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Abstract

We performed comprehensiggnomicanalyses othe melatonergic system within

the tumor microenvironment and their clinical relevance across a broad spectrum of
solid .timors: RNAseq data from The Cancer Genome Atlas (TCGA) of 14 solid
tumors' representing 6,658 human samples were analyhedtumor melatonergic
system was characterised by the rates of melatonin syh#mesimetaboiim using a
two-gene_expression model (melatonin synthesis/metabolism indéx)calculated
three indexes according to different melatonin metabolism isoenzymeexI
[ASMT:CYP1AL, IndexIl [ASMT:CYP1A], and Indexlll [ASMT:CYP1B]).
Samples‘offeach cancer type were classifiedtimtosubgroups (highs. low) based

on median values. Clinical outcomes, mutadidourden,and neoepitop@abundance
were analyzé and compared. We found that thability of the tumor
microenvironment to synthesize and accumulate melatonin varied across cancer types
and negatively corrated with tumor burden. Kaplavieier survival analyses and
multivariable: modehg showedthat the three indexes played different roles across
different_cancers, and harbored prognostic values in breast cancer (adjustetl ha
ratio [AHR]ingexn = 0.65 [0.44—-0.97];P= 0.03), cervtal cancer (AHRygexi = 0.62
[0.39-0.98];P= 0.04),lung squamous cketarcinoma (AHRgexi1 = 0.75 [0.56—0.99];

P = 0.04);wmelanoma (AHR4exi = 0.74 [0.55-0.98];”P = 0.04), and stomach
adenocarcinoma (AHRexm = 0.68 [0.41-0.94]P= 0.02). We further investigated

its clinical relevance with tumor immunogenfeatures (mutational burden and
neoantigen=abundanceyhich may predict immunotherapy benefit¥Ve observed
significant negative correlations with mutational burdetheamajority of tumors P

< 0.05), except cereal cancer, pancreatic adenocarcingraad thyroid carcinoma.

Our 'study provides a systematic overview of the oncostatic valube ofelatonergic
system, and highlights the utilization of this simple and promising gene signature as a

prognosticator and potential predictor of response to immunotherapy.
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Melatonin is afunctionally pleiotropicmolecularthat is secreted primarily by the
pineal gland in response to darkness. It provides-tifrday informationto the
organism, and ensures the synchronization of circadian and seasonal fiythrhe
naturalsynthesis of thisagentinvolves a variety ofprocesseg2]. Acetylserotonin
O-methyltransferase (ASMT$ thefinal enzyme of tk biosynth&c pathway, and has
been reported to play atedimiting role in melatonin synthesif3]. In human,
melatonin is imetabolized by the hepatic cytochre(pemarily CYP1Al, CYP1A2)
into 6-hydrexymelatonin (60OHMEL) [4]. Another major metabolic enzyme is
CYP1B1;which has a ubiquitous extrahepatic distribution, and has been shown to be
expressed at high levels in tissues such as intestine and cerebral [éhrt€ke
biosynthetiesand metabolmrocessemfluence the levebf circulating melatonin. It is
well recognized that circulating melatonin exertsr@ald range of oncostatic effects
through both receptatependent and independgrdthways [5]. The interaction of
tumor ‘cells, circulating melatonin antthe associatedeceptors, as well as the
surroundingy blood vessels, fibroblasts, immune cells, extracellular maitnok
signaling'molecules constitute the tumor melatonergic microenviror[B&it

The complex interplay between solid tumors and host melatonergic
micreenvirenment has been studied in several cancers. For example, melatonin
contributes tahe crosstalk between detell and ceHmatrix adhesiomy reducing the
expression of. ayfB3 integrin, whichlimits glioma cell migration into surrounding
stroma,[8]. Additionally, melatonin participatein the reduction of surrounding
fibroblasts and endothelial celldy downregulating antiadipogenic cytokine
expression in breast cancg]. However, the majority of #Hse studies were

performed on tumor cells or animal models; litikss been done to observe the effects
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of the melatonergic system in patients with maligndiseases. The resig lack of
data has hampered translational research on thdéuamdr properties of melatonin
and further investigation of its therapeugiotentials The wide impact and clinical
relevance,othe tumor melatonergic microenvironment keait critical to develop a
more thorough understanding of this domain.

Recentyears have witnessed the advent of rgederation sequencing (NGS)
and largescalegenomis, whichhasenabled oncological research nmmve beyond
single gene analysi® the integrated investigation of largelume sequencing data
[10]. For example, through The Cancer Genome Atlas (TCGA) prdjgéLtgenomic
data of*a wide spectrum of cancer types have become available, which greatly
deepened our understanding of tgenomicfeatures of human cancer. While the
tumor melatonin synthesis/metabolism system is thought to ditenss varied
cancer~types, comprehensivgenomic analysis of the tumor melatonergic
microenvironmentd.g, gene gpression of melatonin biosynthesis and metabolism,
antitumer-effects of melatonin, and their interactions Withimmune system) has not
been adeguately explored.

Based on the abow#atg we conducted a pacancergenomicanalysis ofthe
tumor melatonergic microenvironmeantross a broad spectrum of solid tumaossng
largescale™sRNAsequencing (RNAeq) data of TCGA tumor samples. The
melatonergic microenvironment is defindny the ratio of twegene expression
(biosynthesis gene expressioAS\V7] divided by gene expressiaf the melatonin
metabolicenzymes CYP1A1/ CYP1AZ/ CYP1A]. Thisis a simple and accessible
predictive model to characterise the ability thie tumor microenvironmento
synthesze and metabaze melatonin, according ta previously reported studyl2].
The“aims of this study were to: (i) characterise the tumalatonergic
microenvironment acrosdifferent cancer typeqii) assess the prognostic values of
melatonin synthesis/metabolism indexes across varied tumsuads(iii) ewvaluate the

associations between melatonin synthesis/metabolism subgroups and immunogenic
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features €.g, mutational burden and neoantigen abundance), whale been
identifiedas valid biomarkers for predicting response to immune checkpoint inhibitor

treatmen{13, 14].

Materials and Methods

Dataset and tumor types

The dataset usedonsisted ofRNA-seq data from TCGA tumor samples (data
accessed at.cBioPortal for Can@gnomis in June 201&ttp://www.cbioportal.org/

[15, 16]*All'samples were assayed by RMAQ, as described ltlye TCGA Research
Network [17]. Gene expression values were represented as &by Expectation
Maximization (RSEM) data normalized within each sample to the upper quartile of
total readq18]. The degree of mutational burden and presence of neoantigen were
adopted to assess the immunogenic features of the tumors [13hg4nutational
burden=was=calculated according to the method described by Ock [@BJalthe
mutationaldourden was measured by the total number of somatic mutations, including
non-synonymous mutations, insertioieletion mutations, and silent mutations, while
germline mutations without somatic mutationsrevexcludedNeoantigen abundance
was calculated according to a previous study by Rooney 04 if the mutation

was predicted to produce a "binder" neopeptide with affinity <500 nM, and if the
corresponding gene was expresgeeater than 10 TPM (evaluated based on median
expression«in the given tumor type rather than the specific sample), the mutagion w
designated as putatively antigenio. this study, data of mutational burden and
neoantigen_abundance were referencerh ftioese two studies; detailed methods are
described in published workgl9, 20] Colon and rectal adenocarcinoma and
pancreatic adenocarcinoma were excluded from analyses as the neoantigen number
was only available for three samples. @at and pathological information were

obtained from the cBioPortal for Cancer Genomics.
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Collectively samples of 14 solid cancer types (N = 6,658) were investigated in
the final analysis, including: bladder urothelial carcinoma (BLCA, r06)4breast
cancer (BRCA, n = 1,098), cervical cancer (CESC, n = 306), colon and rectal
adenocarcinoma (COAD, n = 376), head and neck squamous cell carcinoma (HNSC,
n = 520), kidney clear cell carcinoma (KIRC, n = 534), liver hepatocellular carainom
(LIHC, n = 359), lung adenocarcinoma (LUAD, n = 508), lung squamous cell
carcinama (LUSC, n = 495), pancreatic adenocarcinoAADR n = 179), prostate
adenocarcinoma (PRAD, n = 498), skin cutaneous melanoma (SKCM, n = 463),

stomach adenocarcinoma (STAD, n = 407), and thyroid carcinoma (THCA, n = 509).

Predictive model of the melatonergic microenvironment

Gene expression ASMT, CYP1A1, CYP1A2and CYP1BIwere measuredsing log
2-transformed values in RSEM. As per the studyKofker et al.[12], the tumor
melatonergic microenvironment was measured by the rates of melapminesis and
metabeolism=To characterise the melatonergic microenvironment across different
tumor types in more detail, we calculated the following three indexes according to
different melatonin metabolism isoenzymes: IndleXASMT:CYP1A) = log,
[ASMT|-log, [CYP1AL; IndexIl (ASMT:CYP1AJ = log, [ASMT]-log, [CYP1AZ;
Index I (CASMT:CYP1B) = log, [ASMT]-log, [CYP1B]. The gene expressistof
CYP1AT/CYP1A2/CYP1B1 were chosen here as they have been shown to play major
roles in_melatonin metabolism in humans according to published evidéhcto
further explare the relationships between melatonergic microenvironmentntpatie
prognosis, mutatioral burden, and neoantigenabundance we classified the
melatonergic, system into high versus low subgroups by the median value for each

cancer.type.

Gene set enrichment analysis

To understand the differences in biological functions and pathwaysedmet
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subgroups, gene set enrichment analysis
(GSEA, http://software.broadinstitute.org/gsea/index.gpcessed at June, 2018) was
performed on low versus highindex subgroup$21]. We employed the Molecular
Signatues.Database (MSigDB) H (hallmark gene sets), C2 (curated geneasets)

C5 (GO gene sets) collection of chemical and genetic perturbations (n = 20,253 gene
sets). Calculations were repeated 1,000 times for each analysis according to the
default_weighted mrichment statistical method. GSEA results were shown using
normalized enrichment scores, accounting for the size and degree to which atgene se
is overrepresented at the top or bottom of the ranked list of genes (néhvialale <

0.05 and’FDRK: 0.25).

Statisticalanalyses

Associations® between melatonin synthesis/metabolism subgroups and categoric
variables €.g; sex, raceand disease stage) were analyzed using the y°-test (Fisher’s
exactutestsor=Pearson’s y>-test where appropriate), and thannWhitney U test or
Kruskal\Wallis test for continuous variableg.¢, age, number of mutationgnd
neoantigens). Correlations between gene expression were evaluated using the
Spearman correlation test; the Spearman coefficient was considered to indicate poor
correlation®if,<0.2, moderate if 9.4, relatively strong if 9.6, strong if <0.8, and

very strong'if >0.8. The prognostic significance of the indexvere estimated using
Kaplan=Meier survival curves, and compared by-tagk test. Cox proptonal
hazards..medel was used to calculate the adjusted hazard ratios (AHRs) and
corresponding 95% confidence intervals (CIs), incorporating age, sex, race, and
disease stage for adjustment. All statistical analyses were performed with SPSS
version,. 23.0 (SPSS Inc., Chicago, IL, USA) and R version 3.4.4

(http://www.Fproject.org. Statistical significance was set at tsioledP< 0.05.
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Results

Characteristics of the melatonergic microenvironment across 14 cancer types

A total of 6,658 tumor samples from 14 TCGA cancer types were included in the final
analysiS..Lhé baseline characterisarse summarized irsTable 1. Figure 1 showed

the log-transformed values of ASMT/CYP1AL/CYP1AZ/CYP1B1 expression
according to cacer types. The expression ©¥P1Aland CYP1A2were significantly

and positively correlatedR,eras = 0.62; Pearson correlation), with moderate to
strong (correlations for each cancer tygigure 1), while the expression af'YP1B1

and CYP1AL/CYP1A2did not show strong correlationg?(< 0.40 for all; Pearson
correlation):

Given that the gene expression of metabolism isoenzymes were different in each
cancerstype; we comprehensively calculated three synthesis/metabolism indexes
(Index+TASMT:CYP1A1, Indexll [ ASMT:CYP1A2Z, and Indexlll [ ASMT:CYP1B];
Figure1). Overall, the median value of indéxll, 11l was -0.36 (interquartile range
[IOR]==1:99xt0 0.50), 0.00 (IQR;0.49 to 0.93), and8.32 (IQR,-9.78 t0-6.55),
respectively. Each cancer typgemonstrated heterogeneous distributions of the three
indexes. We then divided the samples into two subgroups (fEglow) by the
median values of each cancer type. The demographic and clinical features of the
TCGA patients were summarized accordingstmthesis/metabolism subgroups in
sTable 2.“Consistent with previous observatiofi2, 22, 23] elderly patients tended
to have lower melatonin synthesis/metabolism index, with significant differences
observed.in. BRCA, LIHC, LUAD, LUSC, PRAD, and SKCM; the higkdex
subgroup also tended to haadower proportion of patients witlate-stage disease
with significant differences observed in CESC, COAD, HNCS, KIRC, SKCM, and
THCA:

Favourable prognoses were correlated with the high melatonin synthesis/metabolism

index subgroup
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We investigated the prognostic association tfe tumor nelatonergic
microenvironment with clinical outcomes. As the distributionghefthree indexes
differed significantlyamongl4 cancer types, we then evaluated whether they played
different,prognostic roles across varied cancBigure 2 summarized the redis of
KaplarsMeier survival analyses. On the whole, almost all patientshénhigh
synthesis/metabolism index subgroup had relatively favourable clinical oigcome
compared. to patients thelow-index subgroup; while for each cancer type, the three
indexeS harboured different prognostic values. Specifically, for #hdetke
high-index.subgroup showed significantly improved survival among patients with
CESC = 0.01) and PAAD P = 0.04), whie marginal significance among patients
with SKCM (P= 0.09) and STAD £ = 0.08) wasalso observed. In terms of indéx

only patients with BRA and STAD showed margirgl significartly (P < 0.10)
improved~survival inthe high-index subgroups. Regardingdex-I1ll, BLCA (P =
0.02), COAD f= 0.03), KIRC f=0.03) and STAD ¢ = 0.03) showed favourable
prognesis-among patients wihigh synthesis/metabolism index.

Next,»-we performed multivariable analysis to explore whether melatonin
synthesis/metabolismndex was an independent prognostic factor for survival
outcomes, incorporating clinidglrelevant covariates for adjustment. The results of
multivariable, modeling largely supported the findings seen in the univaridiesiana
Interestingly, the three dexes all remained significant prognostic factors for STAD
(AHRingext = 0.71; 95% CI = 0.520.97, P = 0.03; AHRngexn = 0.69; 95% CI =
0.49-0.97:2= 0.03; AHRngexim = 0.68; 95% CI = 0.440.94; P = 0.02;Figure 3).
Index| was an independent and favourable prognosticator for patients with CESC
(AHR = 0.62; 95% CI = 0.39.98; P = 0.04) and SKCM (AHR = 0.74; 95% CI =
0.55-0:98;P = 0.04). The hgh indexIl subgroup had significalyt better survival
among patients with BRCA (AHR = 0.65; 95% CI = 6-887; P = 0.03) and
IndexIll remained significant for LUSC (AHR = 0.75; 95% CI = 0-8699; P =

0.04). PRAD and THCA were excluded from multivariable analyses due to the
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limited number of events. Cox proportional halsaanalyses afther clinicatrelevant

covariatedor adjustmentvereshown insTable 3.

High,. mutational burden was associated with the Iow melatonin
synthesis'metabolism index subgroup

Previous studies have reportadohysiological link between the pineal gland and
immune,systenfi24, 25]. Additionally, emerging evidencedshown that the degree

of mutational burden and presence of neoantigen reflentor immunogenic features,

and can predict favourable responses to immune blockade therapyg, (
antrPD-1/PD-L1 treatment)[13, 14] We therefore further compared melatonin
synthesis/metabolism subgroups according to the mutational burden and neoantigen
abundance=We observed a tendency toward a negative correlation between the total
number-of“somatic mutationFigure 4), as well as the number of neoantigens
(Figure 5) with the synthesis/metabolism indeRasedon cancer typeshe lowindex
subgroeup-had bothasignificantly higher number of mutations and neoantigens among
patients_with HNSC (indeX, KIRC (indexl), PRAD (indexl & II), and STAD
(index-1ll), compared to patients witthigh synthesis/metabolism inde® € 0.05 for

all). Additionally, patients with BRCA (indek), COAD (indexl), KIRC (indexl),

LIHC (indexl), LUSC (indexlll), PAAD (indexlll) and SKCM (index) had a
significantly higker number of somatic mutations tine low-index subgroup®< 0.05

for all, Figure 4 B, D, F, G, I). BLCA (indexIl) and KIRC (indexlll) tumors with

low melatonin synthesis/metabolism index harbowbdyher number of neoantigens

(P< 0.05 forall,Figure 5 A, E). No significant differences were observed regay

the numbers.of mutations or neoantigens for CEB8THCA.

Gene set enrichment analyses of melatonin synthesis/metabolism subgroups
We then performed GSEA to better understand how the melatonergic

microenvironmentunctioned througlpotential biologicapathwaysWe chose BRCA
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(indexdl), LUSC(indexdll), SKCM (indexd), and STAD(indexdll) asstudy models,

as themelatonergic microenvironment influenced both prognosis and immunogenic
features in these four tumorsFigure 2 and sTable 4-7 illustrated the gene sets
enriched.in high and low melatonin synthesis/metabolism subgroups. Gerggrady,
sets related tdwypoxia, inflammation, proliferation, metastasis, and DNA damage
were enriched irthe low-index subgroup, indicating that melatonin may play an

anti-tumer role in cancer development and progression.

Summary sof the clinical implications of melatonergic microenvironment
classification

Figure 6 summarized the biologicand clinical relevane of tumor melatonergic
microenvironment classification. Taken togethmur data demonstratdétlat among
patients “with BRCA, LUSC, SKCM and STAD, decreased melatonin
synthesis/metabolism indeg which characterised the rates of citating melatonin
synthesissand metabolism in tumor microenvironmesats associated witheduced
survival, .as well as higher levels of somatic mutations and neoantigens, which
indicated favourable responses to immunotherapy. For CESC tumors, melatonergic
microenvironment is only correlated with prognosis; while in HNSC, KIaa
PRAD, jpatients with decreased melatonin are more likely to benefit from immune

checkpointiinhibitor treatment.

Discussion

Here we presenseveral key aspects dfie tumor melabnergic microenvironment
basedworASMT and CYP1A1/1A2/1BImMRNA expression, determined from RM&Q
data across largecale TCGA solid tumor sampldsitially, we applied a twaene
expression signature (melatonin synthesis/metabolism index) to chamdieeis

melatonergic system across 14 solid tumors. Having noted that gene expression of
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melatonin metabolism isoenzymei$feredin each cancer type, we further used three
indexes (IndeXx [ASMT:CYP1A1, Indexll [ASMT:CYP1A2Z, and Indexlll
[ASMT:CYP1B1]) to comprehensively analyzlbe melatonergic system and compare
their roles.,We found that the ability tife tumor microenvironment to synthesize and
accumulate melatonin was heterogeneous and negatively correlateswatioturden,
while this ability deeased with age. Secondly, we divided the samipl&s two
subgroups.(highvs. low) based on the mediasf indexvalues, and investigated their
roles in predicting survival outcomes. We shitwatthe three indexes played different
roles across, variedancers, and harbored prognosiidue in BRCA, CESC, LUSC,
SKCM,‘and“STAD. Next, we determingtle clinical relevanceof the three indexes
with tumor immunogenic features and potential predictive values in selecting patients
that may=bemoreresponsived immunotherapies, in light of its negative correlations
with mutational burden (number of somatic mutations and/or neoantigens) in BLCA,
BRCA, COAD, HNSC, KIRC, LIHC, LUSC, PRCA, SKCM, and STAD. To our
knowledge;=this is the first comprehensigenomic inestigation of the tumor
melatonergic’ microenvironment across a large spectrum of solid tumorsy whic
provides a general overview of the oncostatic value ofnttl@atonergic system.

In‘this study, a simple and readdylapted gene expression signature aygdied
to characteriséhe tumor melatonergic microenvironment. Additionally, we used three
indexes “basedon the melatonin metabolism isoenzymes, which provided a
comprehensive and applicable model for clinical utilizatide. further identified the
differential.values of the three indexes across varied cancer, sympgesting thahe
melatonergi¢, synthesis and metabolism system may work through different
isoenzymes_an@athwaysin each tumor. Further experimental studiesreeeded to
revealythe underlyingnechanism. The classification ofthe tumor melatonergic
microenvironment according to this model may be a useful tool for risk stragificat
and will hopefully aid in the design of future experimental and clinstades

Specifically, we found that higher content of melatonin the tumor

This article is protected by copyright. All rights reserved



microenvironment was associated with less aggressive stage classification and
favourable prognosis, which suggested thatmelatonergic microenvironment may
influence tumor carcinogenesis, prevent the formation of aggressive phenotypes, and
therefore..reSult ina decreased risk of death. This is consistent with previous
observations that melatonin redadie susceptibility of gastric mucosal cells to
dietary carcinogens through enhanced DNA repair capfffy and inhibis cancer

cell praliferation by decreasing DNA synthef2§] or promoting cell differentiation

[28]. Additionally, we demonstrated thahe melatonin synthesis/metabolism index
remained an independent prognosticator after including disease stage fanewljust

in multivariable models, which implied that melatommay influence prognosis
through other biological mechiams in addition to tumor carcinogenesis and
proliferations= For instance, it was noted that melatonin impeded the
epitheliakmesenchymal transition (EMT) process and cancer cell dissemination
through interference with NkB signaling [29]. Melatoninalso promots cancer cell
apoptesis:=by-inducing cell cycle arr§3d]. Another phenomenon worth noting is that
CYP1BIloverexpression itself could enhance proliferation, migration, and invasion of
tumor cells in prostate cancer and kidney caf®&r 32] Therefore, inferior survival

in the law indexlll subgroup might also be attributable to overexpressio@ #1581

in somereancer types; further experimental studies are needed to reveal the underlying
mechanism in different cancer types in this ndtee valid associations between
melatonin and risk of ddathave facilitated randomized controlled clinical trials
(RCTs) =investigating the therapeutic roles of melatonin in improving survival
outcomes and tumor responses. Lissoni et al. indicated that melatonin significantly
improved tumor regression rate ang/éar overall survival in neemall cell lung
cancer,patients concomitantly treated with melatonin and chemoth§apyA
metaanalysis systematically analyzed eight published RCTs, and showed that
melatonin dramatically improved tumor remissemd lyear survival rate, as well as

decreased the aeidenceof treatmentrelated toxicity{34]. While the above resultye
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inspiring, published RCTs only refer to a limited spectrum of tumors (gli@oj
COAD [36], and LUSC[33, 37]). Based on our findings, we propose the conduction
of more collaborativeinternational, multicenter, largescale RCTs ima varigy of
cancer'types, especially in patients with BRCA, CESC, LUSC, SKaDll STAD.

In/addition to its prognostic implicationhe tumor melatonergic environment
also distinguished patients with distinct immunogenic features. Our findingstedlica
that patients witha low melatonin synthesis/metabolism index tended to harbour
higher (number of somatic mutations and/or neoantigens, and would be potentially
more likelys.to benefit from immunotherapies. Somatic genome instability is a
hallmark®offcancer genomeand a highly complex mutation landscape has been
reported to ariginate from distinct DNA damage and repair proc¢38gsPrevious
researchhasalso demonstrated that somatic mutations salsequently generate
neoantigeng13, 14], which in turncould be recognized by the immune system,
triggering an anticancer immune response and therékalg to beassociated with
favourable=responses to immunotherdf9]. In this vein, melatonin ithe tumor
microenvirenment could significantly limit the extent of DNA damage and eghan
DNA repair processs[40], which potentially explained the lower mutatiomairden
and néoantigen abundance the high-index subgroupA considerablenumber of
published“studiefiave explored the immusreeuroendocrine role of melatonjal,
42], whilevless work has been doteeevaluae its predictive value fothe immune
response in solid tumors. The analysis of associations bettheemelatonergic
micreenvirenment and tumor immunogenic features represents a novel aspect of
melatonin research, and highlights the importance of future investigations on the
immunotherapeutic role of melatonin across diverse tumor types.

Among the solid tumors investigated in this study, several cancer tgpags (
LUAD, PAAD, and THCA) were found to neither correlate with clinical prognosis
nor the numberof mutations and neoantigens. The failure to detect associations in

TCGA data maye due tdack of adequate followp time, limited event rates, and
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biased population distribution, among other consideratidwitionally, it also
suggestghat our twegene predictive model alonis not sufficientto stratify those
groups of individuals; integration of other melatonergic molecular biomarkegs (
expression./of melatonin receptofg3]) are neededin future investigations.
Nevertheless, although melatonin synthesis/metabolism iradexe could not
substitute for traditional parameters to predict survival outcome, it may facilitate the
establishment of optimal predioti models when incorporatl with other
clinicopathological factors. Importantly, this simple model can be readily adapted to
PCRbasedsanalysis of formalifixed paraffirembedded (FFPE) clinical specimens,
which isvextremely efficient and cesffective.

The malin limitation of this study is that the ability of these indexes to pitidict
responsestesimmunotherapy requires furtredidaion in cancer patients treated with
immune ‘checkpoint inhibiter Futurestudiesare needed to address this limitation.
Nevertheless, our findings are important and provide new insights into the
melatonergie: microenvironment of solid tumoBecondy, we only adopted the gene
expressionsof three enzymes involved in melatonin metaboliSWW{AI, CYP1AZ,
and CYP1RB] to establish the twgene indexes. Future studies that comprehensively
investigate and compare different metabolic enzymes and their ratiobis are
warrantedThirdly, the ewdence that the twgene indexcould represent circulating
melatonin=inthe tumor microenviroment wasderived from previous research
glioma' [12]. However, given the distinct contexts of different tumors, future
experiments: are needed to verify the associations between circulating melatonin and

the twogene indexes across different cancer types.

Conclusion
In conclusion, we comprehensively characterised the melatonergic micorenent
across 14 solid tumors using RM&q data from TCGA. Our findings revealed that

the capacity of théumor microenvironment to synthesize and accumulate melatonin
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can distingush patientswith different risks. Additionally, it correlated with tumor
immunogenic features (mutational burden and neoantigen abundance) and served as a
potential predictive marker in selecting patiergsponsiveo immunotherapies. Our

study, providesa systematic overview of the oncostatic valueshef melatonergic
system; and highlights the utilization of a simple and promisinggevee signature

for clinical practice. Going forward, it lays groundwork for the design of future

experimental and clina studies.
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Figure Legends

Figure 1:"Distributions of gene expression of ASM7, CYPIAIL CYPIAZ, CYPIBI,

and melatonin synthesis/metabolism index-I/II/III across 14 TCGA solid tumors.

(A) Boxplet-distributions of log-transformed values ASMT, CYP1A1, CYP1AZand
CYP1B17according to TCGA cancer types. (B) Boxplot distributions of
log.-transformed values fo melatonin  synthesis/metabolism index (Index
[ASMECYPIA]L, IndexIl [ ASMT:CYP1A3, IndexIll [ ASMT:CYP1B]), according

to TCGA.eancer types. The dashed lines indicate the median values of all tumor

samples.

Figure .2 Kaplan-Meier plots of overall survival for patients in different
melatonin“synthesis/metabolism subgroups across 14 TCGA solid tumors. (A)
BLCA,"(B) BRCA, (C) CESC, (D) COAD, (E) HNSC, (F) KIRC, (G) LIHC, (H)
LUAD; (H=LUSC, (J) PRAD, (K) PRAD, (L) SKCM, (M) STAD(N) THCA. P<

0.05representsignificant differences in survival outcomes.

Figure:3. Cox proportional hazards analyses of melatonin synthesiSmetabolism
(A) index-I, (B) index-II, and (C) index-111 across 14TCGA solid tumors.
Note: age (continuous kiable), sex (Male vs. Female), race (White vs. Asian vs.

Black vs. American Indian vs. Others), disease stage (statjyeuf. stagedll) were
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included in the multivariable model for adjustment. PRAD and THCA were excluded

from the analyses due to the limited number of events.

Figure'4..Mutational burdens by different melatonin synthesis/metabolism
subgroups across TCGA solid tumors. Boxplot distributions of logrtransformed
values of the number of somatic mutations between subgroups of melatonin
synthesis/metabolism index-Ill, according to TCGA cancer types {N). The
number of mutations differed significantly in indesubgroups for COAD, HNSC,
KIRC, LIHG;,PRAD, and SKCM; in indeX subgroups for BRCA and PRAD; and in
indexdll*¥subgroups for LUSC PAAD, and STAD. P values are calculated by
Wilcoxon ranksum test (*2< 0.05, ** < 0.01, *** £< 0.001).

Figure "5."Neoantigen abundance by different melatonin synthesis/metabolism
subgroups across TCGA solid tumors. Boxplot distributions of logrtransformed
valuess=of=sthe number of neoantigens between subgroups of melatonin
synthesis/metabolism indexll, according to TCGA cancer types{A. The number

of neoantigens differed significantly in indéxsubgroups for HNSC, KIRC, and
PRADin indexll subgroups for BLCA and PRAD; and in indék subgroups for
KIRC and"STAD.Pvalues are calculated by Wilcoxon rasikm test (*~< 0.05, **
P<0.01/=** P< 0.001). COAD and PAAD are excluded from the analysis due to the

limited'number of patients with neoantigen data.

Figure 6. Biological and clinical relevance of the tumor melatonergic
microenvironment classification based on a two-gene mRNA expression model.
The“tumaor melatonergic microenvironment is categorized into high versus low
subgroups based on median values of melatonin synthesis/metabolism Tihdex.
high-index subgroup is characterized by higher content of circulating melatonin, less

aggressiveumor biological behavioré.g, cell proliferation, metastasjsavourable
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prognosis.etc., whilethe low-index subgroup harbougshigher number of somatic
mutatiors and neoantigensand would potentially be more likely to respond to
immune checkpointnhibitor treatment. The proposed classification is simple and

applicableandwould help tailor optimal therapeutic strategies for solid tumors.

Supplementary Figure Legends

sFigure 1. Correlations between gene expression of three melatonin metabolism
enzymes, (CYPIAI, CYPIAZ, and CYPIBI). The gene expression afYPIAI is
significantly“correlated with that afYP1A2across all TCGA cancer types’ &d P
values are calculated by the Spearman correlation Restt.font for the $earman
coefficientsindicagsstrong or very strong correlation, yellow font indicatelatively
strong €orrelation, orange font indicates moderate correlation, and black faatesdi

poor carrelation.

sFigure 2+ Gene Set Enrichment Analysis (GSEA) of melatonergic
microenvironment classification. GSEA between the high-index subgroup and
low-index subgroup in (A) BRCA (Blv-index= 551, Mighindex = 547), (B) LUSC
(Niow-index="251, Nighindex= 244), (C) SKCM (Now-index= 232, Nhighindex= 231), and
(D) STAD*(Niow-index= 260, Nhighindex= 203).

Supplementary Tables

sTable 1. Baseline characteristics of TCGA samples across 14 cancer types

sTable, 2. Associations between the melatonin synthesis/metabolism index and
clinicopathological features across 14 TCGA solid tumors

sTable 3.Cox proportional hazards analyse<liically relevant covariates across 14

solid tumors for overall suival
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sTable 41. GSEAresultsshowing mthwaysenriched indw ASMT/CYP1Blindexll
group of lveastcancer

sTable 42. GSEA resultsshowing pathways enriched in high ASMT/CYP1B1
index-ll.group of breast cancer

(nominal Pvalue < 0.05 and FDR < 0.05 were set here for selection)

sTable 51. GSEA results showing pathways enriched in low ASMT/CYP1B1
index-Ilhgroup of squamous cell lurgncer

sTable/ 52. GSEA results showing pathways enriched in high ASMT/CYP1B1
index-lll.greup of squamous cell lung cancer

(nominal”value < 0.05 and FDR < 0.05 were set here for selection)

sTable 61. GSEA results showing pathways enriched in low ASMT/CYP1B1 iddex
group of:melanoma

sTable"®2"GSEA results showing pathways enriched in high ASMT/CYP1B1 ithdex-
group of melanoma

(nominal”value < 0.05 and FDR < 0.05 were set here for selection)

sTable 71.GSEA results showing pathways enriched in lowNN3CYP1B1
index-IIl group of gastric cancer

sTable® 72. GSEA results showing pathways enriched in high ASMT/CYP1B1
index-1lrgroup of gastric cancer

(nominalPvalue < 0.05 and FDR < 0.05 were set here for selection)
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