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RAPID COMMUNICATION
Construction and validation of a novel
SUMOylation-related lncRNAs signature for
predicting the prognosis, tumor immune
microenvironment, and therapeutic
sensitivity of lung adenocarcinoma
Lung adenocarcinoma (LUAD) is the most prevalent subtype
of lung cancer and the leading cause of cancer deaths
worldwide.1 Despite immunotherapy, radiotherapy, and
chemotherapy advances, treatment outcomes remain un-
satisfactory.2 Thus, prognostic models that accurately
predict patient prognosis and guide individualized treat-
ment are desperately needed. SUMOylation, a reversible
post-translational modification, is a crucial molecular reg-
ulatory mechanism that affects tumor progression.3 How-
ever, the role of sumoylation-related lncRNAs (SR-lncRNAs)
in LUAD has not been explored. This study aimed to
construct and validate an SR-lncRNAs signature for pre-
dicting LUAD prognosis, tumor immune microenvironment,
and therapeutic sensitivity.

Figure S1 shows the study’s flowchart. Firstly, after
removing genes expressed in less than half of patients, the
TCGA_LUAD dataset yielded 15,831 lncRNAs. Then, 2858
lncRNAs were identified as differentially expressed lncRNAs
based on false discovery rate < 0.01 and |log2 fold change|
� 1.0 (Fig. S2). We found 187 sumoylation-related genes in
the Molecular Signatures Database (https://www.gsea-
msigdb.org/gsea/msigdb/index.jsp) and collected expres-
sion data from the TCGA_LUAD dataset. Pearson’s correla-
tion analyses between differentially expressed lncRNAs and
sumoylation-related genes yielded 831 SR-lncRNAs. Univari-
ate Cox regression analyses further identified 54 prognostic
SR-lncRNAs with p values < 0.01. To create a reliable risk
predictive model, patients were randomly and equally
divided into training (n Z 245) and testing (n Z 245) co-
horts. The aforementioned 54 SR-lncRNAs were analyzed
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using LASSO Cox regression and cross-validated, and 20
prognostic lncRNAs were selected (Fig. 1A, B). Step-by-step
multivariate Cox regression analysis further purified 7
lncRNAs for improved clinical utility (Fig. S3). Finally, a
prognostic risk model was developed utilizing the correlation
coefficient of the expression levels of lncRNAs: risk score Z
(0.4295 � status of OGFRP1) þ (0.3006 � status of PRKG1-
AS1)þ (0.2636 � status of AL353746.1) þ (0.1115� status of
SATB2-AS1) þ (�0.0850 � status of FTO-
IT1) þ (�0.3837 � status of MED4-AS1) þ (�0.4211 � status
of AC090559.1).

LUAD patients in the training cohort were categorized as
low- or high-risk by median risk score (0.058140853). The
survival distribution curve showed a greater death rate for
high-risk patients. Heatmap showed that, in the high-risk
group, 4 hazardous lncRNAs were highly expressed, while
the others were down-regulated (Fig. 1C). The
KaplaneMeier plot demonstrated a lower overall survival
rate for the high-risk group (Fig. 1D). Good performance
was shown by receiver operating characteristic (ROC)
curves with values of 0.77 at 1 year, 0.77 at 3 years, and
0.82 at 5 years for area under the curve (Fig. 1E).
Furthermore, compared with previously published prog-
nostic models and clinicopathological risk factors (such as
age, gender, and TNM stage), our signature had better
prognostic prediction value (Fig. S4). Similar results were
found in the testing cohort and the whole cohort (Fig. S5).
To make the 7-SR-lncRNAs signature clinically useful, no-
mograms were created by combining them with or without
clinicopathological risk factors (Fig. 1F; Fig. S6A). Calibra-
tion curves showed that the 7-SR-lncRNAs-integrated
nomogram was more consistent with observation than the
simple clinicopathologic nomogram (Fig. S6B, C). The 7-SR-
behalf of KeAi Communications Co., Ltd. This is an open access
by/4.0/).
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Figure 1 A novel SUMOylation-related lncRNA signature for predicting the prognosis, tumor immune microenvironment, and
therapeutic sensitivity of lung adenocarcinoma. (A) Profiles of LASSO coefficients for 54 prognostic SR-lncRNAs. (B) Ten-fold cross-
validation for selecting the LASSO Cox regression model’s tuning parameter lambda. The red dots represent the partial likelihood of
deviance values, the grey lines represent standard error (SE), and the two vertical dashed lines on the left and right represent
optimal values by minimal and 1-SE criteria, respectively. (C) The distribution of risk scores, OS status, and expression profiles of
the 7 SR-lncRNAs in the training cohort. (D) KaplaneMeier curve for OS in the training cohort. (E) The receiver operating char-
acteristic (ROC) curves show the potential of the 7-SR-lncRNAs signature in predicting 1-, 3-, and 5-year OS in the training cohort.
(F) Nomograms integrated with the 7-SR-lncRNAs signature for predicting OS probability in the training cohort. (G) Gene Set
Variation Analysis (GSVA) between low- and high-risk groups. (H) Comparison of the stromal score, immune score, and ESTIMATE
score between low- and high-risk groups. (I) The correlation heatmap displays the associations between risk score and 19 differ-
entially expressed immune checkpoint genes. (J) The waterfall plot of somatic mutation features in two groups. (K) KaplaneMeier
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lncRNAs-integrated nomogram may be superior for LUAD
clinical application because the values for its area under
the curve at 1, 3, and 5 years were significantly higher (Fig.
S6D, E).

Furthermore, numerous approaches were used to
investigate the biological activities of the 7-SR-lncRNAs risk
model. The Gene Set Variation Analysis (GSVA) found that
the two risk groups had differing enrichments of cancer-
related pathways like regulation of growth hormone re-
ceptor signaling pathway, positive regulation of CD8þ alpha
beta T-cell activation, and T-cell mediated cytotoxicity
(Fig, 1G). In the Gene Set Enrichment Analysis (GSEA) plots,
these SR-lncRNAs were enriched in sumoylation, meta-
bolism, and immunology pathways (Fig. S7AeG). Co-
expression of protein-coding genes with the 7 SR-lncRNAs
was identified using a criterion of |Pearson correlation
coefficient| > 0.5 and p < 0.001. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
revealed that those genes were enriched in immune
response, Th1/Th2 cell differentiation, and B cell receptor
signaling (Fig. S7H, I). In addition to its relevance to clas-
sical cancer-related pathways, these findings revealed that
the 7-SR-lncRNAs signature was also linked to the immune
response.

To study the risk model’s role in the tumor immune
microenvironment, immune cell infiltration in tumor sam-
ples was examined. CIBERSORT, EPIC, MCPCounter, quan-
TIseq, TIMER, and xCell identified distinct immune cell
expression in low- and high-risk groups (Fig. S8A). Using the
xCell algorithm, we observed that low-risk samples had
more infiltrating immune cells, such as CD4þ T-cells, CD8þ

T-cells, and monocytes (Fig. S8A). Additionally, ESTIMATE
showed statistically significant stromal activity variation
(Fig. 1H). In light of the development of immune check-
point inhibitors, we further examined the expression of 79
immune checkpoint genes in low- and high-risk groups,4 and
found 19 of them were differentially expressed (Fig. S8B).
The correlation heatmap showed that these 19 immune
checkpoint genes were strongly linked with the risk score
(Fig. 1I). These data demonstrated that the 7-SR-lncRNAs
signature might assess the tumor immune microenviron-
ment and immune checkpoint gene expression in LUAD
patients.

Tumor mutation burden (TMB) can predict immune
checkpoint inhibitor responses.5 The TMB of low- and high-
risk LUAD patients is shown in Fig. 1J. However, the dif-
ference in TMB levels between the two groups was not
statistically significant (P Z 0.09; Fig. S9A), and the groups
with low- or high-TMB levels had similar survival rates
(PZ 0.47; Fig. S9B). Subgroup analysis stratified samples by
TMB status and risk groups was further performed.
Intriguingly, some patients with high-risk scores in the low-
or high-TMB groups had significantly shorter overall survival
analysis of OS for patients classified by combing tumor mutation b
sensitive drugs between low- and high-risk groups. (M) Cytotoxic
structed from high- (patients 3# and 20#) and low-risk patients (pa
constructed from high- (patients 3# and 20#) and low-risk patie
lncRNAs; OS, overall survival.
than those with low-risk scores, but no significance was
seen between TMB groups with the same risk ratings
(Fig. 1K). These findings suggested that the combination of
risk group and TMB could provide a more accurate estimate
of patient prognosis.

The disparity between the tumor immune microenvi-
ronment and TMB may result in differential susceptibility to
drug response. We used the “pRRophetic” R package to
compare pharmacological efficacy across high- and low-risk
groups and found that 45 drugs had statistically significant
differences (P < 0.05; Fig. S10). Among the top 10 differ-
entially sensitive drugs, BMS-754807, Ro-3306, pyrimeth-
amine, cisplatin, elesclomol, docetaxel, AZ628, and nutlin-
3a may be more effective in high-risk patients, and low-risk
patients may benefit more from KIN001-135 and lisitinib
(Fig. 1L).

A clinical cohort of 80 LUAD patients was created to
externally confirm the stability of the 7-SR-lncRNAs signa-
ture. Quantitative reverse transcription PCR showed that
LUAD tissues expressed more SATB2-AS1, AL353746.1,
PRKG1-AS1, and OGFRP1 than neighboring normal tissues,
but less AC090559.1, MED4-AS1, and FTO-IT1 (Fig. S11A). In
the clinical cohort, the 7 SR-lncRNAs exhibited similar risk
scores, overall survival status, and expression profiles to
the training cohort (Fig. S11B). The KaplaneMeier curve
and ROC curve indicated that the model could effectively
predict prognosis in the clinical cohort as well (Fig. S11C,
D). Finally, based on the differing sensitivity profiles
(Fig. S10), we validated the sensitivity difference of BMS-
754807 and XAV-939 in patient-derived cells obtained from
high- and low-risk LUAD clinical samples. The
doseeresponse curves showed that BMS-754807 was more
effective in high-risk patients (patients 3# and 20#;
Fig. 1M), while low-risk patients (patients 10# and 16#)
were more sensitive to XAV-939 (Fig. 1N).

To the best of our knowledge, this is the first study to
develop an SR-lncRNAs predictive signature in patients with
LUAD and validate it in an independent clinical cohort. This
risk model showed good diagnostic accuracy in predicting
patient survival outcomes and helped optimize individual
treatment strategies. Patient stratification may be
improved and novel drugs can be explored in distinct risk
groups by making use of differences in features between
low- and high-risk groups, such as immune infiltration, TMB,
and drug sensitivity. We anticipate eagerly future research
into the mechanisms by which these SR-lncRNAs regulate
sumoylation and impact patient outcomes.
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