
Computational and Structural Biotechnology Journal 17 (2019) 1020–1030

Contents lists available at ScienceDirect

journa l homepage: www.e lsev ie r .com/ locate /csb j
Correlate the TP53 Mutation and the HRAS Mutation with Immune
Signatures in Head and Neck Squamous Cell Cancer
Haoyu Lyu a,b,c,1, Mengyuan Li a,b,c,1, Zehang Jiang a,b,c, Zhixian Liu a,b,c, Xiaosheng Wang a,b,c,⁎
a Biomedical Informatics Research Lab, School of Basic Medicine and Clinical Pharmacy, China Pharmaceutical University, Nanjing 211198, China
b Cancer Genomics Research Center, School of Basic Medicine and Clinical Pharmacy, China Pharmaceutical University, Nanjing 211198, China
c Big Data Research Institute, China Pharmaceutical University, Nanjing 211198, China
Abbreviations: APC, Antigen-Presenting Cell; BH, Benja
Free Survival; dMMR, Deficient Mismatch-Repair; E
Transition; FDR, False Discovery Rate; GSEA, Gene-S
Human Leukocyte Antigen; HNSCC, Head and Neck Squ
Human Papilloma Virus; MHC, Major Histocompatibilit
OR, Odds Ratio; OS, Overall Survival; pDCs, Plasmacytoid
sample Gene-Set Enrichment Analysis; TILs, Tumor-I
Tumor Immune Microenvironment; TMB, Tumor Mutatio
⁎ Corresponding author at: Biomedical Informatics

Medicine and Clinical Pharmacy, China Pharmaceutical Un
E-mail address: xiaosheng.wang@cpu.edu.cn (X. Wan

1 Equal contribution.

https://doi.org/10.1016/j.csbj.2019.07.009
2001-0370/© 2019 The Authors. Published by Elsevier B.V
NC-ND license (http://creativecommons.org/licenses/by-n
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 April 2019
Received in revised form 22 July 2019
Accepted 22 July 2019
Available online 26 July 2019
Although immunotherapy has emerged as an effective therapeutic strategy for various cancers including head
and neck squamous cell carcinomas (HNSCCs), only a subset of patients can benefit from such therapy. Hence,
it is pressing to discover predictive biomarkers for cancer immunotherapy response. TP53 and HRAS mutations
frequently occur in HNSCC and correlate with a worse prognosis in HNSCC.We extensively characterized the as-
sociations of TP53 mutations and HRAS mutations with HNSCC immunity based on multiple cancer genomics
datasets. We compared the enrichment levels of 20 immune signatures between TP53-mutated and TP53-
wildtype HNSCCs, and between HRAS-mutated and HRAS-wildtype HNSCCs, and found that TP53 mutations
were associated with depressed immune signatures while HRAS mutations were associated with enhanced im-
mune signatures in HNSCC. Moreover, we foundmultiple p53- and RAS-mediated pathways showing significant
correlationswith HNSCC immunity. Furthermore, we demonstrated that the association between TP53mutation
and tumor immunity was independent of the human papillomavirus (HPV) infection and smoking status in
HNSCC. These data suggest that p53 and RAS may play important roles in regulating HNSCC immunity and
that the TP53 and HRAS mutation status could be useful biomarkers for stratifying HNSCC patients responsive
to immunotherapy.

© 2019 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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1. Introduction

Head and neck cancer is the fifth most common cancer worldwide,
most of which are squamous cell carcinomas (HNSCCs) [1]. HNSCC has
a poor prognosis once the disease is not amenable to surgery, relapses
or becomes metastatic [2]. Recently, cancer immunotherapy has
achieved rapid clinical successes in treating multiple cancers including
HNSCC [3]. Thus, the immunotherapy could be a promising treatment
option for the HNSCC patients who have failed to surgery, radiation or
chemotherapy. Unfortunately, thus far only approximately 20% cancer
patients can benefit from immunotherapy such as immune checkpoint
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blockade [4]. A series of studies have focused on identifying molecular
features that are associated with cancer immunotherapy response,
such as tumor mutation burden (TMB), deficient mismatch-repair
(dMMR), neoantigens, and PD-L1 expression in tumor cells [5–10]. A
few studies have explored the associations of genemutations with can-
cer immunotherapy response, e.g., the associations of TP53 and KRAS
mutations with immunotherapy response in lung cancer [11].

TP53 mutations frequently occur in cancer and are associated with
poor prognosis in a wide variety of cancers [12]. In particular, TP53 is
themost frequentlymutated gene in HNSCC and TP53-mutated HNSCCs
have a worse overall survival (OS) prognosis than TP53-wildtype
HNSCCs [13]. Myriad studies have shown that p53 plays an important
role in tumor suppression via promoting cell cycle arrest and apoptosis
[14]. A few studies have associated p53 with tumor immune regulation
[15–18]. For example, p53 played a role in antitumor
immunosurveillance by regulating VISTA [15]. p53 activation could en-
hance antitumor immunity [18]. The oncogenes of RAS family (KRAS,
HRAS, and NRAS) are frequently mutated in various cancers and are as-
sociated unfavorable clinical outcomes in cancer [19]. Several studies
have shown that the RAS signaling could promote tumor immunosup-
pression [20–22].
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Since deregulation of the p53 and RAS pathways are significantly as-
sociated with tumor development and immune evasion, a comprehen-
sive investigation of their associations with tumor immunity in HNSCC
is worthwhile considering that such exploration remains lacking. To
this end, we explored the associations of TP53mutations and RASmuta-
tions with HNSCC immunity. We compared the enrichment levels of 20
immune signatures between TP53-mutated and TP53-wildtype HNSCCs,
and between HRAS-mutated and HRAS-wildtype HNSCCs (we did not
analyze KRAS and NRAS since both genes are rarely mutated in
HNSCC) using several HNSCC multi-omics datasets [13,23]. Further-
more, we explored the phenotype andmolecular features that were as-
sociated with the differential immune signatures between TP53 (or
HRAS) mutated and wildtype HNSCCs. This study aimed to identify bio-
markers potentially effective for predicting responses to HNSCC
immunotherapy.

2. Results

2.1. TP53 and HRASMutations are Associated with Depressed and Elevated
Immune Signatures in HNSCC, Respectively

We found that 18 out of the 20 immune signatures analyzed showed
significantly lower enrichment levels in TP53-mutated HNSCCs than in
TP53-wildtype HNSCCs (Mann-Whitney U test, P b 0.05) (Fig. 1A; Sup-
plementary Table S1). Moreover, TP53-mutated HNSCCs had signifi-
cantly lower immune scores than TP53-wildtype HNSCCs (Mann-
Whitney U test, P=4.25 × 10−7) (Fig. 1B). In contrast, 18 of the 20 im-
mune signatures showed significantly higher enrichment levels in
HRAS-mutated HNSCCs than in HRAS-wildtype HNSCCs (Mann-
Fig. 1. TP53-mutated HNSCCs have reduced immune activity compared to TP53-wildtype HN
wildtype HNSCCs. A. Heatmap showing the enrichment levels (ssGSEA scores) of 20 immu
sample gene-set enrichment analysis [49,50]. B. The immune infiltration levels (immune scor
TP53-wildtype HNSCCs (Mann-Whitney U test, P b 0.01). C. The immune infiltration levels ar
[26] identifies numerous immune-related KEGG [52] pathways downregulated in TP53-mutat
HRAS-mutated HNSCCs versus HRAS-wildtype HNSCCs. E. The rations between immune-stim
mutated HNSCCs than in TP53-wildtype HNSCCs while significantly higher in HRAS-mutated H
M1 macrophages. M2: M2 macrophages.
WhitneyU test, P b 0.05) (Supplementary Table S2), andHRAS-mutated
HNSCCs had significantly higher immune scores (Mann-WhitneyU test,
P= 0.005) (Fig. 1C). Altogether, these data indicated that TP53 muta-
tions correlated with depressed tumor immunity, while HRAS muta-
tions correlated with elevated tumor immunity in HNSCC.

Moreover, numerous marker genes of immune signatures showed
decreased expression levels in TP53-mutated HNSCCs versus TP53-
wildtype HNSCCs (Supplementary Tables S3–S7). For example, 80% of
the B cell markers, the CD8+ T cell marker (CD8A), all NK cell markers,
both cytolytic activity markers (GZMA and PRF1), and 104 (87%) of the
120 tumor-infiltrating lymphocytes (TILs)markers showed reduced ex-
pression in TP53-mutated HNSCCs relative to TP53-wildtype HNSCCs. In
contrast, a considerable number of immune signature marker genes
showedmarkedly increased expression in HRAS-mutated HNSCCs com-
pared toHRAS-wildtype HNSCCs (Supplementary Tables S3–S7). For ex-
ample, the CD8+T cell marker and both cytolytic activitymarkers were
more highly expressed in HRAS-mutated HNSCCs than in HRAS-
wildtype HNSCCs. Of the 15 pro-inflammatory genes (CD8B, TBX21,
CD19, IFNG, IRF1, GZMB, IL12B, PRF1, IL12A, CXCL10, CXCL9, CXCL13,
CCL5, GNLY and STAT1) [24], 14 (except STAT1) showed significantly
lower expression levels in TP53-mutatedHNSCCs than in TP53-wildtype
HNSCCs (Student's t-Test, false discovery rate: FDR b 0.05) (Supplemen-
tary Table S7). In contrast, 10 of the 15 pro-inflammatory genes showed
significantly higher expression levels in HRAS-mutated HNSCCs than in
HRAS-wildtype HNSCCs (Supplementary Table S7). Notably, GZMB
(granzyme B) and PRF1 (perforin 1) whose products are mainly se-
creted by NK cells and cytotoxic T lymphocytes [25], were downregu-
lated in TP53-mutated HNSCCs versus TP53-wildtype HNSCCs, while
were upregulated in HRAS-mutated HNSCCs versus HRAS-wildtype
SCCs while HRAS-mutated HNSCCs have increased immune activity compared to HRAS-
ne signatures in TP53-mutated HNSCCs versus TP53-wildtype HNSCCs. ssGSEA: single-
es evaluated by ESTIMATE [53]) are significantly lower in TP53-mutated HNSCCs than in
e significantly higher in HRAS-mutated HNSCCs than in HRAS-wildtype HNSCCs. D. GSEA
ed HNSCCs versus TP53-wildtype HNSCCs and immune-related pathways upregulated in
ulatory signatures and immune-inhibitory signatures are significantly lower in TP53-
NSCCs than in HRAS-wildtype HNSCCs (Mann-Whitney U test P-values are shown). M1:
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HNSCCs. Overall, these findings suggest that TP53mutationsmay inhibit
inflammatory and immune activitywhileHRASmutationsmay promote
them in HNSCC.

Furthermore, GSEA [26] analysis revealed that numerous immune-
related pathways were significantly downregulated in TP53-mutated
HNSCCs compared to TP53-wildtype HNSCCs. These pathways included
antigen processing and presentation, allograft rejection, asthma, auto-
immune thyroid disease, B cell receptor signaling, chemokine signaling,
cytokine-cytokine receptor interaction, hematopoietic cell lineage, in-
testinal immune network for IgA production, leukocyte
transendothelialmigration, natural killer cell mediated cytotoxicity, pri-
mary immunodeficiency, systemic lupus erythematosus, T cell receptor
signaling, and toll-like receptor signaling (Fig. 1D). In contrast, numer-
ous immune-related pathways were significantly upregulated in
HRAS-mutated HNSCCs compared to HRAS-wildtype HNSCCs, including
cytokine-cytokine receptor interaction, antigen processing and presen-
tation, natural killer cell mediated cytotoxicity, allograft rejection, toll-
like receptor signaling, chemokine signaling, autoimmune thyroid dis-
ease, hematopoietic cell lineage, asthma, T cell receptor signaling,
chronic myeloid leukemia, and intestinal immune network for IgA pro-
duction (Fig. 1D). These results again demonstrate that TP53mutations
are associated with depressed immune signatures while HRAS muta-
tions are associated with enhanced immune signatures in HNSCC.

Interestingly, we observed that the ratio between immune-stimula-
tory cells (CD8+ T cells with marker gene CD8A) and immune-inhibi-
tory cells (CD4+ regulatory T cells with marker genes C15orf53,
CTLA4, FOXP3, GPR15, IL32, IL4, and IL5) was significant reduced in
TP53-mutated HNSCCs versus TP53-wildtype HNSCCs (Mann-Whitney
U test, P=1.95 × 10−13) (Fig. 1E). A significant decrease in the ratio be-
tween pro-inflammatory cytokines (marker genes IFNG, IL-1A, IL-1B,
and IL-2) and anti-inflammatory cytokines (IL-4, IL-10, IL-11, and
TGFB1) was also observed in TP53-mutated HNSCCs versus TP53-
wildtype HNSCCs (Mann-Whitney U test, P = 4.84 × 10−9) (Fig. 1E).
The ratio between immune-inciting M1 macrophages (CD64, IDO,
SOCS1, and CXCL10) and immune-inhibiting M2 macrophages (MRC1,
TGM2, CD23, and CCL22) was significantly reduced in TP53-mutated
HNSCCs versus TP53-wildtype HNSCCs (Mann-Whitney U test, P =
3.15 × 10−7) (Fig. 1E). However, these ratios were significantly in-
creased in HRAS-mutated HNSCCs versus HRAS-wildtype HNSCCs (Fig.
1E). These results again suggest that TP53 mutations and HRAS muta-
tions are associated with a reduced and an increased immune/inflam-
mation activity in HNSCCs.

In another HNSCC multi-omics dataset GSE65858 [23], we observed
that multiple immune signatures were significantly downregulated in
TP53-mutated HNSCCs versus TP53-wildtype HNSCCs, e.g., CD8+ T
cells, immune cytolytic activity, and immune score (Supplementary
Fig. S1). It verified that TP53mutationswere associated the reduced im-
mune activity in HNSCC.
2.2. TP53 and HRAS Mutations are Associated with Reduced and Increased
Expression of Human Leukocyte Antigen (HLA) Genes in HNSCC,
Respectively

HLA genes encode MHC proteins which are involved in the regula-
tion of the immune system in humans [27]. Of 24 HLA genes analyzed,
15 (62.5%) and zero were downregulated and upregulated in TP53-mu-
tated HNSCCs compared to TP53-wildtype HNSCCs, respectively (Fig.
2A; Supplementary Table S6). In contrast, 13 (54%) and zero HLA
genes weremore highly and lowly expressed in HRAS-mutated HNSCCs
than in HRAS-wildtype HNSCCs, respectively (Fig. 2B; Supplementary
Table S6). These results suggest that TP53 mutations may inhibit HLA
expression while HRAS mutations may promote HLA expression in
HNSCC. The finding of TP53 mutations repressing HLA expression in
HNSCC is in line with a previous report that p53 could increase expres-
sion of MHC proteins in cancer [28].
2.3. Correlations of TP53Mutations and HRASMutations with TMB and Tu-
mor Aneuploidy

TMB and tumor aneuploidy have been shown to significantly corre-
late with tumor immunity [29]. We found that TP53-mutated HNSCCs
had significantly higher TMB than TP53-wildtypeHNSCCs (Mann-Whit-
ney U test, P=2.85 × 10−5) while HRAS mutations had no significant
correlation with TMB in HNSCC (Mann-Whitney U test, P = 0.522)
(Fig. 3A). Moreover, gene mutations may yield neoantigens that are as-
sociatedwith tumor immunity [30].We found that themutations yield-
ing predicted HLA-binding peptides [25] were much more in TP53-
mutated HNSCCs than in TP53-wildtype HNSCCs (Mann-Whitney U
test, P = 0.014) while showed no significant difference between
HRAS-mutated and HRAS-wildtype HNSCCs (Mann-Whitney U test, P
=0.621). These results suggest that the reduced immunogenic activity
in TP53-mutated HNSCCs may be ascribed to the depressed HLA func-
tion, but not to TMB or mutation-associated neoantigens. Interestingly,
The aneuploidy levels were significantly higher in TP53-mutated
HNSCCs than in TP53-wildtype HNSCCs (Mann-Whitney U test, P =
5.50 × 10−5) while had no significant differences between HRAS-mu-
tated and HRAS-wildtype HNSCCs (Mann-Whitney U test, P = 0.873)
(Fig. 3B). These findings are in line with previous studies showing that
tumor aneuploidy correlated with reduced tumor immunity in cancer
[29].

2.4. Prediction of Immune Signatures by TP53 Mutation, HRAS Mutation,
TMB, and Tumor Aneuploidy in HNSCC

Based on the logistic regression model with four predictors (TP53
mutation,HRASmutation, TMB, and aneuploidy), we evaluated the con-
tribution of TP53 mutation and HRAS mutation in predicting immune
cytolytic activity and immune infiltration levels (immune score) in
HNSCC. We found that three of the four predictors significantly pre-
dicted immune cytolytic activity, including TP53 mutation (β coeffi-
cient: β=−1.214, P=1.96 × 10−4), HRAS mutation (β=1.619, P =
0.018), and aneuploidy (β=−0.664, P = 0.001) (Fig. 4). As expected,
both TP53 mutation and aneuploidy were negative predictors and
HRAS mutation was a positive predictor for immune cytolytic activity.
In predicting immune infiltration levels, both TP53 mutation (β =
−1.085, P = 6.95 × 10−4) and aneuploidy (β = −0.620, P = 0.002)
were significant negative predictors, and HRASmutation was a positive
predictor (β= 0.650, P = 0.257) (Fig. 4). These results confirmed the
negative correlation between TP53 mutations and immune signatures
and the positive correlation between HRASmutations and immune sig-
natures in HNSCC. Meanwhile, these results confirmed the significant
negative correlation between aneuploidy and immune signatures in
cancer [29]. Interestingly, TMB showedminor contribution in predicting
immune cytolytic activity (β=0.001, P= 0.134) and immune infiltra-
tion levels (β=1.10 × 10−4, P= 0.794) inHNSCC. It indicates that TMB
is not significant in determining tumor immunity in HNSCC.

2.5. Identification of the Pathways that are Altered by TP53 or HRAS Muta-
tions and are Significantly Associated with Immune Signatures in HNSCC

GSEA [26] showed that not only the immune-related pathways but
also a number of cancer-associated pathways were disturbed upon
TP53 or HRAS mutations in HNSCC. These pathways included the p53,
cell cycle, apoptosis,mismatch repair, Jak-STAT, focal adhesion, ECM-re-
ceptor interaction, calcium, MAPK, PI3K-Akt, mTOR, RAS, Wnt, Hedge-
hog, TGF-beta, ErbB, and glycolysis pathways. Interestingly, we found
thatmost of these pathwayswere significantly associatedwith immune
signatures in HNSCC (Fig. 5A, B). Notably, as a tumor suppressor, p53
prominently functions on promoting cell cycle arrest and apoptosis
[14]. Accordingly, TP53 mutations could lead to downregulation of the
p53 and apoptosis pathways and upregulation of the cell cycle pathway
in cancer. Our results showed that almost all 20 immune signatures



Fig. 3. Correlations of TP53mutations andHRASmutationswith tumormutation burden (TMB) and tumor aneuploidy. A. TP53-mutated HNSCCs have significantly higher TMB than TP53-
wildtypeHNSCCswhileHRASmutations haveno significant correlationwith TMB inHNSCC (Mann-WhitneyU test P-values are shown). B. TP53-mutatedHNSCCs have significantly higher
aneuploidy levels than TP53-wildtype HNSCCswhileHRASmutations have no significant correlationwith tumor aneuploidy in HNSCC (Mann-Whitney U test P-values are shown). TMB is
the total somatic mutation count in tumor and tumor aneuploidy is the tumor ploidy score evaluated by ABSOLUTE [54].

Fig. 2. Comparisons of the expression levels of human leukocyte antigen (HLA) genes between TP53-mutated and TP53-wildtype HNSCCs, and betweenHRAS-mutated andHRAS-wildtype
HNSCCs. A. A number of HLA genes have significantly lower expression levels in TP53-mutated HNSCCs than in TP53-wildtype HNSCCs (Student's t-Test P-values are shown). B. A number
of HLA genes have significantly higher expression levels in HRAS-mutated HNSCCs than in HRAS-wildtype HNSCCs.
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Fig. 4. Logistic regression analysis shows that TP53mutation and aneuploidy were negative predictors and HRASmutation was a positive predictor for immune signatures in HNSCCs. β
value: β coefficient.

Fig. 5. Immune signatures are significantly associated with p53-mediated or RAS-mediated pathways in HNSCC. A. Immune signatures are significantly associated with p53-mediated
pathways in HNSCC. B. Immune signatures are significantly associated with RAS-mediated pathways in HNSCC. The size of circles is proportional to the absolute values of correlation
coefficients. C. Logistic regression analysis shows that the cell cycle score was a negative predictor and the apoptosis score was a positive predictor in predicting immune signatures in
HNSCCs. The cell cycle score and apoptosis score were the ssGSEA scores [49,50] of the gene sets in the cell cycle and apoptosis pathways.
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significantly positively correlated with the p53 and apoptosis pathways
and inversely correlated with the cell cycle pathway (Fig. 5A). It con-
forms to our finding that TP53 mutations were associated with de-
pressed immune signatures in HNSCC. On the other hand, as an
oncogene of RAS family, HRAS mutations may lead to hyperactivation
of the RAS pathways. We found that almost all 20 immune signatures
showed a significant positive correlation with the RAS pathways (Fig.
5B), consistent with our finding that HRAS mutations were associated
with elevated immune signatures in HNSCC. Intriguingly, pro-onco-
genic pathways were likely to exhibit a negative correlation with im-
mune signatures in HNSCC, e.g., the cell cycle, mTOR, RAS, Wnt,
Hedgehog, TGF-beta, ErbB, and glycolysis pathways (Fig. 5A, B). It indi-
cates that the hyperactivation of pro-oncogenic pathwaysmay promote
tumor immunosuppression. Altogether, these results suggest that TP53
mutations and HRASmutations may alter the activity of their mediated
pathways, thereby contributing to the depressed and elevated immune
signatures in TP53-mutated HNSCCs and HRAS-mutated HNSCCs,
respectively.

To further prove that the negative association between TP53 muta-
tions and tumor immunity in HNSCC is associated with the cell cycle
and apoptosis pathways, we used a logistic regression model with the
predictors of cell cycle score and apoptosis score to predict immune sig-
natures (immune cytolytic activity and immune infiltration levels). We
found that the cell cycle score was a negative predictor and the
Fig. 6. Proteins which show significantly lower expression levels in TP53-mutated HNSCCs than
infiltration levels in HNSCC.
apoptosis score was a positive predictor in predicting these immune
signatures (Fig. 5C). These results indicate that TP53 mutations lead to
cell cycle activation and apoptosis inhibition, which in turn affect
tumor immunity.

2.6. Identification of Proteins Whose Expression is Associated with TP53
Mutations as well as Immune Infiltration in HNSCC

We identified 8 proteins (Syk, Caspase-7, Cyclin B1, TIGAR, Bcl-2,
Lck, VEGFR2, and PCNA) and 2 proteins (CK5 and Rb) having signifi-
cantly lower and higher expression levels in TP53-mutated HNSCCs
than in TP53-wildtype HNSCCs, respectively (Student's t-Test, FDR b

0.2). Of these proteins, Syk, Caspase-7, Bcl-2, and Lck had a significant
positive expression correlation with immune infiltration levels (im-
mune scores) in HNSCC (Spearman correlation, P b 0.001) (Fig. 6). Syk
(spleen tyrosine kinase) is a non-receptor cytoplasmic enzyme that is
primarily expressed in cells of hematopoietic lineage and regulates the
biological processes that are associatedwith innate and adaptive immu-
nity [31]. This protein functions as a tumor suppressor and is a p53 tar-
get [32,33]. The downregulation of Syk may be associated with the p53
dysfunction and contribute to the immunosuppression in the TP53-mu-
tated HNSCC subtype. Lck is a member of the Src tyrosine kinase family
and plays a key role in regulation of developing T-cells [34]. The down-
regulation of Syk may contribute to the depressed antitumor immunity
in TP53-wildtype HNSCCs have significant positive expression correlations with immune
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in TP53-mutated HNSCCs. Caspase-7 and Bcl-2 are importantly involved
in p53-regulated apoptosis [35,36]. The downregulation of both pro-
teins indicated the reduced apoptosis activity that was associated the
depressed immune activity in TP53-mutated HNSCCs. Taken together,
these results demonstrate that the differential immune activity is signif-
icantly associated with the differential immune-associated protein ex-
pression between TP53-mutated and TP53-wildtype HNSCCs.
Fig. 7. Immune signatures are positively associatedwith survival prognosis in HNSCC. A. Kaplan
associated with better survival prognosis in HNSCC (log-rank test, P b 0.05). B. Kaplan-Meier su
overall survival in HNSCC (log-rank test P value is shown). C. TP53-mutated HNSCC patients hav
[40] receiving anti-PD-1/PD-L1/CTLA-4 immunotherapy (log-rank test, P=0.050).
2.7. Immune Signatures are Positively Associated with Survival Prognosis in
HNSCC

Survival analyses showed that the elevated enrichment of 12 im-
mune signatures consistently correlated with better OS and/or DFS in
HNSCC (log-rank test, P b 0.05) (Fig. 7A). These 12 immune signatures
included B cells, CD4+ regulatory T cells, CD8+ T cells, neutrophils,
-Meier survival curves show that the elevated enrichment of diverse immune signatures is
rvival curves show that higher degree of immune cell infiltration is associated with better
e significantworse overall survival than TP53-mutated HNSCC patients in Samstein cohort



Fig. 8. Logistic regression analysis shows that TP53mutation is a significant negative predictor in predicting both immune signatures in HNSCC when the HPV infection status predictor is
added into the predictive model.

Fig. 9. TP53-mutations result in the deregulation of p53-mediated cell cycle, apoptosis, and
genome stability thereby contributing to the depressed immune activity in HNSCC.
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NK cells, pDCs, T cell co-stimulation, T cell co-inhibition, cytolytic activ-
ity, Treg cells, TILs, and pro-inflammatory signatures. Notably, higher
degree of tumor lymphocyte infiltration was associated with better OS
and DFS in HNSCC. It is in agreement with previous studies showing
that elevated levels of TILs were associated with improved survival in
cancer patients [37,38]. Furthermore, higher density of CD8+ T cells
or B cells was associatedwith better OS andDFS in HNSCC (Fig. 7A), bol-
stering the prognostic value of CD8+ T cell levels in cancer [39]. More-
over, we found that the HNSCCs with higher immune scores had better
OS than the HNSCCs with lower immune scores (log-rank test, P =
0.020) (Fig. 7B), again suggesting that elevated antitumor immune ac-
tivity is associated with better clinical outcomes in HNSCC.

Furthermore, using an HNSCC cohort (Samstein cohort [40]) receiv-
ing anti-PD-1/PD-L1/CTLA-4 immunotherapy, we examined the corre-
lations of TP53 mutations and HRAS mutations with OS prognosis. We
found that TP53-mutated HNSCCs had worse OS than TP53-widtype
HNSCCs (log-rank test, P = 0.050) (Fig. 7C). The negative correlation
between TP53 mutations and OS in the immunotherapy setting could
be attributed to the unfavorable response to immunotherapy in TP53-
mutated HNSCCs compared to TP53-wildtype HNSCCs. In the same co-
hort, because all HNSCCs were HRAS-wildtype, we did not analyze the
correlation between HRASmutations and survival prognosis.

2.8. The Negative Association between TP53 Mutations and Tumor Immu-
nity is Independent of the Human Papillomavirus (HPV) Infection and
Smoking Status in HNSCC

HPV and smoking are important factors in the rise of non-smoker
HNSCCs and smoker HNSCCs, respectively [13,41]. We found that
TP53-mutated HNSCCs had a significantly lower rate of HPV infection
than TP53-wildtype HNSCCs (7% versus 46%, Fisher's exact test, P =
1.60 × 10−22, odds ratio: OR = 0.090). As expected, HPV+ HNSCCs
likely had increased immune activity compared to HPV- HNSCCs (Sup-
plementary Table S8). Thus, the lower immune activity in TP53-mutated
HNSCCs could be due to the lower HPV infection rate relative to TP53-
wildtype HNSCCs. Nevertheless, we found that a majority of the im-
mune signatures showed significantly lower enrichment levels in
TP53-mutated HPV- HNSCCs versus TP53-wildtype HPV- HNSCCs, as
well as in TP53-mutated HPV+ HNSCCs versus TP53-wildtype HPV+
HNSCCs (Supplementary Table S9). To further investigate how the asso-
ciation between TP53mutations and tumor immunity is affected by the
HPV infection factor, we constructed a logistic regression model with
the predictors of TP53 mutation and HPV infection to predict immune
signatures (immune cytolytic activity and immune infiltration levels).
We found that TP53 mutation was a significant negative predictor in
predicting both immune signatures (β = −1.070 and P = 0.003 in
predicting immune cytolytic activity; β = −0.868 and P = 0.019 in
predicting immune infiltration levels) (Fig. 8). All together, these analy-
ses consistently demonstrate that TP53mutations and tumor immunity
have a strong inverse correlation regardless of the HPV infection status
in HNSCC.

In addition,we found that TP53-mutated HNSCCs contained a higher
proportion of heavy smokers compared to TP53-wildtype HNSCCs
(Fisher's exact test, P= 0.043, OR = 1.582). Unexpectedly, we found
that heavy-smoker HNSCCs were inclined to have depressed immune
activity compared to light-smoker and non-smoker HNSCCs (Supple-
mentary Table S10), although the former had significantly higher TMB
than the latter (Mann-Whitney U test, P=5.11 × 10−6). This suggests
that the heavy-smoking may dampen the immune function of HNSCCs.
Furthermore, we found that most of the immune signatures had signif-
icantly lower enrichment levels in TP53-mutated heavy-smoker
HNSCCs versus TP53-wildtype heavy-smoker HNSCCs, as well as in
TP53-mutated non-heavy-smoker HNSCCs versus TP53-wildtype non-
heavy-smoker HNSCCs (Supplementary Table S11). It demonstrates
that the smoking factor solely cannot explain the differential immune
activity between TP53-mutated and TP53-wildtype HNSCCs.

3. Discussion

TP53 has a high mutation rate (N70%) in HNSCC and the TP53muta-
tion is associated with a worse prognosis in HNSCC [12]. Strikingly, we
found that almost all the immune signatures analyzed showed signifi-
cantly lower activities in TP53-mutated HNSCCs versus TP53-wildtype
HNSCCs. In contrast, themutation ofHRAS, which is themost frequently
mutated RAS gene in HNSCC (N6%), was likely associated with higher
immune activities in HNSCC. These results demonstrate the opposed ef-
fect of the tumor suppressor gene (TP53) mutation and the oncogene
(HRAS) mutation on the tumor immune microenvironment (TIM) in
HNSCC. It has been shown that high immune signatures in the TIM,
e.g., dense infiltration of lymphocytes such as CD8+ T cells and B cells,
often indicate favorable clinical outcomes and active response to immu-
notherapy in cancer patients [37,38]. Thus, our data have potential clin-
ical implications that TP53-wildtype HNSCCs more likely respond to
immunotherapy than TP53-mutated HNSCCs and that HRAS-mutated
HNSCCs may be more responsive to immunotherapy as compared to
HRAS-wildtype HNSCCs.

TP53 mutations often result in the deregulation of p53 function in
regulating cell cycle, apoptosis, and genome stability [14,42]. Thus,
TP53-mutated HNSCCs likely have increased cell cycle, reduced apopto-
sis, and high genome instability. Our results and reports from other
studies [29,43,44] consistently showed that cell cycle inhibited tumor
immunity, apoptosis promoted tumor immunity, and genome instabil-
ity suppressed tumor immunity. Thus, the depressed tumor immunity
in TP53-mutated HNSCCs could be attributed to the deregulation of
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these p53 functions (Fig. 9). Moreover, we found plentiful p53- and
RAS-mediated pathways whose activity was significantly associated
with immune activity in HNSCC (Fig. 5). These pathways are involved
in various cancer-associated activities, including DNA damage repair,
proliferation, metabolism, inflammation, epithelial-mesenchymal tran-
sition (EMT), angiogenesis, and metastasis, suggesting that the distur-
bance of a wide range of cancer-associated pathways may alter the
TIM in cancer and that the effective intervention of these pathways
may enhance antitumor immunity and cancer immunotherapy
response.

We found that HRAS mutations were associated with elevated anti-
tumor immune signatures in HNSCC. However, the HRAS mutation
was not associated with a better survival prognosis in the TCGA
HNSCC cohort (log-rank test, P= 0.516, 0.632 for OS and DFS, respec-
tively). A possible explanation is that HRAS mutations also promoted
immunosuppressive signatures, such as PD-L1 expression. However,
we believe that the HRASmutation could be a predictive biomarker for
favorable response to anti-PD-1/PD-L1 immunotherapy since both the
elevated antitumor immune infiltration [45] and PD-L1 expression
[46] indicate a more active response to anti-PD-1/PD-L1 inhibitors.

The relationship between gene mutations and tumor immunity
could varywith tumor progression.We compared the enrichment levels
of the 20 immune signatures between TP53-mutated and TP53-wildtype
HNSCCs within early- and late-stage cancers, respectively. We found
that 18 immune signatures displayed significantly lower enrichment
levels in TP53-mutated early-stage HNSCCs than in TP53-wildtype
early-stage HNSCCs, and in TP53-mutated late-stage HNSCCs than in
TP53-wildtype late-stage HNSCCs (Mann-Whitney U test, P b 0.05). It
suggests that the association between TP53 mutations and tumor im-
munity does not vary with tumor progression.
Fig. 10. A number of immune checkpoint genes are differentially expressed between TP53-mut
(Student's t-Test, P b 0.01). A. Numerous immune checkpoint genes have significantly lower e
immune checkpoint genes have significantly higher expression levels in HRAS-mutated HNSCC
Interesting, of the 47 immune checkpoint genes [47], 28 (60%)
showed significantly lower expression levels in TP53-mutated HNSCCs
than in TP53-wildtype HNSCCs (Student's t-Test, FDR b 0.05), and in-
cluded many established or potential immunotherapeutic targets such
as CTLA4, PD1, PD-L1, LAG3, IDO1/2, BTLA, TIM3, and TIGIT (Fig. 10A; Sup-
plementary Table S5). In contrast, many notable immune checkpoint
genes were more highly expressed in HRAS-mutated HNSCCs than in
HRAS-wildtype HNSCCs, including PD1, PD-L1, PD-L2, LAG3, IDO1, and
TNFSF9 (Student's t-Test, FDR b 0.05) (Fig. 10B; Supplementary Table
S5). Altogether, these results suggest that the TP53 mutation and the
HRASmutation could be a negative and a positive indicator for active re-
sponse to the immune checkpoint blockade therapy of HNSCC,
respectively.

4. Material and Methods

4.1. Material

Three cancermulti-omics datasets were used in this study, including
TCGA HNSCC dataset [13], an HNSCC gene expression profiling dataset
GSE65858 [23], and an HNSCC cohort (Samstein cohort [40]) with
anti-PD-1/PD-L1/CTLA-4 immunotherapy. The TCGA RNA-Seq gene ex-
pression profiles (Level 3), gene somatic mutations (Level 3), protein
expression profiles (Level 3), and clinical data for HNSCC were
downloaded from the genomic data commons data portal (https://
portal.gdc.cancer.gov/), and GSE65858 was downloaded from the
NCBI gene expression omnibus (https://www.ncbi.nlm.nih.gov/geo/).
The gene mutation and clinical data for Samstein cohort [40] were
from the associated publication. We obtained 20 immune signatures
(represented by20different gene sets) froma previous publication [48].
ated and TP53-wildtype HNSCCs, and between HRAS-mutated and HRAS-wildtype HNSCCs
xpression levels in TP53-mutated HNSCCs than in TP53-wildtype HNSCCs. B. A number of
s than in HRAS-wildtype HNSCCs.

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
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4.2. Comparisons of Gene Expression Levels, Immune Signature Enrichment
Levels, and Protein Expression Levels Between Two Classes of Samples

For HNSCC gene expression profiling data, we normalized the gene
expression values by base-2 log transformation and compared the ex-
pression levels of a single gene between two classes of samples using
Student's t-Test. We quantified the enrichment level of an immune sig-
nature represented by a gene set in a sample by the single-sample gene-
set enrichment analysis (ssGSEA) score [49,50] and compared the en-
richment levels (ssGSEA scores) of an immune signature between two
classes of samples usingMann-Whitney U test. We compared the ratios
between immune-stimulatory signatures and immune-inhibitory sig-
natures between two classes of samples based on the ratios between
the average expression levels of marker genes of immune-stimulatory
signatures and the average expression levels of marker genes of im-
mune-inhibitory signatures (CD8+/CD4+ Treg cells, pro−/anti-in-
flammatory cytokines, and M1/M2 macrophages). We compared
protein expression levels between two classes of samples based on the
normalized HNSCC protein expression profiles dataset in TCGA using
Student's t-Test. The false discovery rate (FDR) was calculated by the
Benjamini and Hochberg (BH) method [51] to obtain the adjusted P-
values inmultiple tests. The threshold of FDR b 0.05 indicates the statis-
tical significance.

4.3. Gene-Set Enrichment Analysis

We performed gene-set enrichment analysis of the HNSCC gene ex-
pression profiling data by GSEA [26] and identified the KEGG [52] path-
ways that were differentially expressed between TP53-mutated and
TP53-wildtype HNSCCs or between HRAS-mutated and HRAS-wildtype
HNSCCs (FDR b 0.05).

4.4. Comparison of Immune Cell Infiltration Levels between Two Classes of
Samples

Wequantified the immune cell infiltration level of each HNSCC sam-
ple using the immune score evaluated by ESTIMATE [53]. The Mann-
Whitney U test was used to compare the immune scores between two
groups of HNSCCs.

4.5. Logistic Regression Model for Predicting Immune Signature Levels

To evaluate the contributions of different molecular features in
predicting immune signature levels, we used the logistic regression
model with multiple predictors (TP53 mutation, HRAS mutation, cell
cycle score, apoptosis score, HPV infection status, TMB, and aneuploidy).
TP53 mutation and HRAS mutation were binary variables (mutated or
wildtype), cell cycle score and apoptosis score were continuous vari-
ables (ssGSEA scores of the gene sets in the cell cycle and apoptosis
pathways), HPV infection status was a binary variable (HPV+ or HPV-
), TMB (defined as the total somaticmutation count in tumor)was a dis-
crete variable, and tumor aneuploidy (defined as the tumor ploidy score
generated by ABSOLUTE [54]) was a continuous variable. The tumors
with high (upper quarter) versus low (bottom quarter) immune signa-
ture scores were predicted.

4.6. Investigation of the Correlation Between Pathway or Protein Activity
and Immune Signatures in HNSCC

We investigated the correlation between p53- or RAS-mediated
pathways and immune signatures in HNSCC. The ssGSEA score [49,50]
was used to quantify the activity of a pathway in an HNSCC sample on
the basis of the set of genes included in thepathway. The first-order par-
tial correlation [55] was used to assess the correlations between path-
ways and immune signatures in order to correct for the strong
correlation between the p53 pathway and the p53-mediated pathways
and between the RAS pathway and the RAS-mediated pathways by con-
trol of the p53 and RAS pathways, respectively. The significance of the
correlation between a pathway and an immune signature was deter-
mined with the threshold of FDR b 0.05. The Spearman correlation test
was used to evaluate the correlation between protein expression levels
and immune signature enrichment levels.

4.7. Survival Analyses

We classified HNSCC patients into two different classes based on im-
mune signature enrichment levels (higher-enrichment-level (ssGSEA
scores N the third quartile) versus lower-enrichment-level (ssGSEA
scores b the first quartile), or immune scores (higher-immune-score
(immune scores N the third quartile) versus lower-immune-score (im-
mune scores b the first quartile).We used Kaplan-Meier survival curves
to exhibit the survival (OS or disease free survival (DFS)) differences
and the log-rank test to evaluate the survival-time differences between
two classes of patients with a significance threshold of P b 0.05.

5. Conclusions

The TP53mutation inhibited tumor immunity while theHRASmuta-
tion promoted tumor immunity in HNSCC. These findings have poten-
tial clinical implications that the TP53 mutation and the HRAS
mutation status could be useful biomarkers for identifying HNSCC pa-
tients responsive to immunotherapy.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.csbj.2019.07.009.
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