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In brief

Familial aggregation is frequent in
nasopharyngeal carcinoma (NPC), but its
cause remains unclear. Liao et al.
investigate the oral microbiome in NPC
family cohorts, revealing strong
heritability effects on microbiome and
identifying NPC-associated microbes
with markedly higher heritability in
families exhibiting increased clustering of
NPC cases.
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SUMMARY

Familial aggregation is common in nasopharyngeal carcinoma (NPC), yet the impact of oral microbiome
dysbiosis on this occurrence remains largely unexplored. We recruit 127 families (649 members, 1-5 pa-
tients each) and a case-control cohort of 337 individuals, validating findings in an additional cohort of
995 individuals. Significant microbial similarity is observed among family members, with family factors
contributing most to microbiome variation, followed by cigarette smoking, age, and gender. Among
multi-NPC families, especially those with three or more patients, we identify three NPC-enriched taxa
with notable heritability, including Gemella sp. (heritability, h? = 53.1%), Lautropia mirabilis (h? = 38.8%),
and Streptococcus sp. (h? = 38.0%). Heritable bacteria present a markedly higher heritability in families
with increased clustering of NPC and form closely interacting networks, suggesting their role in NPC famil-
ial aggregation. These findings open up possibilities for identifying high-risk individuals, enhancing clinical
surveillance, and developing personalized prevention and treatment approaches of NPC through micro-

biome-based strategies.

INTRODUCTION

Nasopharyngeal carcinoma (NPC) is an epithelial malignancy
originating from the nasopharynx, with an estimated 120,000
new cases worldwide in 2022," and the majority of cases
were reported in Southern China and Southeastern Asia.”
Family aggregation is common in NPC, with about 10% of
cases having a family history.>* Despite significant progress
in uncovering genetic and environmental factors associated
with familial NPC aggregation,”® its etiology remains largely
unknown.

The human microbiome offers insights into the occurrence
of familial cancers, as microbiota can influence cancer sus-
ceptibility and progression through various mechanisms,
including inflammation modulation, DNA damage induction,
and metabolite production involved in oncogenesis or tumor
suppression.”™"" The family microbiomes often exhibit shared
patterns probably due to the genetic backgrounds, lifestyle
habits, and living environments, potentially leading to shared
disease-associated microbial alterations among family
members. '3

Understanding of the oral microbiome, the second-largest
bacterial reservoir in the human body, has advanced signifi-
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cantly,* with several oral periodontal disease-related microbes
linked to an elevated risk of cancers beyond the oral cavity,
including the esophagus, stomach, pancreas, and colon,'
emphasizing its critical role in tumorigenesis. Previous investiga-
tions by our team have identified distinctive oral microbial pro-
files indicative of NPC'® and uncovered the pathogenic impact
of oral microbiome translocation to the nasopharynx by microbi-
al tumor infiltration and microenvironment remodeling”, illumi-
nating the connections between the oral microbiome and NPC
development.

In this study, we delved into a well-established multi-NPC fam-
ily cohort, intensifying our focus on the oral microbiome and its
interplay with NPC familial aggregation. By investigating the
oral microbiome of members from families with NPC patients,
we aimed to explore the familial microbiome profiles and un-
cover the influence of host genetics, cohabitation, and other
environmental factors in shaping the oral microbiome. Addition-
ally, by integrating data from the case-control cohorts, we
sought to investigate the specific microbiome patterns shared
among multiple NPC families, potentially contributing to NPC
development. This study will provide insights into the intricate
relationship between host-microbiome interactions in familial
aggregation of NPC.
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Figure 1. Microbiome similarity analysis revealed familial similarity
(A) Flow diagram outlining the study design.
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(B) The stacked bar plots for the top six abundant phyla and top 15 abundant ASV taxa. Relative abundances of each taxon are shown (mean + SEM).

(C) Violin plots showing the microbial composition similarity within family members using “1 — Bray-Curtis dissimilarity” index. There were 2,192 within-family
pairs. A dashed line indicates the median of the “1 — Bray-Curtis dissimilarity” of the 6,576 matched unrelated pairs. First-pedigree pairs, including parent-
offspring pairs (N = 273) and sibling-sibling pairs (N = 278), are compared, along with spouse pairs (N = 36). p values were evaluated by t test (two-sided). See also

in Figure S1.

RESULTS

Overview of the oral microbiome data

We conducted the oral microbiome study using saliva samples
from a high-risk NPC family cohort,*'® including 649 individuals
from 127 well-characterized families (Figure 1A). Among them,
107 families (84.3%) had two or more NPC cases who met the
pedigree of the first- or second-degree relatives. The mean
age was 35.5 + 17.0 years (mean + SD). Other detailed informa-
tion on demographic and environmental factors is provided in
Table S1. Family pedigree information of representative families
is shown in Figure S1.

An average of 24,576 + 10,315 (mean + SD) quality-filtered
reads were obtained per sample. Using the DADA2 processing
pipeline, 940 amplicon sequence variants (ASVs) were gener-
ated after filtering low-prevalence (<1%) and low-frequency
reads (<20 reads). The remaining ASVs were mainly assigned
to three main phyla: Proteobacteria (43.5% + 17%, mean + SD
of the relative abundance), Firmicutes (25% + 11.7%), and Bac-
teroidetes (15.9% + 7.7%) (Figure 1B). Among them, 15 ASVs
had an average relative abundance higher than 1%. These domi-
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nant ASVs were assigned to genera Neisseria, Haemophilus,
Streptococcus, Veillonella, etc. (Figure 1B).

Family relatives shared more similar oral microbiome
profiles

To assess the impact of family pedigree on the human oral mi-
crobiome, we compared the similarity of oral microbial profiles
across different kinships. Our family cohort constructed a total
of 232,903 pairs, including within-family pairs (N = 2,192) and un-
related pairs from individuals in different families (N = 230,711).
Within the family pairs, there were 273 parent-offspring pairs,
278 sibling-sibling pairs, and 36 spouse pairs. The similarity in-
dex represented by “1 — Bray-Curtis dissimilarity” was defined
as an index to represent the similarity of the microbial commu-
nity, with absolutely identical communities when scored at 1
and completely different communities when scored at 0. Results
showed that this index was significantly higher in within-family
pairs when compared with unrelated pairs (t = 6.18, p = 7.2 X
107'°, Figure 1C). Specifically, first-relative pairs exhibited
significantly  higher similarity than matched unrelated
pairs, observed in both parent-child and sibling-sibling pairs
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(p = 0.006 and 0.007, respectively, Figure 1C). While spouse
pairs showed a similar tendency, the difference was not statisti-
cally significant (p = 0.11, Figure 1C).

Host genetics considerably influences the overall
composition of the oral microbiome

Family members share genetic backgrounds, cohabitation, and
often similar lifestyles, and all these factors may shape the micro-
biome composition among individuals. To identify the factors
that impacted the oral microbiome, we examined microbial dif-
ferences across the 27 variables using permutational multivar-
iate analysis of variance (PERMANOVA). Variables included the
families where individuals were from and environmental factors
including demographics, lifestyles, disease history, etc.
(Table S1). Interestingly, the family factor was the top contributor
to the variation of oral microbiome composition (Figure 2A, R® =
28.8% in Bray-Curtis (BC) dissimilarity, false discovery rate
[FDR]-g = 0.003). Cigarette smoking ranked as the second
most contributing factor (Figure 2A, R? = 1.7% in BC dissimi-
larity, FDR g = 0.003), followed by age, gender, and other 10 fac-
tors (Table S2). Consistent findings were observed using
weighted and unweighted UniFrac (UF) metric (Table S2), high-
lighting the impact of family factors on the oral microbiome
composition. Considering that excessive grouping of family fac-
tors may affect the estimation, we performed a focused analysis
on four large families with > 15 attendance (N = 66), reaffirming
the family factor as the primary contributor (R = 6.4%,
p = 0.024).

To further evaluate the inheritance impact on oral microbiome
profiles, we utilized a variance component model, the Sequential
Oligogenic Linkage Analysis Routines (SOLAR), to estimate the
heritability from family pedigrees. At the microbial composition
levels, both alpha diversity indices (observed ASVs, Shannon,
and Simpson index) and the top three principal coordinates
(PCo) variance from beta diversity metrics (UF, weighted
UniFrac [wUF], and BC dissimilarity) were evaluated. Results
showed that heritability (h?) estimates were generally higher
than cohabitation (c®) and unshared environmental factors (e?)
(Figure 2B), notably explaining significant contributions to the
variances of the Shannon and Simpson alpha diversity indices
(h? = 22%, p = 0.006; h? = 17%, p = 0.021), as well as nine
PCo1-PCo3 from three beta diversity metrics, e.g., PCo1 and
PCo2 of UF dissimilarity (h® = 26%, p < 0.001; h? = 40%,
p <0.001) and PCo2 of BC dissimilarity (h® = 35%, p < 0.001). Ef-
fects explained by cohabitation and environmental factors were
relatively weak (Figure 2B). Detailed information on the heritabil-
ity estimates is shown in Table S3.

At the ASV level, the heritability was evaluated for 275 core
ASVs present in at least 10% of all individuals with a mean rela-
tive abundance higher than 0.01%. Among them, 48.3% (N =
133) of taxa reached a significant level for heritability estimates,
compared to only 20.0% (N = 55) for cohabitation and 5.1% (N =
14) for non-shared environmental effect (Table S4). Consistent
with the aforementioned findings, host genetic effect (h? =
10.2% + 10.1%, mean = SD) predominantly explained microbial
variations, followed by cohabitant effect (cZ = 5.0% + 6.8%) and
non-shared environmental factors (2 = 2.8% = 3.2%). More-
over, 70.4% of taxa exhibited dominant effects of heritability
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(red in the phylogenetic tree in Figure 2C), while taxa primarily
influenced by cohabitation or environmental factors were labeled
blue (26.3%) or green (3.3%) in the phylogenetic tree (Figure 2C).
The results of heritability estimates of different levels of taxon-
omies are also provided in Table S5.

Heritable oral taxa linked to NPC risk

We next ask whether specific shared familial microbiome fea-
tures contribute to NPC development. To identify NPC-associ-
ated microbiome features, we combined the oral microbiome
data from pre-treatment patients and matched controls in this
cohort and one case-control population from our prior study.'®
Both datasets adhered to the same sampling procedures, nu-
cleic acid processing, and sequencing methods, ensuring com-
parable sequencing data from positive standards. By analyzing
oral microbiome datasets of 167 NPC cases and 170 healthy
controls, which were well balanced for age, gender, and ciga-
rette smoking (Table S6), we identified 34 differential abundance
taxa (Figure 3A and Table S7).

Microbes associated with NPC might be attributed to various
factors such as host genetics, environment, and disease pro-
gression. To further identify the heritable microbial features
linked to NPC familial aggregation, the families were subdivided
into multiple NPC and sporadic NPC groups based on whether
the families contained two or more NPC cases meeting the pedi-
gree of the first- or second-degree relatives. In the multiple NPC
family group, the mean variance contributing to heritability (h®) of
these 34 NPC-associated ASVs was 17.2% + 13.0% (mean =
SD), significantly higher than contributions from cohabitation
and non-shared environmental factors, which averaged 5.0% +
6.3% and 4.4% + 3.8%, respectively (Table S7). Among the 34
NPC-associated ASVs, eight showed high heritability with
h? > 30% in multiple NPC families (FDR g < 0.01 in SOLAR anal-
ysis, labeled “#” in Figure 3A), all enriched in NPC patients,
including ASV13_Gemella sp. (h? = 39.8%), ASV19_Fusobacte-
rium nucleatum.1 (h? = 38.9%), ASV43_Prevotella salivae (h? =
38.1%), ASV5_Veillonella sp.1 (h? = 34.6%), ASV134_Mannhei-
mia sp. (h? = 32.7%), ASV34_Megasphaera micronuciformis
(® = 31.7%), ASV9_Lautropia mirabilis (h® = 31.1%), and
ASV40_Streptococcus sp.4 (h? = 30.1%). At the genus level,
three genera, including Gemella, Megasphaera, and Lautropia,
showed high heritability (Figure S2) and were enriched in the
NPC group in the multiple NPC families. Notably, these taxa
did not show a significant heritability in the sporadic NPC family
group (Figure S2).

Furthermore, we performed a subgroup heritability analysis of
eight NPC-risk heritable taxa across sporadic families (Num = 1),
multiple families with two NPC patients (Num = 2), and multiple
families with three or more NPC patients (Num = 3). The analysis
revealed that seven of the taxa exhibited a higher heritability in
families with three or more affected members, when compared
to sporadic or two-case families (Figure 3B and Table S8). These
heritable bacteria presented a markedly higher heritability in
families with increased clustering of NPC, suggesting their asso-
ciation with NPC familial aggregation.

To further validate the association between these identified
heritable taxa and NPC, we accessed published datasets
comprising oral microbiome profiles from 499 NPC patients

Cell Reports Medicine 6, 101979, March 18, 2025 3
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(B) Dot plots illustrating the proportion of microbiome diversity explained by heritability (h%), cohabitation (c), and environmental factors (€%). Alpha diversity
indices (observed ASVs, Shannon, and Simpson) and the first three principal coordinates (PCo) of beta diversity dissimilarity. (UF, UniFrac; wUF, weighted
UniFrac; and BC, Bray-Curtis) were evaluated.
(C) Heritability estimates of 275 core oral taxa depicted on a rooted phylogenetic tree with edges randomly split (rtree function of ape package in R). The
prevalence rate, estimated heritability (h2), cohabitation (cz), and environmental factor (e2) effects for each of the 275 taxa were shown. Heritability estimates were
evaluated using SOLAR analysis. The branches of the phylogenetic tree were colored according to the factor with predominant effects in heritability analysis (red
for heritability, blue for cohabitation, and green for environmental factors). See also in Table S1-S5.
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Figure 3. Identification of heritable microbiome features associated with NPC

(A) The significant differential abundant oral ASVs between NPC patients and controls, with the impact of genetics (h2), cohabitation (cz), and environmental
factors (e) on these taxa in multiple NPC families. 34 NPC-associated oral ASVs identified by DESeq (differential expression analysis for sequence count data)
analysis with adjusting age, gender, and cigarette smoking status (o < 0.05) were shown. ASVs with h? > 30% and FDR g < 0.01 in the SOLAR analysis were
labeled with a “#,” indicating NPC-risk heritable bacteria. NPC-enriched taxa were labeled in red, and NPC-depleted taxa were labeled in green.

(B) The heritability (h?) of NPC-risk heritable taxa in sporadic families (Num = 1), multiple families with two NPC patients (Num = 2), and multiple families with three
or more NPC patients (Num = 3). The SOLAR analysis was used for heritability (h?) estimation and p value calculation (two-sided).

p values were obtained by t test. *p < 0.05; **p < 0.01; ***p < 0.001. See also in Figures S2-S4 and Tables S6-S9.

and 496 healthy controls.’® In this independent cohort, we
confirmed that the high-heritability bacteria identified in multiple
NPC families indeed represent significant risk factors for NPC.
Specifically, at the ASV level, three of the heritable ASVs were
significantly enriched in NPC patients, including ASV13_Gemella
sp. (o = 4.0 x 10~""), ASV9_Lautropia mirabilis (p = 7.0 x 1074,
and ASV40_Streptococcus sp.4 (o = 1.1 x 107 (Table 1 and
Figure S3). The heritability of ASV13_Gemella sp. in family
groups with one, two, three or more NPC patients was 0%,
29.2%, and 53.1%, respectively; similarly, ASVO_Lautropia mir-
abilis had the heritabilities of 0.9%, 20.2%, and 38.8%, respec-
tively (Table 1). Additionally, we identified that two more taxa,
ASV193_Treponema sp4 and ASV142_Leptotrichia hofstadii,
were enriched in multiple NPC cases when compared to spo-
radic cases and demonstrated higher heritability in multiple fam-
ilies (Figure S4 and Table S9).

The co-network patterns of oral microbiome in multiple
NPC families

In addition, we investigated the microbial ecological connections
among individuals within multiple NPC families. The co-network
included 61 taxa showing significant correlations with other taxa
using SparCC, visually depicted in Figure 4 by filling the taxa no-
des with colors according to the estimated values of heritability
(Figure 4A), cohabitation (Figure 4B), and environmental factors

(Figure 4C). Co-network showed that the taxa related to NPC
tend to co-occur into hubs (node connected to other nodes)
along with high heritability (Figure 4A). The heritability (h®) values
were significantly positively correlated with the degree of con-
nectivity in the networks (Spearman’s r = 0.41, p < 0.01, Fig-
ure 4D). Specifically, among eight heritable and NPC-enriched
taxa, seven formed three clusters. Notably, ASV34_Megas-
phaera micronuciformis, ASV43_Prevotella salivae, and ASV5_
Veillonella sp1, emerged as the top three highly connected no-
des, forming hubs connecting with other 26 taxa (including five
NPC-enriched taxa), represented the high correlations with
each other (ASV5~ASV34: r = 0.66, ASV43~ASV5: r = 0.60,
ASV43~ASV34: r = 0.60). Additionally, ASV19_Fusobacterium
nucleatum, a well-known periodontopathic bacteria, served as
a hub of another cluster, connecting with other four periodonto-
pathic bacteria (ASV18_Porphyromonas gingivalis, ASV31_Por-
phyromonas endodontalis, ASV89_Filifactor alocis, and ASV94_
Tannerella forsythia). Interestingly, we did not observe the
association between taxa connectivity degree and cohabitation
(Figure 4E) or environmental factors (Figure 4F).

The associations between HLA genotypes and heritable
microbiome

Recognizing the important roles of human leukocyte
antigens (HLAs) in regulating the human microbiome, we

Cell Reports Medicine 6, 101979, March 18, 2025 5
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investigated the associations between HLA genotypes and eight
NPC-enriched heritable oral microbiome taxa. This analysis
incorporated three lead HLA SNPs with the strongest associa-
tions with NPC, as reported by our teams®’: rs2860580 in the
HLA-A gene, rs2894207 in the HLA-B/C gene, and rs28421666
in the HLA-DQ/DR gene. Our findings indicated potential im-
pacts of HLA genotypes on oral microbiome composition. Spe-
cifically, the abundance of heritable taxa such as ASV34_Megas-
phaera micronuciformis and ASV43_Prevotella salivae showed
significant correlations with the rs28421666 genotype
(p <0.05, Figure S5). These results suggest interactions between
HLA variants and inherited oral microbiome, indicating the need
for further comprehensive investigation.

DISCUSSION

This study systematically elucidated the oral microbiome profiles
in NPC-affected families recruited in South China, uncovering
both inheritable and environmental influences while evaluating
the potential contributions of shared microbial signatures to
NPC development. Our results revealed the substantial influence
of host genetics on the oral microbiome among family members,
identifying several taxa, including Gemella sp., that were signifi-
cantly heritable in multi-case families and associated with
elevated NPC risk. Moreover, we uncovered the co-occurrence
networks of these taxa susceptible to NPC aggregation,
providing new insights into the etiology of familial aggregation
of NPC from a human microbiome perspective.

While multiple studies have aimed to delineate the susceptibil-
ity genes and other risk factors contributing to the familial aggre-
gation of NPC,*?"?? the underlying mechanisms remain elusive.
The human microbiome emerges as a potential avenue for com-
prehending this phenomenon. Notably, both the human oral and
gut microbiomes exhibit the potential for horizontal and vertical
transmission across successive family generations,?*** facili-
tating the spread of pathogenic microbes. Furthermore, shared
genetic backgrounds, analogous lifestyles, and communal hab-
itats are recognized as factors driving familial disease clustering
and significantly impacting the human microbiome.?**® The
accumulation of these disease-associated factors within families
may propel the microbiome into a dysbiosis state. Additionally,
given the microbiome’s pivotal role in the carcinogenic process,
its interaction with other familial cumulative factors may
contribute to the risk of disease occurrence.

In this study, we identified three taxa that susceptibly contrib-
uted to NPC familial aggregation, including Gemella sp., Lautro-
pia mirabilis, and Streptococcus sp. Gemella spp., commonly
found in the oral cavity, has previously been reported as a disrup-
tor in periodontal disease. Notably, our previous study revealed
that Gemella spp., including Gemella haemolysans and Gemella
morbillorum, are enriched in the nasopharynx of NPC patients
and probably are attributed to the ectopic migration from the
oral microbiome.'” A recent study documented the significant
enrichment of Gemella morbillorum in the tumor microenviron-
ment of oral cavity squamous carcinoma.? Furthermore, pa-
tients experiencing bacteremia from Gemella morbillorum were
found to have a 15-fold increased risk of colorectal carcinoma,
further supporting its association with cancer.’° Lautropia
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Figure 4. The microbiome occurrence patterns revealed the association between heritability and ecological connections of oral taxa

(A-C) Microbial co-networks were assessed using SparCC analysis (two-sided). Taxa meeting the criteria of || > 0.35 and p value < 0.05 were included. Each node
represented one oral taxon, and each edge represented one significant association between two connected nodes. The stroke color of the node indicated the
association direction with NPC phenotype, with pink representing NPC-enriched taxa, green representing NPC-depleted taxa, and gray indicating non-signif-
icance taxa. Nodes were separately colored based on the levels of heritability effects (A), cohabitation effects (B), and environmental factors effects (C).

(D-F) The scatterplots with linear correlation curves depict the degree of association and effects of heritability effects (D), cohabitation (E), and environmental
factors (F). Cytoscape software was used to evaluate the degree of association in the co-networks, and Spearman analysis (two-sided) was conducted to assess

the correlation effects.

mirabilis is a facultative anaerobic coccus isolated in the respira-
tory sites of immunodeficient patients, which was identified as
the most significant abundant oral microbe that was enriched
in the NPC patients in our previous study.'® Streptococcus sp.
was annotated as Streptococcus sanguinis in this study, and
our previous study revealed that oral S. sanguinis induced the re-
activation of Epstein-Barr virus (EBV) by its metabolite hydrogen
peroxide and then participates in NPC tumorigenesis.'®
Although the validation of Fusobacterium nucleatum remains
somewhat controversial, it has demonstrated high heritability in
multiple families with three or more cases of NPC (h? = 44.7%).
Our previous study also found F. nucleatum to be enriched
in the nasopharynx of NPC patients, affecting the local micro-
environment and modulating cytokine responses.'’ Moreover,
a recent study reported that F. nucleatum promotes radioresist-

ance in NPC by reducing PANoptosis via the SLC7A5/leucine-
mTORCH1 axis.®” Given its role as an oncogenic microorganism in
various cancers,* the pathogenic contribution of F. nucleatum
to NPC familial aggregation deserves further investigation.
These findings collectively underscore the carcinogenic poten-
tial of these heritable microbes, particularly in the context
of NPC.

In this study, we observed that these heritable bacteria formed
hubs in a co-occurrence network. Streptococcus species, as
early colonizers, is one of the most abundant species in the
oral biofilm.*®* Middle and late colonizers, such and Fusobacte-
rium nucleatum and Veillonella atypica, act as “bridging spe-
cies,” facilitating colonization.®* The oral biofilm is a complex
multispecies community, where antagonism and mutualism in-
teractions maintain ecological balance. The co-occurrence
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of these heritable microbes might enhance oral biofilm coloniza-
tion, potentially promoting microbial communication within fam-
ily members and exacerbating NPC pathogenesis. Additionally,
highly heritable taxa, including Gemella spp., Lautropia mirabilis,
Fusobacterium nucleatum, and Veillonella spp., have been iden-
tified as the oral-to-nasopharyngeal translocation microbes, as
reported in our recent work.'” These microbes of oral origin
were enriched in the nasopharyngeal mucosa of NPC patients
and infiltrated into NPC tumors, resulting in an increased number
of intratumoral lymphocytes, and were closely associated with
EBV burden in the nasopharynx.'” This oral-to-nasopharyngeal
translocation might be one of the mechanisms by which these
heritable microbes contribute to familial NPC development.

Microbiome-based interventions have advanced rapidly in
recent years. This study identified several heritable microbes
linked to familial aggregation of NPC, paving the way for poten-
tial treatments such as probiotics, prebiotics, or antibiotic thera-
pies to target these key bacteria. Our findings also highlight the
tight network of heritable taxa and their potential role in oral bio-
film colonization. Strategies for disrupting oral biofilms, including
dental scaling and biomaterial-assisted treatments, represent
another promising approach to managing the oral load of these
bacteria. Given the association between oral hygiene and NPC
risk,>® improving oral health education and preventive measures
for relatives in multiple NPC-affected families is crucial.

Previous studies have reported that environmental factors
such as wood smoke exposure and salted fish consumption dur-
ing childhood are associated with an elevated risk of early-onset
NPC in multiple-case NPC families.*® These environmental fac-
tors might also contribute to microbiome dysbiosis.*”**® Howev-
er, a considerable proportion of variability in our study remains
unexplained, likely due to the algorithms focusing only on docu-
mented environmental factors, thereby underestimating the ef-
fects of unknown factors.

Family-based study designs have distinct advantages in dis-
tinguishing plausibly genetic from nongenetic sources of familial
correlation. In this study, we observed strong microbial similarity
within the multiple NPC families, with heritability emerging as the
primary source of NPC familial correlation with the oral micro-
biome. We identified significant associations between the
rs28421666 genotype in the HLA-DQ/DR gene and specific her-
itable taxa in multiple NPC families, such as Megasphaera micro-
nuciformis and Prevotella salivae. Previous genetic studies have
pinpointed the immune-related genes, particularly those within
the HLA region, as susceptible causal genes for NPC.?°*° These
genes also contribute significantly to the familial clustering of
NPC.* The HLA system determines the specificity of T lympho-
cyte and natural killer cell responses to host commensal bacte-
ria, profoundly influencing host-microbiome composition.*?*’
Recent studies have demonstrated that individuals sharing
similar HLA genes tend to have similar microbiota composi-
tions,”” with specific HLA genotypes, such as HLA-DQ2,
shaping early gut microbiota composition and impacting disease
susceptibility.”® Our findings suggest possible interactions be-
tween HLA variants and the inherited oral microbiome, warrant-
ing further investigation into how much these HLA genotypes
contribute to microbiome heritability and their role in NPC
susceptibility.
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Emerging research has also illuminated the host regulation of
the human microbiome through epigenetic alterations and so-
matic mutations.**>** To examine whether the heritability of iden-
tified bacteria is attributable to the predominant methylation and
mutations within tumor tissues, we investigated the genetic and
epigenetic landscapes using 24 Infinium HumanMethylation450
BeadChip datasets*® and 37 whole-genome sequencing data-
sets*® of NPC tissues from both familial and sporadic cases.
Our analysis revealed no significant differences in methylation
or somatic mutation profiles between tissues from familial and
sporadic NPC patients (Figures S6 and S7). These results sug-
gest that neither mutational status nor methylation differences
in tumor tissues are the primary contributors to the high heritabil-
ity of the oral microbiome observed in multiple NPC families.
However, given the limited sample size, these findings should
be considered preliminary, and further research is required.

In summary, our study leveraged a well-established NPC fam-
ily cohort to uncover the inherited susceptibility of the oral micro-
biome and its potential connection to NPC familial aggregation.
The identification of the specific heritable taxa linked to NPC risk
provides valuable insights into the complex interplay between
genetic factors, oral microbiome, and familial cancer develop-
ment. While our findings offer potential avenues for risk stratifica-
tion in families with multiple NPC cases, further research is
needed to clarify the interactions between inherited genetic pro-
files and the microbiomes.

Limitations of the study

There are several limitations in our study. First, the study popu-
lation focused exclusively on families recruited from South
China, one of the areas with high incidence of this disease.
NPC is also prevalent in some other Southeast Asian countries.
Future studies that incorporate diverse geographic locations and
ethnic groups will be crucial in establishing the generalizability of
our findings regarding the microbiome in high-risk families for
NPC. Second, our analysis was limited to a small number of
SNPs within the HLA region. A more comprehensive genomic
approach is necessary to reveal the intricate interactions be-
tween heritable microbiome, HLA, and other non-HLA genes in
families with high risk of NPC. Additionally, this study primarily
examined the relationships between oral microbiome and NPC
familial aggregation, while the landscapes in the nasopharyngeal
region where the cancer originates remain unexplored.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Saliva samples as reported in the experimental Sun Yat-sen university cancer  N/A

model and subject details center

Critical commercial assays

PowerSoil DNA isolation kit Qiagen Catalog No. 12888-100
Deposited data

Raw 16S rRNA sequencing datasets This paper SRA: PRUINA1062097; PRINA721474; PRINA721325
Oral microbiome validation datasets Debelius, J.W et al.™® EBI: PRJEB37445
Infinium HumanMethylation450 BeadChip Jiang, W et al.*® GEO: GSE52068
datasets of NPC tissues

Whole-genome sequencing datasets of NPC tissues  Lin, M et al.*® NGDC: HRA000034
Oligonucleotides

515F Thermo Fisher Scientific N/A
5-GTGCCAGCMGCCGCGGTAA-3'

806R Thermo Fisher Scientific N/A

5'-GGACTACHVGGGTWTCTAAT-3

Software and algorithms

R The R Software Foundation https://www.r-project.org

R studio The R Software Foundation https://www.r-project.org

QIIME2 QIIME2 https://qiime2.org/

SOLAR SOLAR https://hpc.nih.gov/docs/solar-8.1.1/

SparCC SparCC https://github.com/dlegor/SparCC

Cytoscape Cytoscape https://cytoscape.org/

Original code This paper Zenodo: https://doi.org/10.5281/zenodo.14214715

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The family cohort in this study was from the “High-risk Nasopharyngeal Carcinoma Family Screening Program” at the Sun Yat-sen
University Cancer Center (SYSUCC, Guangzhou, China) from 2016 to 2020.*® This program aimed to recruit individuals from fam-
ilies with two or more NPC patients, including both NPC patients and unaffected relatives. A total of 858 individuals from 164 families
were recruited. On average, each family had 2.53 NPC cases and a range of 2-21 family members attending, averaging 5.11 mem-
bers per family. Considering the impact of anti-cancer therapy on the oral microbiome, post-therapy NPC patients were excluded
from this study. The oral microbiome data, pedigree information, and questionnaire-based data of 649 individuals from 127 families
were obtained, including 564 individuals from 107 multiple NPC families, which contained two or more NPC cases who met the first-
or second-degree relatives’ kinship. Among them, 67 families had two NPC patients (N = 315), and 40 families had three and more
NPC patients (N = 252). Besides, 82 individuals from 20 sporadic NPC families, contained only one NPC case or two NPC cases but
with a third or more distant degree of kinship. Analyses were conducted by subgrouping individuals based on the families they belong
to, with varying numbers of NPC patients.

All subjects were interviewed using a structured questionnaire containing 192 items, including demographics, clinical history of
ear-nose-throat (ENT) and oral disease, family history of malignancy, and lifestyle information, including smoking status, alcohol con-
sumption, etc. The questionnaire also included the necessary information to determine the co-household status and draw a pedigree
structure for each enrolled family. Unstimulated whole saliva samples were collected as described previously.'® All participants were
asked not to eat or drink for half an hour before providing samples. Five milliliters of saliva were collected into a sterile 50mL centrifuge
tube and were subsequently stored at —80°C until use.

To identify the NPC-associated oral microbiome features, we included an independent oral microbiome dataset with 150 treat-
ment-naive NPC cases and 153 controls, '® as well as 17 treatment-naive NPC patients and 17 age- and gender-matched unaffected
controls in this family cohort. All case-control individuals were interviewed using a structured questionnaire, including demographics,
clinical history of ear-nose-throat (ENT) and oral disease, family history of malignancy, lifestyle information, etc. These two datasets,
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including 167 treatment-naive NPC cases and 170 controls, followed the same sampling procedures, nucleic acid processing, and
sequencing methods in the same circumstance.

The Institutional Review Board of Sun Yat-sen University Cancer Center approved this study. Informed consent was obtained from
all study participants. The demographic characteristics of all the participants were provided in Table S1 and Table S6.

METHOD DETAILS

DNA extraction and 16S rRNA gene amplicon sequencing

Saliva DNA was extracted using the PowerSoil DNA isolation kit (Qiagen, Duesseldorf, Hilden, Germany) with the bead-beating
method according to the manufacturer’s instructions. All samples were randomized before DNA extraction to prevent batch effects.
We included 31 negative controls comprising 3 sampling controls, 16 extraction controls, and 12 PCR amplification controls. Addi-
tionally, 14 positive controls were included, using the same saliva DNA samples for repeated sequencing in each sequencing library.
16S rRNA amplicon sequencing was performed using our previously established protocols.'® DNA extracted from each sample,
including quality control samples, was used as the template to amplify the V4 region of the 16S rRNA gene. Briefly, the V4 variable
region of the 16S rRNA gene was first amplified using the primer pairs 515F/806R with 12 bp barcodes with 20 cycles. Products of the
primary PCR were confirmed by 1.0% agarose gel electrophoresis, and a 1:100 dilution of primary PCR products was used for index-
ing PCR with Illlumina flow cell adaptors and dual indices (6 bp). The purified amplicons were pooled in equal concentrations for
sequencing using a 2 x 250 bp lllumina MiSeq system.

16S rRNA gene sequencing analysis

Amplicon sequence variants (ASVs) were generated from raw lllumina amplicon sequences using DADA2 pipeline (https://benjjneb.
github.io/dada2/tutorial.ntml), an open-source package in R. Specifically, paired-ended fastq reads were trimmed barcodes and
primers, discarding low quality reads using the function filterAndTrim with parameters of “maxN = 0, maxEE = 2, truncQ = 2, rm.phix =
TRUE”. Reads were performed with filtered data and learned error model using the function dada. Then, the forward and reverse
reads were merged together to obtain the full denoised sequences using the function mergePairs. Chimeras were removed using
the function removeBimeraDenovo with parameter “method = "consensus"”. After above steps, ASVs table was constructed by
function makeSequenceTable. Taxonomies were assigned to the ASVs with QIIME2*” using the expanded Human Oral Microbiome
Database’® (HOMD, Version 15.2) as the reference. Subsequent ASVs and sample preprocessing were conducted in phyloseq
package in R. ASVs present in <1% samples and with total frequency <20 reads were removed. Samples lower than 5000 reads
were discarded. An average of 24575 + 10314 (mean + SD) sequences/sample was achieved after the above filtration. The filtered
ASVs table with the taxonomic assignment was generated and used in the following statistical analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microbial community analyses

The estimate_richness and phyloseqdistance functions from the phyloseq package”® were used in the diversity analysis of 16S rRNA
data. Permutational multivariate analysis of variance (PERMANOVA; adonis function, vegan package in R) of the beta diversity met-
rics was used to test the influence of environmental factors on oral microbiota structure. Principal coordinate analysis (PCoA) was
performed to obtain the first three principal coordinates of these four beta-diversity dissimilarity matrices (unweighted UniFrac,
weighted UniFrac, Jaccard and Bray-Curtis dissimilarity).

Propensity scores were operated to randomly select unrelated pairs for different kinships with a ratio 1:3 using matchit function
with parameter “method = nearest” from Matchlt® package. Differential gene expression analysis based on the negative binomial
distribution (DESeq) function®' of the DESeq2 package in R software was used to identify the differential abundant microbial features
between NPC patients and control, and between sporadic and multiple NPC patients. Core ASVs or genera with prevalence higher
than 10% and average relative abundance higher than 0.0001 were concluded into the analysis. Key confounders including age,
gender and cigarette smoking were adjusted when perform DESeq analysis, other parameters were set as default. Pairwise corre-
lation matrices were calculated from the abundance of oral taxa using SparCC,>? and Cytoscape software (version 3.7.1) was em-
ployed to establish the networks.

Heritability estimation by SOLAR

The Sequential Oligogenic Linkage Analysis Routines (SOLAR, version 8.4.2)°° was applied to heritability estimation based on family
pedigrees. Heritability is a statistic that describes how much of the variation in a given trait can be attributed to genetic variation.
Variation is teased apart to additive genetic effects (heritability, h%), the shared/common environment (c®), and non-shared/unique
environmental factors (e?). h®/c?/e? estimates range from zero to one, and their values indicate the proportion of the variability in
the trait is due to genetic/cohabitant/environmental differences among people in a population. In this study, pedigree data, cohab-
itant status, and environmental factors were all included to construct the SOLAR model. Cohabitatation effects were estimated using
household information from questionnaires, which recorded the co-housing of individuals within the families. Each participant was
assigned a household identifier to indicate their cohabitation status with other family members. Variables such as age, gender, BMI,
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dialect, residence (childhood or adult), disease status, lifestyle factors - including smoking, alcohol consumption, tea and herbal tea
drinking — were included; dietary factors such as vegetables, fruit, soup, and salted fish consumption were also considered. These
variables, detailed in Table S1, were included as non-shared environmental factors during the analysis. The SOLAR analysis was per-
formed on the quantitative traits including the alpha-diversity index, and the first three PCos of four beta-diversity dissimilarity
matrices, and the relative abundance of core ASVs in the family cohort. SOLAR analysis was also performed on the specific ASVs
separately in the multiple and sporadic family subgroups. p-values were adjusted by the false discovery rate (FDR) method.

We analyzed twenty-four Infinium HumanMethylation450 BeadChip datasets of NPC tissues from published data,® including two
familial NPC patients. Heatmaps were generated using 10,000 randomly selected CpG sites from the available 485,577, along with
2,173 significant methylation CpG sites identified in a previous tumor vs. normal comparison.”® Thirty-seven whole-genome
sequencing datasets of NPC tissues,*® four of which were from familial NPC patients, were analyzed. Heatmaps were created based
on reported somatic mutations in NPC tissues.*® All heatmaps were generated using the pheatmap package in R software, clustering
with “complete linkage clustering” method.

Analysis of published oral microbiome validation datasets

The NPC-association validation analysis was performed using the published datasets comprising oral microbiome profiles via 16S
rRNA sequencing from 499 nasopharyngeal carcinoma patients and 496 healthy controls.'® The bicinformatics analysis of 16S rRNA
gene sequencing data followed the same methodology as described above. Since the validation dataset targeted the amplification of
the V3 and V4 regions, the abundance of ASVs corresponding to the V4 region in this study was calculated by summing the abun-
dances of ASVs with sequences that perfectly matched the V4 sequencing region.

Association analysis of HLA with microbiome

Genotypes for rs2860580 (HLA-A), rs2894207 (HLA-B/C), and rs28421666 (HLA-DQ/DR) were determined using MassARRAY tech-
nology. Based on genotype classification, individuals were categorized into three groups: homozygous wild-type, heterozygous, and
homozygous mutant. Beta diversity analysis of the microbiome was then conducted across these groups. The protective allele was
assigned as the reference value of 0, while heterozygotes and homozygotes mutants were assigned values of 1 and 2, respectively.
Spearman correlation analyses were performed to assess the relationship between these genotype variations and the relative abun-
dance of specific bacterial taxa.
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