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Abstract

Histone acetylation is an important epigenetic modification, modulating the development of many tumors. However,
the functions of most histone acetylation-related genes (HARGs) and their prognostic values in Ewing sarcoma (EWS)
remain unclear. The current study aimed to investigate the prognostic values and potential functions of HARGs in EWS.
After collecting EWS patients with mRNA sequencing data from the Gene Expression Omnibus (GEO) database and
a list of HARGs from previous studies, Cox regression and Least Absolute Shrinkage and Selection Operator (LASSO)
regression were performed to construct a prognostic gene signature based on HARGs. Then, four HARGs (TAF4, ATF2,
HDAC2 and OGA) composed a formula to calculate risk score for each patient in the training cohort. Based on median
risk score, all patients were classified into low- and high-risk group, and patients with high-risk score had a poor survival
outcome (p<0.001).The 1-, 2-,3- and 5-year AUC (0.853, 0.886,0.909and 0.833, respectively) showed the good ability of
this signature to predict the prognoses of EWS patients. In addition, distinct functional enrichment and immune-related
pathways were also observed in two risk groups. All results were validated in an external cohort from two dataset in
GEO database. Moreover, it was found that silencing HDAC2 expression in EWS cells significantly suppressed the cell
viability and migration capability. In conclusion, this is the first study to detect the prognostic values of HARGs in EWS
patients, further developing a good prognostic signature based on HARGs, and HDAC2 might be an oncogene in the
development of EWS.
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1 Introduction

Ewing sarcoma (EWS), which mainly occurs in children and adolescents as the second most prevalent primary bone
malignancy with an estimated overall survival rate of only 55%, is characterized as a group of small round cells with
poor differentiation [1-3]. Currently, the major multimodal treatments, including surgical resection, radiation and
neoadjuvant/postoperative chemotherapy, seem to have little effect on improving survival outcomes with obvi-
ous side-effects in EWS patients during the last two decades [4]. Therefore, these dismal results warrant an optimal
therapeutic strategy with a specific target but less toxic to manage EWS [2].

It is well known that gene expression is typically determined by both epigenetic and non-epigenetic modifications
[5, 6]. The term "epigenetics" was coined by Conrad Waddington in 1942 [7], which is defined as the modification
of DNA and its packaging without DNA sequence alteration [8]. Its regulatory mechanisms mainly include histone
post-translational modification, DNA methylation, non-coding RNA interference, and chromatin remodeling [7, 9].
The increasing studies indicate that disruptions in epigenetics are implicated in the occurrence and development
of various diseases, especially cancers [10]. Epigenetics-based therapeutic strategies have shown preliminary effec-
tiveness in several tumor types [11]. Moreover, previous research has found widespread epigenetic changes in EWS,
particularly to the expression of EWS-FLI1, in chromatin states of promoters, enhancers, and super-enhancers [12].
Thus, targeting epigenetic-related genes might be one of the effective therapeutic approaches for EWS patients.

Histone acetylation, as an epigenetic regulatory mechanism, is controlled by a pair of competing enzymatic activi-
ties: histone acetyltransferases (HATs) and histone deacetylases (HDACs) [13], both of which were firstly reported in
1964 [14]. Normal histone acetylation within cells is critically important, as dysfunction in this process can lead to
various diseases, including developmental disorders and cancers [15, 16]. In EWS, the expression of fusion oncogene
is associated with histone acetylation. For example, HDAC6 regulates the activator complex that (specificity protein
1 (SP1)/P300 binds to EWSR1 and EWSR1-FLI1 promoters) by regulating the acetylation status of SP1. Conversely,
HDACS6 inhibitors may reverse this situation, which leads to EWSR1-FLI1 expression suppression of EWS carcinogenesis
[17]. In addition, histone deacetylase inhibitors (HDACi) have been reported to inhibit cancer stem cells growth and
promote tumor cell death in EWS [18-20]. Therefore, it is essential and meaningful to conduct a new and in-depth
research on histone acetylation in EWS. To our knowledge, these previous studies have primarily focused on a single
HDAC or the specific role of HDACi, while neglecting the function of other histone acetylation-related genes (HARGs).
For this reason, we aim to comprehensively understand the status of HARGs in EWS networks, including their expres-
sion in EWS compared to normal tissues, their prognostic values, and their specific functions.

2 Materials and methods
2.1 Data sources

Two EWS cohorts were included in this study from the Gene Expression Omnibus (GEO) database. The training cohort
GSE17674 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17674) contained 18 normal tissue and 44 EWS
samples with RNA sequencing (RNA-seq) data and clinical information. The other is the validation cohort, a combina-
tion of GSE63155 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63155) and GSE63156 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63156). Similarly, RNA-seq and clinical data of the two datasets were
also extracted from the GEO database. It was noteworthy that the reason why using GSE63155 and GSE63156 as a
validation cohort was that these two datasets only contained EWS tissues without normal samples. Collectively, a
total of 85 samples comprised the validation cohort.

2.2 Selecting differentially expressed HARGs between EWS and normal tissues
The HARG candidates in this study were derived from two approaches. One was searching the keyword “acetylation”in

the Molecular Signatures Database (http://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp) and then selecting gene
sets only related to histone acetylation-related pathways [21]. Another one was referring to the previous study [22].
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The list of 166 HARGs was finally collected and shown in Table S1. According to certain criteria (|Log,FoldChange|> 1
and adjusted p-value < 0.05), differentially expressed genes (DEGs) in the training cohort were identified by using
“limma” package between EWS and normal tissues. Then, the potential HARGs were further selected from the DEGs.

2.3 Developing prognostic signature based on HARGs for EWS patients

The prognostic values of differently expressed HARGs in patients with EWS were identified by univariate Cox regression
analysis, and HARGs with p < 0.1 were considered significant. Subsequently, significant HARGs were sent into the Least
Absolute Shrinkage and Selection Operator (LASSO) regression to narrow down the candidate HARGs. Finally, HARGs with
p <0.05 in multivariate Cox regression analysis were used to develop a prognostic signature and construct a formula to
cumulate a risk score for each patient. Risk score = Coef HARGs 1 x Exp HARGs 1+ Coef HARGs 2 x Exp HARGs 2 +...Coef
HARGs (n) x Exp HARGS (n). Furthermore, the prognostic values and expression of HARGs used to develop the model
were explored.

2.4 Evaluating the predictive value of the constructed HARGS signature

According to the median risk score, patients were stratified into low-risk and high-risk groups. The different prognoses
of patients in two risk groups were detected by Kaplan-Meier (KM) curves. In addition, risk curve and survival status-
related scatterplot were performed to demonstrate the distinct survival status of low-risk and high-risk patients after
reordering patients based on risk score. Furthermore, the receiver-operator characteristic (ROC) curves were drawn, and
Harrell’s concordance index (C-index) and areas under the curve (AUC) were utilized to assess the feasibility and stability
of predictive capability of this signature.

2.5 Gene ontology (GO) enrichment and immune-related analyses

The aforementioned selection criteria were also applied to identify DEGs between the two risk groups. Then, the R
package "ClusterProfiler" was utilized for Gene Ontology (GO) enrichment analysis to identify pathways that may differ
between the groups. In addition, we examined distinct immune-related pathways and immune checkpoints between
low-risk and high-risk groups to identify potential therapeutic targets for EWS patients.

2.6 Validating the constructed HARGS signature in an external cohort

The risk score of each patient in the validation cohort was also calculated using the same formula as in the training cohort.
Similarly, based on the median risk score, patients in the validation cohort were also divided into two risk groups. Then,
KM curves were plotted to identify differences in prognosis between the two risk groups. Additionally, risk curve and
survival status-related scatterplot were drawn after reordering the patients. Moreover, the AUC was also used to assess
the ability of the same characteristics to predict patient’s prognosis in the external cohort. Since the validation cohort
included only EWS samples and no normal tissues, we focused solely on exploring the different prognostic values of
these HARGs in EWS patients. Finally, GO enrichment and immune-related analyses were also conducted in both groups.

2.7 Cell culture and HDAC2 RNA interference

EWS cell line A673/RD-ES was purchased from the National Collection of Authenticated Cell Cultures (Shanghai, China).
Briefly, A673/RD-ES cells were cultured in DMEM/1640 with 10% fetal bovine serum (FBS, Gibco) and 100 U/mL penicillin/
streptomycin (P/S, Gibco) and maintained in a 37 ‘C humidified incubator with 5% CO,. After seeding A673/RD-ES cells in
a 6-well plate at a proper confluency (~60%), 3 uL HDAC2-RNAi siRNA and 2 L lipofectamine 3000 (Thermo, USA) were
used to transfect to silence HDAC2 expression in A673/RD-ES cells. The efficiency of silencing HDAC2 in A673/RD-ES cells
was detected by performing quantitative real-time polymerase chain reaction (qRT-PCR) and Western Blot (WB) after
48 h transfection. The negative control siRNA (siNC) and siRNAs for HDAC2 (siHDAC2-1: 5-GGAUAUUGGUGCUGGAAA
A-3’, siHDAC2-2: 5'-CAGACUGAUAUGGCUGUUAAU3') were synthesized by Genepharm Technologies (Shanghai, China).
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2.8 Cell viability, colony formation, and migration assays

The cell viability of A673/RD-ES cells transfected with siHDAC2 were determined by the commercial Cell Counting Kit-8
(CCK8) reagent (Biosharp, cat#BS350B) after they were seeded into the 96-well plates. Following the kit instructions, the
absorbance (450 nm) at different timing (days 0, 1, 3, 5, 7) was tested after incubating cells with CCK8 reagent for 2 h in the
37 °C humidified incubator.

Cells with silenced HDAC2 were seeded in a 6-well plate (1000 cells/well) for clonogenic assay. After 14 days, they were
stained with 1% crystal violet.

The transwell chambers (pore size: 8 mm, Corning) were used to perform migration assays. Cells placed in the upper
compartment were treated with 200 pL serum-free medium, while 500 uL DMEM medium with 10% FBS filled in the lower
chambers. After incubation for about 24 h, 4% paraformaldehyde fixed the cells which were further stained by 0.1% crystal
violet, and then these cells were pictured with an Olympus inverted microscope.

2.9 Statistical analysis

All statistical analyses were performed by GraphPad Prism 8.0 or R project (v4.0.1, https://www.r-project.org). KM curves
were plotted by using the log-rank test, and the Wilcox test was used to select the DEGs, analyzing the GO enrichment and
immune-related function. Cell proliferation and migration assays were analyzed by t-test. The results with p<0.1 in all univari-
ate analyses were considered to be statistically significant, while differences with two-tailed p <0.05 in other analyses were
regarded statistically significant (*p < 0.05; **p <0.01; ***p <0.001). In addition, the event-free survival (EFS) was used as the
survival outcome of EWS patients, because EFS might reveal the more real outcome of patients after receiving treatments.

3 Results
3.1 Selecting differentially expressed HARGs with prognostic value in EWS patients

The flowchart was shown in Fig. 1. A total of 5423 DEGs were identified between EWS and normal samples (Fig. 2A), and 61 of
them were differentially expressed HARGs (Fig. 2B). Following univariate Cox regression analysis, 19 HARGs were considered
as potential factors affecting the prognoses of EWS patients (Fig. 2C), and further sent to the LASSO regression analyses.
These results showed that histone acetylation might take part in EWS development and affect the prognosis of EWS patients.
Further exploration of its specific role in EWS could be of significance.

3.2 Constructing a good prognostic signature in the training cohort

After undergoing cross-validation in LASSO regression analyses (Fig. 3A, B), 12 HARGs were sent into the multivariate Cox
regression analysis to figure out the independently prognostic HARGs for EWS patients. Finally, four HARGs (TAF4, ATF2,
HDAC2 and OGA) were included in the prognostic model, developing a formula to calculate risk scores for EWS patients
(Fig. 3C). The formula was as followed: risk score =1.2489 * Exp TAF4 — 3.0341 * Exp ATF2+1.0827 * Exp HDAC2 - 1.1223 * Exp
OGA.The 1-, 2-,3- and 5-year AUC were 0.853, 0.886,0.909and 0.833, respectively (Fig. 3D), and the C-index was 0.802, both
of which demonstrated the good ability of the constructed HARGs signature in predicting the prognoses of EWS patients,
especially for 3-year survival outcomes. In addition, all four HARGs were significantly correlated with EWS patients’ survival
outcomes (Fig. 3E-H). High expression of TAF4 and HDAC2 were linked to a poor survival outcome, while high expression of
ATF2 and OGA were associated with a better prognosis. Thus, TAF4 and HDAC2 might be independently risk factors for EWS
patients’ prognoses, while ATF2 and OGA might be protective factors by contrast. It was found that the prognostic signature
based on HARGs were a good tool to predict EWS patients’survival probabilities, and HARGs could be regarded as independ-
ent factors for prognoses of EWS patients.

3.3 Analyzing the difference between two risk groups in training cohort
The number of patients in two risk groups was equal (n=22), and patients with high-risk score had poor survival outcomes

(Fig. 4A, p<0.0001). In addition, the risk curve and survival status-related scatterplot showed similar results with the KM
curve, implicating that high-risk score seemed to be linked to a poor prognosis (Fig. 4B, C). Based on the DEGs between
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Fig. 1 The flowchart of this study

the two risk groups, we found that most GO pathways are related to neural excitation, such as neuropeptide Y receptor
activity and glutamatergic synapse (Fig. 4D). Additionally, the scores of immune-related pathways in high-risk group were
higher, suggesting possible activation of immune functions. Significant differences were observed in APC co-stimulation,
T cell co-inhibition or co-stimulation were significantly between the two groups (Fig. 4E). Furthermore, high expression
of numerous immune checkpoints was noted in the high-risk groups, indicating that immune checkpoints play a role in
treating EWS patients (Fig. 4F). The clinical information of the two cohorts is shown in Table 1.
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Fig. 2 Identifying histone acetylation-related genes (HARGs) associated with the prognoses of Ewing sarcoma (EWS) patients. A The volcano
plot of differently expressed genes (DEGs) in normal and EWS samples. B The intersection of DEGs and HARGs. C Univariate Cox regression
determining 19 HARGs correlated with prognoses of EWS patients

3.4 Validating the developed HARGs signature in an external cohort

EWS patients were also classified into two groups (low-risk group: 43 samples, high-risk group: 42 samples). Similarly,
patients in high-risk group had worse prognoses (Fig. 5A-C). Moreover, the 1-, 2-,3-and 5-year AUC in the validation
cohort were 0.876, 0.695, 0.683 and 0.651, respectively (Fig. 5D). The role of four HARGs in affecting the prognosis in
the validation cohort was consistent with the training cohort (Fig. 5E-H). These results validate the effective capabil-
ity of this signature in predicting the prognosis of EWS patients.

Additionally, neuropeptide Y receptor activity was also considered as a significant pathway in validation cohort
by performing GO enrichment analyses (Fig. 6A), and the score of APC co-stimulation was also higher in high-risk
group (Fig. 6B). In addition, several immune checkpoints like TNFRSF9, CD276 and CD40 highly expressed in high-risk
group, which was found in the training cohort as well (Fig. 6C).

3.5 Exploring the specific role of HDAC2 in the development of EWS cells
Since HDAC inhibitors have been reported for cancer treatment [23] and HDAC2 was a key gene in histone acetyla-

tion, we chose HDAC2 to explore its role in EWS cells. After silencing HDAC2, we first evaluated the silencing effi-
ciency of HDAC2 in A673/RD-ES cells (Fig. 7A). It was found that the cell growth was inhibited in A673/RD-ES cells
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Fig. 3 Developing a prognostic signature based on four HARGs for EWS patients in the training cohort. A, B LASSO regression further select-
ing HARGs related to the prognoses of EWS patients. C Multivariate Cox regression identifying four HARGs to develop a prognostic signa-
ture. D The ROC to test the predictive ability of the constructed signature. E-H The KM curves of the four HARGs

(Fig. 7B). Concurrently, there was a decrease in both the clonogenic (Fig. 8A) and migratory abilities (Fig. 8B) of the
cells. Considering the risk role and the function of HDAC2 in EWS, we propose HDAC2 may be an oncogene in EWS.

4 Discussion

Epigenetic regulation significantly impacts critical biological processes such as genomic integrity, transcriptional regula-
tion, and cell fate [24-26], garnering considerable attention in cancer biology [27]. Histone acetylation modification, as
a form of epigenetics, can regulate various biological processes such as cell proliferation, differentiation and apoptosis.
Dysregulation alters the normal expression and physiological functions of genes within cells, playing a role in the initia-
tion and progression of tumors [28]. It has been reported that histone deacetylase inhibitors might represent a novel
strategy for cancer treatment [29]. With advances in sequencing technology, the use of sequencing to seek new predic-
tive markers and candidates forimmune and targeted therapies is becoming one of the important treatment strategies
for various cancers, including EWS [30]. Furthermore, research has already developed gene signature based on HARGs
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for predicting the prognosis of colorectal and identifying biomarkers for colorectal cancer and ovarian cancer [21, 22].
However, understanding of acetylation in EWS is still limited. These evidence provided a strong theoretical basis and
preliminary groundwork for constructing a prognostic feature of HARGs in EWS patients. Furthermore, previous research
has suggested that miR-22, which is typically suppressed by EWS-FLI1, may inhibit the growth of EWS cells by targeting
the histone demethylase KDM3A, involved in H3K9me1/2 histone modifications [13].

This study systematically examined the expression of HARGs in EWS patients, and found that most HARGs are overex-
pressed in EWS samples and are associated with the prognoses of EWS patients. This suggests that these HARGs may be
one of the factors influencing the development of EWS. To improve the efficiency of epigenetic therapy for EWS patients,
this study constructed a HARGs signature related to EWS prognoses by performing Cox regression and LASSO regres-
sion. We discovered that the constructed signature exhibits specificity and sensitivity in predicting the prognosis of EWS
patients, particularly in assessing the 1-year survival rate. The value of 1-year AUC in training and validation cohort are
both higher than 0.85, showing that this prognostic signature may be good at predicting the short-term survival for EWS
patients. Although the values of 2-, 3-and 5-year AUC in the validation cohort were relatively low, their values are close
to 0.7, still implying the significance of HARGs in EWS prognoses. It is undeniable that many factors such as individual
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Table 1 The characteristics of

. . e A Group Training cohort Validation cohort
patients in training validation
cohort High risk Low risk p value High risk Low risk p value

Total (n) 22 22 42 43

Age (yrs, Mean £ SD) 19.00 (6.90) 16.73(7.49) 0.301 14.50 (8.45) 11.69(4.99) 0.064

Sex (n%) 1 0.92
Female 8(36.4) 8(36.4) 20 (47.6) 19 (44.2)
Male 14 (63.6) 14 (63.6) 22 (52.4) 24 (55.8)

State (n%) 0.356 0.614
Metastasis 3(13.6) 4(18.2) - -
Primary 15(68.2) 17 (77.3) - -
Recurrence 4(18.2) 1(4.5) - -

Primary tumor site (n%)
Unknown - - 21 (50.0) 18 (41.9)
Extremity - - 4(9.5) 5(11.6)
Other N N 13(31.0) 18(41.9)
Pelvis - - 4(9.5) 2(4.7)

EFS event (n%) <0.001 0.232
Alive 2(9.1) 15(68.2) 22 (52.4) 29 (67.4)
Dead 20(90.9) 7(31.8) 20 (47.6) 14 (32.6)

EFS time (ms, mean+SD) 20.23 (23.35) 60.01 (48.78) 0.001 50.40 (38.56) 65.26 (30.20) 0.051

OS event (n%) <0.001 0.048
Alive 2(9.1) 16 (72.7) 25 (59.5) 35(81.4)
Dead 20(90.9) 6(27.3) 17 (40.5) 8(18.6)

OS time (ms, mean+SD)  31.00 (32.49) 83.03(44.22) <0.001 57.60(36.66) 77.38(29.73) 0.008

EFS event-free survival, OS overall survival

differences and tumor heterogeneity may affect the prognosis. In addition, the validation cohort was composed of two
GEO datasets, and the process of combining two datasets might change the original gene expression, particularly when
performing the normalization procedure. These situations may lead to the low value of AUC. However, the good perfor-
mance of this HARGs prognostic signature cannot be overlooked. We believed that improved algorithms can assist us in
achieving better results in the future.

For the GO enrichment analyses, it was noticed that neuropeptide Y receptor activity was enriched in both training and
validation cohort. Neuropeptide Y receptor has five subtypes called Y1,Y2,Y4, Y5, and Y6, belonging to G protein-coupled
receptor superfamily [31]. Y1 was highly expressed in EWS and it could potentially be a therapeutic target for EWS [32],
while Y5 may promote the progression and bone metastasis for EWS [33]. In addition, Neuropeptide Y pathways seemed
could be affected by histone acetylation [34]. However, the role of HARGs in the neuropeptide Y pathway in EWS is not
yet clear. Our study suggested that HARGs might be associated with the neuropeptide Y pathway in EWS, which could
aid in identifying new effective therapeutic targets for EWS treatment. This hypothesis requires further in-depth research
to be substantiated. In the immune-related analyses, we found that APC co-stimulation and several immune checkpoints
(CD276, TNFRSF9) were significantly different in two groups. Their scores or expression were relatively higher in the high-
risk group, indicating that HARGs may have a certain impact on the immune microenvironment of EWS. However, this
specific assertion requires further research for confirmation.

There are three roles in the process of histone acetylation, containing “writers”, “erasers” and “readers”. “Writers” are
a group of enzymes that transfer chemical groups to histones, while “erasers” are also a group of enzymes responsible
for removing these chemical groups, and “readers” are proteins which could recognize the modified histones [35]. In
this study, the prognostic signature was composed of two protective factors (ATF2, OGA) and two risk factors (TAF4,
HDAC2). ATF2 (Activating Transcription Factor 2) is a transcription factor with B-Zip-containing, and its encoded
protein is a histone acetyltransferase (HAT) specifically acetylating histones H2B and H4 [36]. Previous studies have
implicated ATF2 is closely associated with the development and progression of cancer. It has been reported that ATF2
promotes the occurrence and progression of melanoma and renal cell carcinoma, being identified as an oncogene
[37-39]. Conversely, ATF2 is speculated to have a specific inhibitory effect on the tumor formation and metastasis

@ Discover



Research Discover Oncology (2024) 15:848 | https://doi.org/10.1007/s12672-024-01689-4

1.004 Group
(A) + High risk (B) S % Hiohil )
T Low risk High risk
¢ Low Risk
™ 0.754 %
=
2 2
E 5 e
e 0.50 -
Z -
E]
s 0.254 B o ittt
p=0.064 o L e eereas
- T T
0.00: . . 0 80
0 0 0 150 . . . .
Follow up time (months) Paticnts (increasing risk score)
n=85
Number at risk <
=High risle] 42 20 7 0 (D) =
3
& Low riskd 43 30 5 0
0 50 100 150 % 4
(C) Follow up time (months)
% | . ] -3
- ® Dead ° | . =4
2 | * Alive : z ©
- . le e®® ":
£ g . o 1y ™ . g
é - ., s @ &g t° [
a B 5 P KD o, @ . .
'E e J ‘ : . ° . .: .. .
= ® oo Lt : . ° L ~
E 4 e . W N . i —— AUCat I year =087
(,5 =B LI LI ' . .... 0 e : _ tﬁ::ii:ﬁ::um::
2 . : . .'. v ® e < | AUC at 5 year = 0.651
= ! . S
T T T T T T T T T T T
0 20 40 60 80 0.0 0.2 0.4 0.6 0.8 1.0
Paticnts (increasing risk score) 1-Specificity
(E ) ATF2 (F) TAF4
1.00 Group 1.00
= High
= Low
z 0754 z 0759
3 3
= 0.50 = 0.50
3 3
5 g
# 0.254 # 0.254
p=0.085 p=0.032
0.00+ 0.004
0 50 100 150 0 50 100 150
Follow up time (month) Follow up time (month)
n=85 n=85
Number at risk Number at risk
SHigh- 26 18 6 0 SHigh- 17 6 0 0
H 3
3 Lowd 59 32 6 0 3 LowA 68 44 12 0
0 50 100 150 0 50 100 150
Follow up time (month) Follow up time (month)
(G) HDAC2 (H) 0GA
1.00 1.00
2z 0.754 z 0759
3 3
£ 0.504 £ 0.504
: :
£ £
# 0.254 # 0.254
p=0.038 p=0.029
0.004 0.004
0 50 100 150 0 50 100 150
Follow up time (month) Follow up time (month)
n=85 n=85
Number at risk Number at risk
SHighA 15 6 4 0 SHigh- 55 37 7 0
3 3
& Lowd 70 44 8 0 & Lowd 30 13 5 0
0 50 100 150 0 50 100 150
Follow up time (month) Follow up time (month)

Fig.5 Validating the developed HARGs signature in an external cohort. A-C The different prognoses of EWS patients in two risk groups. D
Estimating the ability of the developed signature to predict survival outcomes of EWS patients. E-H The KM curves of the four HARGs
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Fig. 6 The difference of functional analyses in low- and high-risk group in the validation cohort. A The GO enrichment analyses. B The analy-
ses of immune-related pathways. C The detection of differently expressed immune checkpoints

of liver cancer [40]. In addition, ATF2 elicits tumor suppressor activity in mammary and skin tumors under a specific
environment [36]. Similarly, OGA also plays a duplicated role in the development of tumors. OGA (O-GlcNAcase)
contains a structural domain of histone acetyltransferase, which contributed to histone acetylation. OGA was found
highly expressed in poorly differentiated laryngeal tumor cells, related to a poor prognosis [41]. OGA was considered
as a potential target by stabilizing the activity of P53 pathway in ovarian carcinoma treatment [42]. Although the
roles of two genes are different in the process of histone acetylation (ATF2: writers, OGA: erasers), high expression of
these two genes may indicate a better prognosis for EWS patients, showing that ATF2 and OGA may be potentially
therapeutic targets for EWS patients. TAF4 (TATA-Box Binding Protein Associated Factor 4) is a primary component
of the TFIID complex, with a remarkably conserved molecular structure, maintaining stability and integrity of the
TFIID complex [43]. TAF4 participates in a series of biological processes, including epigenetic modification and cell
development. TAF4 inactivation alters the expression of matrix metalloproteases (CTGF and OPN), which are crucial
to regulating metastasis [44]. Furthermore, the loss of TAF4 significantly changes cell adhesion and communication,
further inducing the expression of oncogenic markers, and promoting malignant transformation to stimulate tumor
formation [44]. Additionally, TAF4 might mediate the tumor invasion and metastasis in gastric cancer by co-expression
with TWAT1 [45]. These evidences indicated the oncogenic functions of ATF4. HDACs are not only involved in the
deacetylation of chromatin proteins, but also take part in the deacetylation of non-histones by directly interacting
with transcription factors like P53 and STAT3, influencing cell differentiation and cell cycle [46, 47]. As an “eraser” in
histone acetylation, the expression of HDAC2 was highly detected in gastric cancer, and high expression of HDAC2
was associated with nodal spread, correlated with poor survival outcomes for gastric cancer patients [48]. Previous
studies have shown that EWS patients with high expression of HDAC2 have a worse prognosis compared to those
with low expression [49], which is consistent with our findings. Given the significant regulatory role of HDACs in
cancer cells, and the fact that HDAC2 is an important part of a class | HDAC family, we decided to further explore the
specific function of HDAC2 in the development of EWS. We noticed that the proliferation and migration abilities of
EWS cells were inhibited after silencing HDAC2, indicating oncogenic functions of HDAC2 in EWS. Considering the
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considerable promise shown by HDAC inhibitors in cancer treatment [50], we believe that targeting HDAC2 may
represent a novel and effective approach for treating EWS patients.

This study has certain limitations, which are related to our being the first to use HARGs to establish a prognostic
gene model for EWS patients. These limitations are mainly reflected in the following aspects. On the one hand, both
the construction and validation of the EWS prognostic model using HARGs are based on retrospective data from public
databases. Due to the low incidence of EWS, limited research, and small sample size, the data sets are relatively small in
scale. On the other hand, although the function of HDAC2 in EWS has been identified, the roles of the other three HARGs
in EWS are still unclear. Further research is warranted to investigate their functions. Moreover, the validation cohort was
a combination of two data sheet. The batch effects in the validation cohort are unavoidable, which might contributed to
the 2-, 3-, and 5-year AUC values were closed to 0.7. However, the 1-year AUC value in the validation cohort and all the
AUC values in the training cohort were more than 0.8. These findings suggested that our prognostic model possessed
significant potential for predicted short-term prognosis in patients with Ewing’s sarcoma. The accuracy of long-term
prognosis for Ewing sarcoma patients might necessitate a larger sample size.

5 Conclusions
In summary, our study constructed a favorable prognostic signature based on HARGs for EWS patients, providing new

insights into histone acetylation in EWS. Additionally, HDAC2 suppresses the proliferation and migration of EWS cells,
and inhibiting HDAC may be a potential therapeutic strategy for EWS patients.
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