunity to osteosarcoma through antibody blockade of
PD-1/PD-L1 interactions. J Immunother. 2015;38(3):69-106.

Wang S, Cowley LA, Liu XS. Sex differences in cancer immunotherapy
efficacy, biomarkers, and therapeutic strategy. Molecules. 2019,24(18):1-12.
Ye Y, Jing Y, Li L, Mills GB, Diao L, Liu H, et al. Sex-associated molecular
differences for cancer immunotherapy. Nat Commun [Internet]. 2020;11(1).
Available from: http://dx.doi.org/https://doi.org/10.1038/541467-020-15679-x.

Page 12 of 12

44, Roberts SS, Chou AJ, Cheung NKV. Immunotherapy of childhood Sarcomas.
Front Oncol. 2015;5(Aug):1-12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



http://www.pnas.org/cgi/doi/10.1073/pnas.0506580102
http://www.pnas.org/cgi/doi/10.1073/pnas.0506580102
https://doi.org/10.1038/s41419-018-0474-4
http://e-crt.org/journal/view.php
https://doi.org/10.4143/crt.2015.430
https://doi.org/10.4143/crt.2015.430
https://doi.org/10.1038/nri2815
https://doi.org/10.1038/nri2815
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1016/j.cellimm.2017.10.011
https://doi.org/10.1038/s41419-019-1618-x
https://doi.org/10.1038/s41419-019-1618-x
https://doi.org/10.1038/bjc.2017.356
https://doi.org/10.1038/s41467-020-15679-x

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Data
	Statistical analysis
	Gene expression analysis
	TARGET-OS
	TP53-SB mutant mice
	Healthy adult osteoblasts

	Pathway analysis
	LM22 analysis
	Gene set enrichment analysis

	Results
	Study populations
	Sex differences in gene expression
	Pathway analysis
	Expression measurements of immune cell composition

	Discussion
	Perspectives and significance

	Supplementary Information
	Data availability
	Authors’ contributions
	Funding
	Ethics approval and consent to participate
	Competing interests
	Author details
	References
	Publisher’s Note

