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Systematic analysis reveals a pan-cancer SNHG
family signature predicting
prognosis and immunotherapy response

Haotian Zheng,* Guanghui Wang,”* Yadong Wang," Jichang Liu," Guoyuan Ma,” and Jiajun Du'-3>*

SUMMARY

Small nucleolar RNA host genes (SNHGs) are a special family of long non-coding RNAs (IncRNAs), which
not only function in a way similar to other IncRNAs but also influence the intracellular level of small nucle-
olar RNAs to modulate cancers. However, the features of SNHGs and their role in the prognosis and immu-
notherapeutic response of human cancer have not been explored. We found that SNHGs were commonly
deregulated and correlated with patient survival in various cancers. The critical role of DNA methylation
and somatic alterations on deregulation was also identified. SNHG family score was significantly associ-
ated with survival, multiple tumor characteristics, and tumor microenvironment. SNHG-related risk score
could serve as a prognostic and immunotherapeutic response biomarker based on multiple databases.
This study emphasizes the potential of SNHGs as biomarkers for prognosis and immunotherapeutic
response, enabling further research into the immune regulatory mechanism and therapeutic potentials
of SNHGs in cancer.

INTRODUCTION

Cancer immunotherapy (CIT) has emerged in recent years as a powerful weapon in fighting various cancers, depending on the interactions
between the immune system and cancer.”” Broad applicability across cancer types and durable clinical response extended overall survival
(OS) relative to that achieved with conventional ‘therapies.3 Immune checkpoint inhibitors (ICls) have achieved breakthroughs in multiple can-
cers, such as advanced melanoma (31-44% of patients’ responses),‘l’8 non-small cell lung cancer (19-20%),” """ and renal cell carcinoma
(22-25%)."%"

However, CIT is not effective against all cancer types, particularly those with low tumor mutational burden (TMB)."'* The intricacy and un-
certainty of tumor microenvironment (TME)—including T cell exhaustion and phenotype change, immune suppressive cell populations (reg-
ulatory T cell, myeloid-derived suppressor cell, type |l macrophages), and cytokine and metabolite release (CSF-1, tryptophan metabolites,
TGFB, adenosine)' >—cause immunotherapy to be ineffective for every patient within a “responsive” cancer type. Therefore, biomarkers need
to be urgently developed to guide the selection of patients for immunotherapy or combination therapy, based on a full understanding of the
basic biology of immunity.

Long non-coding RNAs (IncRNAs), defined as RNAs longer than 200 nucleotides that do not encode proteins, are involved in the patho-
genesis of various cancers.'® RNA—protein, RNA-RNA, or RNA-DNA interactions implemented by IncRNAs provide a new perspective into
the regulatory mechanism in diverse biological characteristics of tumors (such as energy metabolism, drug chemoresistance, and immune
regulation).””'” The innate and adaptive immune systems are extensively regulated by IncRNAs: the regulation of myeloid and dendritic
cell development and functions; the regulation of immune genes and cytokine genes; and the differentiation of naive T helper cells into
specialized effector populations of effector cells, and so on.'”?°?* These findings contribute to the precision and effectiveness of cancer im-
munotherapies for multiple tumors to avoid immunotherapy resistance and improve efficacy.”*2°

The small nucleolar RNA host genes (SNHGs) are a special group of IncRNAs. They perform their function in the nucleus (epigenetic mod-
ulation and transcriptional regulation) and cytoplasm (translation regulation, miRNA sponging, and posttranscriptional modification), similar
to other INcRNAs,”?® as well as influence small nucleolar RNAs (snoRNAs) at the intracellular level; in addition, they play a growing role in
cancer progression.””** SNHGs play an important role in the TME and immune landscape, providing a theoretical basis for the development

of immunotherapy.®' "
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Pan-cancer analysis of SHNG family with potential implications in prognosis
and immunotherapy in human cancer
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Figure 1. Analysis workflow of this study

In the current study, we report on a pan-cancer analysis of 31 SNHG genes across 33 cancers by using datasets from The Cancer
Genome Atlas (TCGA), the Genotype-Tissue Expression (GTEx), and Gene Expression Omnibus (GEO). Pan-cancer analyses
indicate that SNHG deregulation was affected by multiple mechanisms of mutation and methylation, which were associated with survival
and drug sensitivity. The SNHG family score calculated based on the expression levels of SNHGs showed a significant difference between
the normal and tumor samples. The association of the SNHG family score with patient survival and tumor progression in pan-cancer.
Subsequently, the link between the SNHG family score and TME and immunotherapy was investigated. We further constructed the risk
score by using 12 SNHG-related genes to clarify the functional role of the SNHG family score. We also explored the ability of the risk score
to predict patient survival and tumor immunity. The association between risk score and tumor immunotherapy response was evaluated
using four CIT response datasets and immunotherapy signatures. This study preliminarily unveiled the potential application of the
SNHG-related risk score as a predictive biomarker of survival and immunotherapy response in pan-cancer; however, further research is still
needed.

RESULTS

Basal expression and prognostic potential of SNHGs

The overall design of our study is shown in the flow chart (Figure 1). The distribution of the 24 SNHGs expression levels of patients for 33
cancers is presented in Figure 2A, and SNHGs with low expression level in pan-cancer were excluded. SNHGs exhibited significant differential
expression in most cancers (Figure 2B), suggesting that the SNHGs played a distinctive role in tumorigenesis. SNHG 19 was significantly lower
expressed in KICH, but GAS5 was significantly higher expressed in CHOL, which suggested that SNHGs could be used as a potential
biomarker in cancers. Differences in OS, disease-specific survival (DSS), disease-free interval (DFI), and progression-free survival (PFS) be-
tween high- and low-gene expression groups were measured to investigate the prognostic potential of SNHGs in human cancers (Figure 2C).
Univariate Cox regression analysis based on SNHGs showed that most SNHGs were associated with survival time in pan-cancer, particularly
with OS and PFS. Meanwhile, SNHGs had more significant predictive potential for KIRC and ACC.
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Figure 2. Expression, mutations, methylation and drug sensitivity landscape of small nucleolar RNA host genes in human cancer

(A) Heatmap showing the expression levels of SNHGs among all samples grouped by cancer.

(B) Significant difference of expression level of SNHGs between normal and tumor samples in 15 cancer types. FDR are shown along the right.

(C) Univariate Cox regression analysis of OS, DSS, DFI and PFS of low and high groups stratified by the expression levels of SNHGs in Pan-cancer. Somatic
mutations alteration (D), differential methylation (E) and drug sensitivity (F) of SNHGs were performed in human cancers.

SNHG deregulation affected by mutations and methylation and is associated with drug sensitivity

To elucidate the mechanism underlying the effect of SNHGs on tumorigenesis, we further investigated the DNA methylation, somatic muta-
tions, and copy number alterations of SNHGs in human cancers. The results for the somatic mutations are shown in Figure 2D. SNHG28 (65%),
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and SNHG32 (35%) were the most frequently mutated SNHGs. SNHG28 mutation occurred mainly in UCEC, CESC, READ, and BRCA (Fig-
ure STA). The CNVs of SNHGs were mainly found in UCS, LUAD, KICH, and CHOL (Figure S1C). THCA and LAML showed few alterations
in CNVs (Figure S1C). Most CNAs were amplifications. SNHG amplifications were enriched in SNHG17, SNG11, SNHG15, and SNHG6.
Copy number amplification was positively related with SNHG expression in pan-cancer (Figure S1B). SNHGs were generally hypomethylated
in 14 cancers (Figure 2E). However, MEG8 and SNHG28 were hypermethylated in most cancers. DNA methylation changed consistently with
high SNHG expression (Figures 2B, and S1D). Meanwhile, differential methylation was related to OS, DSS, DFI, and PFS (Figure STE).

On the basis of the importance of SNHG in tumor progression, we analyzed the correlation between SNHG and chemosensitivity. SNHG1,
SNHG12, SNHG32, and SNHG7 each exhibited a significant negative correlation with sensitivity to various chemotherapeutic agents (Fig-
ure 2F). However, patients with high SNHG28 expression exhibited better drug sensitivity (Figure 2F). Combining the aforementioned results,
we find that SNHG28 was a distinctive SNHG with high methylation, low expression, high mutation, and positive drug sensitivity.

SNHG family score differentially expressed and significantly associated with survival in pan-cancer

For revealing the expression patterns of SNHG family genes, we calculated the SNHG family score of 33 tumor and normal tissues, based on
the gene expression data from TCGA and GTEx. All cancers presented a high SNHG family score, indicating that the IncRNA family had high
expression levels in various cancers (Figure 3A). Excluding 3 cancers with inadequate normal tissue samples (CHOL, MESO, UVM), we
compared the SNHG family score between the tumor and normal tissues. The results showed that 25 of these 30 cancers had significantly
different expressions of SNHG family scores (Figure 3A). Most cancers had lower SNHG family scores, compared with the normal samples;
meanwhile, DLBC, GSM, TGCT, and THYM showed higher scores compared with the normal samples (Figure 3A).

KM curves indicated that the high SNHG family score was related to the poor OS rates in ACC, LIHC, HNSC, SARC, KICH, KIRC, and DLBC
but related to the high OS of ESCA, GBM, OV, BLCA, LUAD, LUSC, CESC, UVM, STAD, and PAAD (Figure S2).

Role of SNHG family score in tumor microenvironment and immunotherapy response of human cancers

Functional relevance analysis showed that the SNHG family score was correlated with 14 biological functions in pan-cancer (Figure 3B). EMT,
metastasis, and invasion were more correlated with the SNHG family score than the indicator of tumor cell growth (cell cycle, proliferation).
Hypoxia, inflammation, and angiogenesis, which can significantly affect the tumor immune environment, were highly correlated with the
SNHG family score. This conclusion was more evident in LUAD. Accordingly, we investigated the correlation between the TME score and
the SNHG family score. The SNHG family scores were negatively related to the immune score in 14 cancers; by contrast, an opposite relation-
ship with the immune score was observed in THYM (Figure 3C). Given the importance of stromal cells as mediators of immune function and
response to immunotherapies,®” we analyzed the stroma score on the basis of the xcell algorithm. The stroma score was positively related to
the SNHG family score in LAML, UCEC, LGG, THCA, and CESC. The opposite result was observed in 8 cancers (TGCT, COAD, UCS, LIHC,
STAD, LUAD, LUSC, and KIRC), consistent with the finding that stromal cells played a heterogeneous role in pan-cancer.’® We further per-
formed detailed correlation analyses between immune cells and the SNHG family score in human cancers. The SNHG family score exhibited
a higher similarity in the correlation with immune cells in pan-cancer (Figure 3E). The M2 macrophage was negatively related to the SNHG
family score in 25 cancers, and the CD4* memory resting T cell and the macrophage M1 were correlated with the SNHG family score (Fig-
ure 3E). The expression levels of immune-activating (Figure S3A) and suppressing genes (Figure S3B), chemokine (Figure S3C), and chemo-
kine receptor (Figure S3D) genes were correlated with the SNHG family score. These results show that the SNHG family score can be a key
factor influencing the immune environment.

Based on the functional and immune analyses, we analyzed the immunotherapy predictive value of SNHG family score. The correlation of
the SNHG family score with TMB, MSI, and TIDE scores was determined to evaluate the potential immunotherapeutic response. The results
indicated that the SNHG family score was associated with TMB in 17 cancers (Figure 3F). Further, 6 of the cancers (LAML, THCA, KIRC, COAD,
BRCA, VCEC) were positively associated. The MSI of 18 cancers were positively related to the SNHG family score, whereas THYM was nega-
tively related (Figure 3G). According to the TIDE score of 22 cancers, higher SNHG represented higher TIDE score in 17 pan-cancer (Figure 3l).
The SNHG family score was associated with immune checkpoint expression in diverse cancer types, particularly with PD-L1 (Figure 3H). The
correlation analysis between the SNHG family score, combined with immunotherapy markers and immune checkpoints, indicates that the
SNHG family score can be a negative predictor of immunotherapy response in pan-cancer.

Construction of SNHGs related risk score in LUAD

The aforementioned data indicate that the SNHG family score plays significant functional roles in pan-cancer, particularly in LUAD. Accord-
ingly, in this study, we aimed to further clarify the functional role of the SNHG family score in LUAD. LUAD patients were divided into high and
low SNHG family scores, and patients in the low-score group had significantly poorer clinical outcomes than those in the high-score group
(Figure 4A). The results of the differential analysis between the two groups revealed 2566 genes (Figure 4B). Combined with the GEO valida-
tion cohort, 2179 intersection genes were screened. Univariate cox regression analysis further screened out 387 prognostic differential genes
associated with the SNHG score. A prognostic model consisting of 12 genes (BIRC3, CCDC85B, CSNK1E, DDX56, KLHDC8B, LCP1, MAGT1,
MIIP, PLEK2, TLET, TNPO1, and UBXN11) was established by LASSO-Cox regression analysis (Figures S4A, and S4B). The risk score was calcu-
lated accordingly. The calculation formula and regression coefficient are listed in Table S3. The LUAD patients were stratified into either high-
risk (n = 246) or low-risk group (n = 246), depending on the median cutoff of the risk score in the TCGA-LUAD cohort.
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Figure 3. Role of SNHG family score in Functional relevance analysis, tumor microenvironment and immunotherapy response of human cancers

(A) Significant difference of SNHG family score between normal and tumor samples in 33 cancer types.

(B) The correlation between the SNHG family score and the 14 functional states of pan-cancer at a single-cell resolution by CancerSEA. The correlation between
the SNHG family score and immune score (C), stroma score (D) and 22 immune cells (E). The correlation between the SNHG family score and TMB (F) and MSI (G),
the location of the dot represents the correlation coefficient. (H) Heatmap showing the correlation between the SNHG family score and the expression level of
immune checkpoints. (1) The correlation between TIDE scores of 22 cancers and SNHG family score. *p < 0.05; **p < 0.01 and ***p < 0.001, ****p < 0.0001; ns, not
significant.
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(A) Kaplan-Meier curves of low and high groups stratified by the SNHG family score in LUAD.
(B) Differential analysis between low- and high-SNHG family score groups in LUAD.
(C) KM survival analysis of SNHG-related risk score in TCGA cohort.
(D) The AUC of SNHG-related risk score were performed in TCGA cohort and 4 GEO validation cohorts: GSE3141; GSE31210; GSE30219 and GSE37745.

SNHG-related risk score as a significant prognostic factor in LUAD and other cancers

KM survival analysis (p < 0.001, Figure 4C) and ROC (1-, 3-, and 5-year AUC = 0.793, 0.758, 0.687, Figure 4D) indicated the good survival pre-
dictive ability of the risk score, which finding was verified by the GEO validation cohorts (Figures 4D; and S4E): GSE3141 (KM survival analysis
p =0.007; 1-, 3-, and 5-year AUC = 0.757, 0.722, 0.725); GSE31210 (KM survival analysis p = 0.011; 1-, 3-, and 5-year AUC = 0.695, 0.705, 0.713);
GSE30219 (KM survival analysis p = 0.001; 1-, 3-, and 5-year AUC = 0.7, 0.689, 0.707); and GSE37745 (KM survival analysis p < 0.001; 1-, 3-, and
5-year AUC = 0.672, 0.737, 0.674). The results of the risk factor analysis showed a correlation between the risk score and the survival status in
TCGA-LUAD and GEO validation cohorts (Figure S4F). Univariate and multivariate Cox regression analyses were conducted to analyze
whether the risk score could be an independent prognostic factor in LUAD. The risk score and other clinical characteristics were used as co-
variates. The results indicated that the stage and risk score were significantly associated with OS in LUAD and could be considered indepen-
dent prognostic factors (Figures SAC, and S4D). To further investigate the clinical potentiality of the risk score in LUAD, a correlation analysis
between clinical characteristics and risk score was implemented. The results indicated that T, N, and the stage were significantly correlated
with the risk score; by contrast, age, gender, and M were not (Figure S4G).

Meanwhile, we generalized the risk score for pan-cancer to evaluate the fitness of the model. KM survival analysis and ROC were used to
evaluate the prognostic value of the risk score in other cancers (KICH was excluded because of raw data). In 30 types of cancer (excluding
COAD and TGCT), patients in the high-risk group had significantly poorer clinical outcomes than those in the low-risk group (p < 0.05, Fig-
ure S5A; and Table S4). The ability to evaluate the sensitivity and specificity was in some cancers (ACC, DLBC, PCPG, UVM, etc. Figure S5B)
than in LUAD.

SNHG-related risk score is a stronger predictor for immune signatures in LUAD

To explore the reasons for the significant effect of the risk score on the survival of cancer patients, we conducted functional studies of the risk
score. We calculated pathway activity and hallmark scores for each patient by using the ssGSEA algorithm and measured the association be-
tween the risk score and these functional scores. The risk score was positively related to the hallmark scores of hypoxia and glycolysis, which
were recently identified as critical factors for the development of cancer and immunotherapy® >’ (Figure 5A). Moreover, multiple classical
cancer-promoting pathways (WNT, P53, and NOTCH pathways, etc.) were positively correlated with the risk score (Figure S6A), further ex-
plaining the poorer survival of the high-risk group.

Using associations with master immune regulators (TGF-beta pathway, etc.) (Figure 5A), we explored the relationships between the risk
score and tumor immunity. The stromal score, immune score, and ESTIMATE score were lower in the high-risk group (Figure 5B). The scores
of immune cells and immune-related pathways via ssGSEA were also lower in the high-risk group (Figures 5C and 5D). On the basis of the
MCP-counter, we analyzed the differential immune cells and stromal cells between the two groups. CD8" T/T cells, B cells, monocytes,
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Figure 5. SNHG-related risk score is a stronger predictor for immune signatures in LUAD

(A) The correlation between SNHG-related risk score and hallmark pathway scores. Differential analysis between low- and high-SNHG-related risk score groups of
TME score(B), the scores of immune cells (C) and immune-related pathways (D) by ssGSEA.

(E) Differential immune cells and stromal cells between low- and high-risk score groups based on MCP-counter.

(F) Heatmap showing the correlation between the risk score and the expression level of immune checkpoints.

and neutrophils were higher in the low-risk group than in the high-risk group (Figures 5E, and Sé6B). However, cancer-promoting fibroblasts
were higher in the high-risk group than in the low-risk group (Figure 5E). These results suggest that the risk score may influence tumor immu-
nity primarily by mediating immune cell activity.

SNHG-related risk score can potentially predict immunotherapy response in LUAD and other cancers

The aforementioned results and the observed negative associations between the risk score and the expression levels of immune check-
point genes (Figure 5F) suggest that the risk score may correlate with the response to immunotherapy. To test this hypothesis, we inves-
tigated the correlation between the risk score and two immunotherapy predictors (TIDE and IPS) and four immunotherapy cohorts
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Figure 6. SNHG-related risk score can potentially predict immunotherapy response in LUAD and other cancers
(A) Difference of TIDE in low- and high-risk score.
(B) Difference of IPS with CTLA4+ and PD-1- and CTLA4+ and PD-1+ between low- and high-risk group. Survival analyses (C), ROC curves (D) and response to
immunotherapy (E) of between low- and high-risk groups in 4 immunotherapy cohorts (IMvigor210, GSE78220, GSE91061, and GSE126044).

(F) Drug sensitivity analyses between low-and high-risk groups. Blue, sensitive to patients with low-risk scores; Red, sensitive to patients with high-risk scores;
Green, no sense. *p < 0.05; **p < 0.01 and ***p < 0.001; ns, not significant.

(IMvigor210, GSE78220, GSE?1061, and GSE126044). In TIDE, dysfunction, and exclusion scores, immunotherapy is still more suitable for
the low-risk group than the high-risk group (Figures 6A, S6C, and SéD). Patients in the low-risk group were more sensitive to immuno-
therapy (the PD-1 inhibitor and combined PD-1 and CTLA4 inhibitors) as determined from the IPS analysis of the four modules (Figure 6B).
We also used the IPS score to evaluate the predictive ability of the risk score in the other 19 pan-cancer immunotherapies (Table S5). The
risk score was associated with the immunotherapy response in most cancers, particularly in combination immunotherapy. Meanwhile, in the
immunotherapy cohorts, the prognosis of the high-score group was worse than that of the low-score group (Figure 6C). We found that
the immunotherapy response rate was higher in the low-score groups than in the high-score group (Figure 6E). The ROC of the immuno-
therapy response rate showed that the risk score exhibited good sensitivity and specificity in immunotherapy prediction (Figure 6D).
Notably, the data indicated that the risk score was associated with the immunotherapy response and could be a potential biomarker

for immunotherapy response.
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In addition, to provide patients with a more detailed treatment plan, we compared the sensitivity of the chemotherapy drugs between the
high- and low-risk groups. Compared with the low-risk patients, the high-risk patients were more sensitive to 64 chemotherapy drugs (Fig-
ure 6F). However, 21 chemotherapy drugs were more suitable for low-risk than high-risk patients.

DISCUSSION

Growing evidence has suggested the association of SNHGs with tumor progression, prognosis, and treatment response.®’ " Integrating the
pan-cancer data, we systematically analyzed the expression dysregulation of the SNHG family between the normal and tumor samples and
DNA methylation, genomic changes, prognostic potential, involved functional status, and correlation with tumor immunity and the immuno-
therapeutic response in pan-cancer. Results showed the expression landscape of these 31 SNHGs in 33 cancers. SNHG expression was lower
in LIHC than in other cancers, and SNHG29 was the most abundantly expressed gene in all 33 cancers. A significant difference in SNHG
expression was found between different types of cancer and normal tissues. Some cancers showed higher expression levels, whereas other
cancer types exhibited lower expression levels, compared with the normal samples, such as SNHGS5. The cancer-specific feature was consis-
tent with existing reports.’"" Meanwhile, SNHGs were significantly correlated with patient survival in diverse cancers.

As key factors in cancer cell dysregulation,”” DNA methylation and genomic changes can affect SNHG expression; thus, differential DNA
methylation, SNVs, and CNVs were analyzed. Genomic changes were primarily observed in SNHG28 and SNHG32, mainly influencing UCEC,
CESC, READ, and BRCA. CNVs dominated by amplification caused the aberrant upregulation of SNHGs, but pervasive hypomethylation
induced the aberrant downregulation. These epigenomic and genomic changes may be responsible for the complicated and cancer-specific
dysregulation of SNHGs in cancer. Meanwhile, the OS, DSS, DFI, and PFS of the patients were related to differential methylation. Further
chemosensitivity analysis found that SNHGs were significantly correlated with sensitivity to various chemotherapeutic agents. Notably, we
found a distinctive SNHG (SNHG28) with high methylation, low expression, high mutation rate, and positive drug sensitivity, in contrast to
other SNHGs. However, almost no literature reviews related to SNHG28 have been reported. Thus, the role of SNHG28 in tumor development
deserves further study.

With the role of SNHGs in tumorigenesis and tumor development considered, investigating their role in different types of cancer is crucial.
The SNHG family score was calculated for the overall evaluation of the role of all SNHGs in pan-cancer. We comprehensively analyzed the
SNHG family score of 30 cancers (3 other cancer types lack adequate normal tissues). A significant difference in the SNHG family score
was found between the tumor and normal samples in 25 cancers, and most cancer samples had lower SNHG family scores, compared
with the normal samples. Meanwhile, a low SNHG family score was related to poor OS, as indicated by the KM curves. These results indicate
that the SNHG family score was a cancer-suppression biomarker in most cancer types.

To investigate the role of SNHGs in cancer progression, we analyzed their functions and pathways. The results indicated that SNHGs were
associated with the TME. Inflammation, angiogenesis, and hypoxia are hallmarks of cancer that substantially contribute to the development
and progression of malignancies by regulating TME and therapy resistance.**™*> Hypoxia, inflammation, and angiogenesis at the single-cell
level were related to the SNHG family score. This result provided an opportunity for targeting these SNHGs to improve patient outcomes.
Considering the role of hallmarks in TME and the association between SNHG family-related genes and immunity in gliomas,*® we analyzed
the relationship between the SNHG family score with tumor immunity. The immune score, stromal score, and immune-related genes were
significantly related to the SNHG family score. As the most abundant infiltrative immune cells present in and around tumors, macrophages
have drawn research interest.”” Macrophage populations can be polarized into the classically activated type, M1, which inhibits growth or kills,
and M2, which produces ornithine, VEGF, EGF, and TGF—p to promote growth and repair.”®*” The macrophage M2 was negatively related to
the SNHG family score in 25 cancers, which was consistent with the cancer suppression feature in most cancer types.

Given that the SNHG family score is a critical regulator of TME and tumor immunity, we further systematically analyzed the correlation be-
tween the SNHG family score and immunotherapy. In the analysis, we considered diverse immunotherapy signatures, including TMB, MSI,
TIDE, and immune checkpoint. We observed that the SNHG family score was highly correlated with these immunotherapy signatures. The
target of PD-L1 immunotherapy was negatively associated with the SNHG family score. In combination with the analytical results of TMB
and TIDE, the high SNHG family score may represent a low response rate to immunotherapy. However, MSI exhibited an inverse relationship
with the SNHG family score, suggesting that a more complex interplay between DNA damage repair and immunity deserves further research.

SNHGs play adverse functional roles in LUAD,**°" which is consistent with our findings and supports our results. The differential genes
between high and low SNHG family scores in LUAD were used to establish a prognostic risk model by LASSO-Cox regression analysis.
The KM survival analysis and ROC of the TCGA-LUAD cohort and GEO validation cohorts indicated that the risk score had good survival pre-
dictive ability. Meanwhile, the same analyses generalized the risk score to pan-cancer. Functional analysis showed that the risk score was posi-
tively related to the status of hypoxia, same with the SNHG family score, and may be the reason for the higher activity of the P53 pathway in the
high-risk group.** Glycolysis, the key biochemical fingerprint of altered energy metabolism in cancers, not only conferred a selective advan-
tage on cancer cells under a diminished nutrient supply; in addition, it provided metabolic intermediates for macromolecular biosynthesis and
the formation of an immunosuppressive microenvironment.*”>? Thus, the relation between risk score and glycolysis activity further explained
the higher degree of malignancy of the high-risk group, compared with the low-risk group.

These changes in functions and pathways shaped the immunosuppressive microenvironment characterized by low immune cells (CD8" T/T
cells, B cells, monocytes, and neutrophils) and high cancer-promoting fibroblasts in high-risk patients. Thus, we hypothesized that the risk
score can be a predictor of immunotherapy. With respect to TIDE and IPS, patients in the low-risk group were more sensitive to immuno-
therapy. In addition, 4 immunotherapy cohorts (IMvigor210, GSE78220, GSE91061, and GSE126044) verified the conclusion. Meanwhile,
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drug sensitivity analysis showed that chemotherapy drugs were more suitable for high-risk patients than for the high-risk and low-risk groups.
Overall, these results suggest that the SNHG-related risk score could be a potential biomarker for immunotherapy response.

In conclusion, our comprehensive pan-cancer analysis of the SNHG family illustrates the landscape of SNHGs in multiple cancer types. The
SNHG family score and a novel 12-gene signature were established for pan-cancer on the basis of the expression. Our data suggest that the
SNHG family score and risk score can serve as biomarkers for the prognosis of most cancers. Further functional analysis indicated that bio-
markers were significantly related to the hypoxic phenotype of the TME. Meanwhile, biomarkers shaped the immunosuppressive microenvi-
ronment mainly mediated by CD8" T cells, M2 macrophages, and cancer-promoting fibroblasts. We further found that the SNHG-related risk
score can be a potential biomarker for CIT response in multiple cancers. In this study, we comprehensively analyze the SNHGs in pan-cancer,
explore the effect of SNHGs on tumor development and immunity, and potentially provide more accurate CIT for patients in the future.

Limitations of the study

The present study has several potential limitations. First, the association between SNHGs and the immunotherapy response was identified by
public data and lacks clinical validation. Second, this study lacks relevant verification at the molecular level, which will be verified in subsequent
studies.
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Software and algorithms

R R software https://www.r-project.org/

GraphPad Prism 8 GraphPad software https://www.graphpad.com/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to the lead contact, Jiajun Du (dujiajun@sdu.edu.cn).

Materials availability

This study did not generate any new unique materials.

Data and code availability
e Deidentified final results supporting this study are available for research purposes upon reasonable written request to the correspond-
ing author.
e No unigue code was generated during the study. But code supporting this study are available from the corresponding author.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Data collection and preparation

Gene expression data and associated clinical data for 33 cancer types and normal tissues were downloaded from the TCGA data portal
(https://portal.gdc.cancer.gov/), UCSC Xena (https://xena.ucsc.edu/) and GTEx (https://gtexportal.org/home/) databases. Data on gene so-
matic mutations were also downloaded from the TCGA database. The GEO https://www.ncbi.nlm.nih.gov/geo/) database provided the lung
adenocarcinoma (LUAD) cohorts, including expression data and clinical data (GSE3141, GSE31210, GSE30219, GSE37745). The immuno-
therapy response datasets employed were from the GEO database (GSE78220, GSE91061, GSE126044). The IMvigor210 cohort, which con-
sisted of patients with metastatic urothelial cancer treated using an anti-PD-L1 agent (atezolizumab), was available under the Creative Com-
mons 3.0 license and can be downloaded from http://research-pub.gene.com/IMvigor210CoreBiologies.

METHOD DETAILS

Expression, mutation, and drug sensitivity analyses of SNHGs

To evaluate the significance of SNHGs, we extracted and revealed the expression of 31 SNHGs (Table S1) in pan-cancer from the TCGA data-
base. Differential expression analysis for SNHGs was performed based on the limma package in R. Depending on the MAF files from the
TCGA database, somatic mutation analysis for each cancer type was performed to identify the status of the single-nucleotide variant
(SNV) of SNHGs by using the maftools package in R. DNA methylation, copy number variations (CNVs), and drug sensitivity analyses of
SNHGs were explored using the GSCA database (http://bioinfo.life.hust.edu.cn/GSCA/#/). However, not all SNHGs were explored in the
pan-cancer analysis.

Evaluation and calculation of SNHG family score

The SNHG family score was calculated based on single-sample gene set enrichment analysis (ssGSEA)™ by using the SNHG set to quantify the
expression levels of these genes for each cancer. We estimated the SNHG family score between tumor and normal samples in 33 cancers from
the TCGA and GTEx datasets. In 3 (CHOL, MESO, and UVM) of the 33 cancers, the score was calculated for the tumor samples only as the
normal samples were not inadequate. In other cancers, differential analysis was performed. Tumor tissues were divided into the high-score
and low-score groups, depending on the optimal cutoffs for OS in pan-cancer. The survival curves of the SNHG family scores in different tu-
mors were plotted by R software.

Functional and immune environment analyses of SNHG family score

The database CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/) was used to evaluate the correlation between the SNHG family score and
the diverse functional states of cancer at a single-cell resolution.” Immune score and stroma score from xCell (https://xcell.ucsf.edu/) were
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used to reflect the composition of the TME in pan-cancer. More detailed immune cell infiltration was extracted from TIMER (http://timer.
cistrome.org/) based on the CIBERSORT algorithm to evaluate the immune status of pan-cancer.® As key factors in the immune environment,
immune checkpoints, immune-activating and -suppressing genes, and chemokine and chemokine receptor genes, are listed in Table S2. The
correlation analyses between the SNHG family score and these aforementioned indicators of immune status were used to show the role of the
score in the immune environment.

Relationships between SNHG family score and immunotherapy indicators

TMB is typically measured by the number of somatic mutations in the coding region of the tumor cell genome. TMB has been identified as a
quantifiable biomarker for evaluating the therapeutic effect of CIT.*® Microsatellite instability (MSI) is used to reflect the functional deficiency
in the repair of DNA mismatches in tumor tissues; meanwhile, the deficiency has been confirmed to be a marker of the PD-1 antibody.57 On
the basis of the TCGA and UCSC Xena data, the TMB and MSI values were acquired to analyze their relationship with the SNHG family score.
Tumor immune dysfunction and exclusion (TIDE) was developed as a computational method to identify signatures of both T cell dysfunction
and exclusion, efficiently predicting the tumor immune evasion status and the response and resistance to checkpoint blockade.*® Data on 22
cancers provided by the TIDE database were used to analyze the correlation TIDE with the SNHG family score (http://tide.dfci.harvard.edu/).

Construction and validation of SNHG-related prognostic risk model

Differential expression analysis was conducted on the groups with high and low SNHG family scores in LUAD (340 vs. 155 samples) by using
the limma package, with different screening parameters (JlogFC| > 1, FDR (false discovery rate) < 0.05). Differentially expressed genes with
prognostic values were further screened out by univariate Cox regression analysis. LASSO-Cox regression analysis was used to construct an
SNHG-related prognostic risk model and obtain a risk gene signature. The risk score was formulated as follows:

n
Risk Score = Z Coef (i) * Exp(i)
i=1

where n is the number of genes in the model, Exp (i) is the expression level of the genes, and Coef (i) is the estimated regression coefficient of
the genes in the regression model. Meanwhile, the same genes were used to estimate the risk score of the validation cohorts. The median risk
score was used as a cutoff to divide the patients in the training and validation cohorts into two groups: the low-risk and high-risk groups.

Kaplan-Meier (KM) survival curves, time-dependent receiver operating characteristic (ROC) curves, and the area under the curve (AUC)
were estimated to evaluate the sensitivity and specificity of the risk score. Univariate and multivariate Cox regression analyses were performed
to identify independent prognostic factors. The relationship between clinicopathological characteristics and risk score was determined by
correlation analysis. Risk factor analysis was used to show the correlation between risk score and survival status. The same analyses were con-
ducted on four independent validation cohorts to strengthen the reliability of the conclusions. Meanwhile, we generalized the risk score by
using the same method that applied in pan-cancer analysis to evaluate the fitness of the model.

Functional, pathway, and immune analyses of SNHG-related risk score

Gene set variation analysis,”® which estimates variations in pathway activity, was employed to analyze differences in the immune function,
signaling pathways, and hallmarks of cancers between two risk groups from the GSEA database (http://www.gsea-msigdb.org/gsea/login.
jsp) and Rooney, M. S. et al.”? The correlation between immune checkpoints and risk score was also analyzed. The stromal, immune, and
ESTIMATE scores were calculated using the ESTIMATE algorithm®® to examine the effect of risk score on TME, based on the transcriptome
expression profiles of LUAD. Microenvironment Cell Populations-counter (MCP-counter) analysis, which allowed the robust quantification of
the absolute abundance of 8 immune and 2 stromal cell populations, further refined the composition of the TME.*'

Predictive value of SNHG-related risk score in immunotherapy and chemotherapy

Immunotherapy responsiveness in high- and low-risk groups was evaluated using TIDE and immunophenoscore (IPS)®? for LUAD and pan-
cancer, respectively. Survival analysis, differences in immunotherapy response rates, and ROCs of immunotherapy cohorts (IMvigor210,
GSE78220, GSE91061, and GSE126044) were used to assess the predictive value of the risk score. We performed a drug sensitivity analysis
using the pRRophetic package to evaluate the relationship between chemotherapeutic response and risk score.®®

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival analysis was conducted using the KM method, and correlation analyses were analyzed by Spearman correlation analysis. Visualization
of the aforementioned was performed in R version 4.0.2 (http://www.r-project.org/). A two-tailed P-value <0.05 was considered statistically
significant. *p < 0.05; **p < 0.01 and ***p < 0.001, ****p < 0.0001; ns, not significant.
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