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ABSTRACT
Background: The incidence of early-onset colorectal 
cancer (EOCRC; under 50 years of age) is rising globally. 
Changing environmental exposures and their influence 
on the colonic microbiome is thought to be a key factor 
in this increasing incidence. While differences in the 
gut microbiome have been reported between EOCRC 
and late-onset CRC (LOCRC) patients, little is known 
about differences in the tumour-resident microbiome. 
This study aims to characterise the differences in the 
tumour microbiomes between EOCRC patients and 
older CRC patients.

Methods: RNA sequencing was carried out on pre-
treatment tumour samples from a cohort of EOCRC 
patients. Meta-transcriptomic data was compared 
to samples from a control group of LOCRC patients 
aged over 65 years. We compared the microbial alpha 
and beta diversity as well as differential abundance of 
microbial taxa between EOCRC patients and the older 
controls.

Results: There were 19 samples in the EOCRC group, 
compared to 196 LOCRC samples. Tumours from 
EOCRC patients had decreased observed species 
richness (p=0.009), but no significant difference seen 
in Shannon alpha diversity (evenness and richness) 
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(p=0.16) or beta diversity, compared to LOCRC tumours. 
We identified two microbial phyla, 14 genera, and 18 
species that were significantly enriched in EOCRC 
tumours compared to LOCRC tumours (p=<0.05).

Conclusion: The tumour-resident microbiome of 
EOCRC is distinct from that seen in older patients. 
Changing environmental exposures and the impact 
that these have on patients’ microbiomes may play a 
role in driving the increased incidence of EOCRC.

Introduction
The incidence of early-onset colorectal cancer 
(EOCRC) has been rising in many countries, 
globally, including Germany, the United Kingdom, 
Denmark and Aotearoa New Zealand.¹,² The 
greatest increases in incidence have been seen in 
distal colonic and rectal cancers.³ Some studies 
have estimated that if current trends continue, 
nearly one in four rectal cancers will be diagnosed 
under the age of 50 years, by 2030.⁴

There are distinct clinical characteristics between 
EOCRC and late-onset colorectal cancer (LOCRC). 
EOCRC patients are more likely to present with 
later-stage disease (stage 3 or 4),⁵ and have 
higher rates of mucinous or signet ring histology 
and poorly differentiated cancers.⁶ Research has 
also shown that EOCRC responds differently to 
treatment compared with LOCRC patients, and 
therefore may have a distinct underlying biological 
behaviour.⁷

The recent epidemiological trend of increasing 
EOCRC incidence is occurring independently 
of trends in older adults; in many countries, the 
increasing EOCRC incidence is occurring in a 
background of declining overall CRC incidence, 
implying that changing environmental exposures, 
unique to younger generations, may be causative.³,⁸ 
The changing environmental ‘exposome’⁹ and 
early-life exposures can impact the colonic 
microbiome leading to microbial dysbiosis and a 
carcinogenic environment.¹⁰ An example of this is 
how an increasingly ‘Western’ diet, including more 
fatty, meaty, processed and sugary food, impacts 
the gut microbiome by causing a shift in dominant 
microbiota and their metabolic activity, resulting in 
increased sulphur metabolism, which is associated 
with the development of EOCRC.¹¹ Likewise, other 
factors, including increasingly sedentary lifestyles, 
alcohol intake, obesity, caesarean section rates 
and increased antibiotic usage, can adversely 
impact the intestinal microbiome, which acts as 
the interface between environmental stressors 
and human homeostasis; thus, shifts in the gut 
microbiome may drive increasing incidence 
of EOCRC and may also influence the tumour-
resident microbiome in CRC and activation of 
associated molecular pathways in the tumour 

microenvironment.¹⁰ 

Several bacterial genera are associated with 
the development of CRC, including Bacteroides, 
Peptostreptococcus, Streptococcus, Prevotella, 
and Escherichia.¹²,¹³,¹⁴ Conversely, other taxa, 
such as Lactobacillus¹⁵ and Bifidobacterium¹⁶ 
track with reduced CRC risk. Previous studies 
have demonstrated differences in both the faecal¹⁷ 
and tumour¹⁸ microbiomes between EOCRC and 
older CRC patients. However, the mechanisms by 
which the microbiome and how specific bacteria 
may play a part in the rising incidence of EOCRC is 
poorly understood. Thus, there remain significant 
gaps in our knowledge about their role in driving 
EOCRC.

This study aims to describe differences in the 
microbial transcriptome between tumour samples 
from a cohort of EOCRC and LOCRC. We will 
also discuss our current understanding of how 
the microbiome may contribute to colorectal 
carcinogenesis, and how this may be relevant to 
the development of EOCRC.

Methods
Patients and Samples

Two cohorts were used in this study. The first 
cohort¹⁹ consisted of 260 surgical resections 
of colorectal tumours from patients at 
Christchurch Hospital, Aotearoa New Zealand. 
Samples were taken during surgery, frozen 
in liquid nitrogen, and stored at -80°C prior 
to RNA extraction. Exclusion criteria for this 
cohort included chemotherapy/radiotherapy 
prior to the study, diagnosis of Hereditary 
Non-Polyposis Colorectal Cancer (HNPCC) 
or Familial Adenomatous Polyposis (FAP). All 
participants in this cohort provided written, and 
informed consent. The study was approved by 
the University of Otago Human Ethics Committee 
(approval number: H16/037).

The second cohort²⁰ consisted of tumour 
biopsies from 40 rectal cancer patients treated 
at Christchurch Hospital, Aotearoa New Zealand 
and the Peter MacCallum Cancer Centre, 
Melbourne, Australia. Tumour biopsies were 
taken at colonoscopy and immediately frozen 
in liquid nitrogen, and stored at -80°C prior 
to RNA extraction. Exclusion criteria included 
previous chemotherapy or radiation therapy. All 
participants provided written, informed consent. 
Ethical approval for this cohort was given by the 
Health and Disability Ethics Committee, New 
Zealand (approval number: 18/STH/40/AM01), 
and the Human Research Ethics Committees of 
Australia (approval number: HREC 14/85).
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We performed analyses comparing the differences 
between two different age groups. The first group 
consisting of all those aged 50 years or younger, 
termed early onset (EO), with a control group 
consisted of all those aged over 65 years, termed 
late onset (LO). We excluded those patients aged 
between 50-65 years in order to better delineate 
differences between early- and late-onset CRC 
cohorts. 

RNA extraction, Sequencing and Processing

We extracted RNA as detailed previously.²¹  Briefly, 
we used the RNEasy Plus Mini Kit (Qiagen) to 
extract RNA from 15-20 mg of sample. The tissues 
were first disrupted using a Retsch Mixer Mill, 
and a DNAse treatment step was included in the 
procedure. Purified RNA was quantified using a 
NanoDrop 2000c spectrophotometer (Thermo 
Scientific, Asheville, NC, USA) and subsequently 
stored in −80 °C.

RNA Sequencing, library preparation, and host gene 
and microbiome taxa profiling were performed as 
detailed in previous studies.²²,²³ Briefly, we used 
MetaFunc²⁴ for read processing; we mapped 
reads that have undergone quality control to the 
human genome, and unmapped reads were run 
through Kaiju²⁵ to identify microbial taxonomies. 

Microbial Analyses

Diversity

We rarefied the sample set to 90% of the smallest 
sample size in the dataset, and obtained alpha 
diversity measures per sample using Phyloseq’s²⁶ 
estimate_richness function for Observed 
(richness) and Shannon (richness and evenness) 
measures, and compared differences in the alpha 
diversity measures between EOCRC and LOCRC 
groups using the Wilcoxon test built into ggplot2’s 
built-in stat_compare_means() function.

We visualized microbiome community differences 
between groups using Phyloseq’s ordinate function 
on a center-log-ratio-transformed dataset, 
using RDA (redundancy analysis) as method and 
euclidean distance.

Microbial Taxa and Differential Abundance 
Analyses

We compared phyla, genus, and species levels of 
microbial taxonomies between our two groups. For 
phylum level analysis, agglomerated identification 
to the phylum level, obtained percent abundance 
for each phyla, and compared relevant taxonomies 
using Wilcoxon tests. We used DESeq2²⁷ with 
zero-inflation modelling using zinb-wave²⁸ to 
compare microbial abundances at the genus 
and species levels between EOCRC and LOCRC 
groups, accounting for sequencing batch, sex, 
and location covariates. We considered a microbe 
differentially abundant if the adjusted p-value is 
<0.05. 

Results
The meta-transcriptomes of CRC tumour tissue 
from a total of 300 patients were analysed. The 
cohort comprised of 19 patients aged 50 years 
or younger (which was termed early-onset), and 
196 aged over 65 years (termed late-onset), which 
was used as a control group. Eighty-five patients 
between the ages of 50 and 65 years were 
excluded from our analyses (Table 1)

The proportion of sexes between the two groups 
was comparable, with the early-onset group being 
53% female, vs 55% in the late-onset group. 
There was a higher proportion of rectal cancers 
in the early-onset group (47%) compared to the 
late-onset group (26%), however due to our small 
sample size this result did not reach significance 
(p=0.06) (Table 1).

Table 1: Cohort demographics
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Microbial Diversity

Alpha diversity refers to community diversity in a 
sample, defined by how many different taxonomies 
are in a sample and how different the abundances 
of each taxonomy are between conditions. In this 
study we measure both observed alpha diversity 
(species richness) and Shannon alpha diversity 
(species richness and eveness). There was a 
significant difference in observed alpha diversity 

seen, with decreased observed species richness 
in EOCRC compared to LOCRC (p=0.0087) (Figure 
1A). However, there was no significant difference 
seen in Shannon alpha diversity (evenness and 
richness) (p=0.16) (Figure 1B). Beta diversity 
describes how different microbial communities 
are between two groups. We did not observe any 
significant separation between the two groups 
(Figure 1C).

Figure 1. Diversity analysis between early-onset and late-onset cohorts. 1A shows Observed alpha 
diversity (p=0.0087), 1B shows Shannon alpha diversity (p=0.16) and 1C depicts beta diversity.  EO, 
early-onset; LO, late-onset; P-value <0.05 = significant.

Phylum-level analysis

We then compared the abundance of the top 
phyla between the two cohorts. Any phyla 
with a median relative abundance <1% was 
excluded. Of the top five phyla, there were two 
that were significantly different between the 

two groups, with significantly lower abundance 
of both Chlamydiae (p-value = 0.018) and 
Actinobacteria (p-value = 0.036) in the 
early-onset cohort. There was no significant 
difference in abundance of Proteobacteria, 
Bacteriodetes or Firmicutes (p-value > 0.05) 
(Figure 2).

Figure 2. Differences in abundance of top phyla 
between early-onset and late-onset cohorts. EO, 
early-onset; LO, late-onset; P-value <0.05 = significant.
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The Firmicutes/Bacteroidetes ratio, a commonly 
used measure of adverse microbiome changes, 
was measured in the two groups and were found 
to be comparable, with the ratio being 10.04 in 
the early-onset and 8.06 in the late-onset group 
(p-value = 0.52).

Microbial Genus-level Analysis

Fourteen microbial genera were found to be 
significantly more abundant in the EOCRC 

samples, including Anabaena and Schaalia. 
Four genera were more abundant in the LOCRC 
cohort (Figure 3).

We also looked specifially at the abundance 
of selected bacterial genera previously 
associated with CRC, including Fusobacterium, 
Bacteroides, Porphyromonas, Prevotella, 
Peptostreptococcus and Parvimonas, and found 
no significant difference in abundance in these 
between the two patient cohorts.

Figure 4. Microbial genera found to be differentially enriched 
in early-onset and late-onset tumours. Heat map showing the 
microbial genera that were differentially enriched between early-
onset and late-onset (p.adjust <0.05, and log2FoldChange >0 for 
early-onset, and <0 for late-onset).  

Microbial Species

Eighteen bacterial species were found to be 
significantly enriched in tumours from the early-
onset cohort, compared to late-onset patients. 
These included two species of Bacteroides and 
one species of Klebsiella. Two bacterial species, 
Campylobacter ureolyticus and Helicobacter 
canadensis were enriched in tumours from 
the late-onset group, compared to early-onset 
patients (Figure 4).

We further anaysed differences in abun-
dance of several microbial species, also 
known to be associated with the develope-
ment of CRC, including Fusobacterium nu-
cleatum, Bacteroides fragilis, Bacteroides 
thetaiotaomicron, Porphyromonas assacha-
rolytica, Parvimonas micra, and Prevotel-
la intermedia between the two cohorts and 
found no statistically significant difference 
between the two groups in the abundance of 
these species. 
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Discussion
In this study, we have investigated the differences 
in tumour microbial diversity, and abundance 
of bacterial phyla, genera and species between 
early-onset and late-onset colorectal tumours. 
While differences in the microbiome have 
been implicated in the development of CRC in 
general for some years, there is little information 
available regarding specific patterns in the tumour 
microbiome that may be driving the development of 
early-onset colorectal cancer, and how differences 
in the tumour microbiome between the two groups 
could help to explain the differences in clinical and 
molecular characteristics between the two groups. 
Our results suggest that patients with EOCRC have 
unique tumour-resident microbiomes compared 
to patients with LOCRC, with altered diversity and 
different patterns of enriched microbial phyla, 
genera, and species.

There is evidence that changes in the microbial 
environment may contribute to the different 
molecular and clinical characteristics of EOCRC, 
compared to late-onset disease. Research by 
Flynn et al,²⁹ found that the microbiome of the 
mucosa and the lumen of the healthy colon is 

different in the proximal colon compared to the 
distal colon and rectum, suggesting a potential link 
between these differences in the gut microbiome 
and the patterns of tumour location seen. Likewise, 
specific tumour-resident bacterial profiles have 
been linked to different CRC consensus molecular 
subtypes (CMS) of CRC, for example, enrichment 
of Bacteroidetes has been associated with CMS 1 
tumours, while enrichment of Prevotella has been 
associated with CMS 2 subtypes.²¹ Analyses 
of sporadic CRC has shown that EOCRC is very 
unlikely to have microsatellite instability, BRAF 
mutations, or be a result of hypermethylation 
(CIMP+), all features of right-sided tumours,³⁰,³¹ 
and characteristic of CMS1 subtype³².Therefore, 
changes in the tumour microbiome could contribute 
to the different patterns of clinical and molecular 
characteristics, including CMS subtypes, seen in 
EOCRC compared to LOCRC. Or alternatively the 
CMS status may favour microbial populations over 
another. While the EOCRC tumours in this study 
were predominantly CMS2/3, no associations were 
seen between these CRC-associated microbes 
and CMS type, with the numbers of patients in 
each CMS group being too small to integrate this 
data.  

We found that EOCRC samples tended to have 

Figure 5. Microbial species found to be enriched in the early- and 
late-onset tumours. Heat map showing the microbial species that were 
differentially enriched between early-onset and late-onset (p.adjust <0.05, and 
log2FoldChange >0 for early-onset, and <0 for late-onset). 
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reduced microbial alpha diversity, with significantly 
lower species richness, when compared to 
tumours from the older patient group. This is 
consistent with research published by Xu et al, 
which also found decreased alpha diversity in 
the microbiome in early-onset tumour samples in 
their cohort.³³ Reduced alpha diversity has been 
associated with several other disease states, 
including inflammatory bowel disease,³⁴ irritable 
bowel syndrome,³⁵ obesity,³⁶ and even anxiety 
and stress.³⁷ There are many factors that may 
contribute to the reduction of alpha diversity in the 
gut microbiome, including low-fibre diets, western 
or more industrialised lifestyles, caesarean section 
rates, and antibiotic usage.³⁸,³⁹,⁴⁰ Many of these 
factors have increased in prevalence in recent 
decades, and therefore may be contributing 
to rising EOCRC incidence, however, whether 
a link between reduced alpha diversity in the 
gut corresponds to reduced alpha diversity in 
colorectal tumours remains to be investigated.

The trends of increasing incidence of EOCRC 
are occurring independently of CRC trends 
in older patients, and may be driven by 
changing environmental exposures that are 
disproportionately impacting younger patients. 
One possible candidate, sugary drink intake, 
has been increasing in younger people since 
the 1980’s,⁴¹ and has been shown to impact the 
microbiome,⁴² and has been shown to be an 
independent risk factor for EOCRC.⁴³ This is 
also the case for obesity,⁴⁴ antibiotic usage,⁴⁵,⁴⁶ 
Western-style diet,⁴⁷ and even exposure to 
microplastics.⁴⁸ The impact of environmental 
exposures on any individual’s microbiome will 
be different as people age. Microbial diversity 
is found to increase dramatically in early years, 
from infancy to adolescence, becoming more 
stable during adult life.⁴⁹ Consequently, the 
impact of various environmental exposures on 
the gut microbiome is less pronounced, with older 
people displaying more established and resilient 
microbiological communities when compared with 
younger people.⁵⁰ This may mean that changing 
environmental exposures disproportionately 
impact young people and provide a potential 
explanation for increasing EOCRC incidence, 
without corresponding increases in older adults.²

Our study also identified several bacterial phyla, 
genera and species that were more enriched in 
tumours from our younger cohort compared to 
the older patients, further supporting the theory 
that there are distinct tumour microbiomes in 
EOCRC when compared to LOCRC, but the exact 
mechanisms through which these differences 
may be driving carcinogenesis remain unclear. 
Interestingly, we did not find any significant 
differences in abundance of species already known 
to be associated with CRC development, such as, 

Bacteroides fragilis, Bacteroides thetaiotaomicron, 
Porphyromonas assacharolytica, Parvimonas 
micra and Prevotella intermedia, with the exception 
of Fusobacterium nucleatum.

By investigating the characteristics of those 
bacteria that were enriched, and linking them to 
molecular pathways that drive oncogenesis, there 
may be some clues as to how certain bacteria are 
driving EOCRC development. One genus found to 
be enriched in our EOCRC cohort was Anabaena. 
This is a genus of cyanobacteria, known for its 
capacity to produce toxins, namely anatoxin 
and microcystin.⁵¹ Microcystin is a hepatotoxic 
compound, classed as a carcinogen, and shown 
to induce expression of MYC,⁵² an oncogene 
found to be over-expressed in 70-80% of CRC.⁵³ 
This may be particularly relevant to EOCRC given 
that MYC promotes tumour formation by inducing 
chromosomal instability, which is the most common 
oncogenic pathway in EOCRC.³⁰,³¹ Microcystin has 
also been shown to activate the PI3K/Akt/Wnt/ß-
catenin pathway, another chromosomal instability 
pathway commonly associated with EOCRC.⁵⁴ 
Microcystin can be a contaminant in drinking 
water and studies have suggested an association 
between microcystin in drinking water and rates of 
CRC.⁵⁵ Interestingly, microcystin has been shown 
to be the most abundant class of cyanotoxin found 
in Aotearoa New Zealand water bodies,⁵⁶ and with 
blooms of cyanobacteria dependant on warmer 
temperatures⁵⁷, their concentrations in drinking 
water may be increasing as a result of global 
warming, highlighting an important area for further 
research. Another genus enriched in our EOCRC 
tumour microbiomes was Schaalia, which was 
found by Xu et al³³ to be a key microbe in their 
EOCRC tumour microbiome cohort. There is some 
evidence that changes in the enteric environment 
and immune activation caused by Schaalia 
metabolism may aggravate the injuries caused by 
inflammation,⁵⁸ although further research into the 
exact mechanism of this association is required.

Another species of interest is Klebsiella variicola, 
found to be significantly enriched in our EOCRC 
cohort. Klebsiella variicola is found, through 
a combination of mechanisms, to disrupt the 
integrity of the intestinal mucus layer and lead 
to inflammation of the colon, and, therefore, 
potentially increasing CRC risk.⁵⁹ Prevalence 
of this bacteria may be increasing as Klebsiella 
varciicola can colonise the gut via the ‘mouth-gut 
axis’ in patients with oral periodontitis, a condition 
with increasing prevalence, internationally, partly 
due to the increasing sugar content of food;⁶⁰,⁶¹ as 
mentioned above, consumption of sugary drinks 
has been increasing in recent decades and has been 
linked to risk of EOCRC.⁴¹,⁴³ While the microbial 
associations detailed above give indications of 
potential exposome-related impacts on colorectal 
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carcinogenesis, this study was retrospective and 
included a relatively small number of early-onset 
cases. Future studies should include larger cohorts 
with robust control groups and mechanistic studies 
to determine whether these findings are causative. 

Finally and importantly, there are compelling data 
that show the status of the microbiome impacts 
the effectiveness of immunotherapy⁶²,⁶³ and that 
certain bacteria can metabolise cytotoxic drugs⁶⁴ 
such as those employed in the management and 
care of patients with CRC. In view of the differences 
in microbiome in tumours from patients with early 
and late onset CRC, evaluating patient outcomes in 
response to treatment modalities based upon each 
of these cohorts in respect to the tumour-resident 
microbiome is warranted and should be included 
in future larger studies.

There are several limitations of this study, the most 
notable of which is the small number of patients 
in our EOCRC cohort (n = 19). This limits statistical 
power and makes it difficult to draw strong 
conclusions about the role of different species in 
driving CRC formation. There are also limitations 
inherent to sampling the tumour microbiome. The 
composition of the microbiome in the tumour may 
be different from the bacteria present in normal 
mucosa, in the stool, or sampled via rectal swab.⁶⁵ 
Likewise, we cannot establish whether these 
microbes are colonising due to the environment of 
the tumour, or if they have some causative role in 
tumour development. While the microbiome tends 
to remain stable throughout adulthood, it has been 
noted to change with advancing age. Future studies 
should include healthy age-matched controls to 
account for compositional changes due to aging. 

There may also be temporal relationships between 
certain bacteria and different stages in colorectal 
cancer carcinogenesis, with the bacteria that 
drive early cancer development no longer being 
enriched in an established tumour. Examples 
of this include ‘passenger’ bacteria proposed 
in the ‘driver-passenger’ model. This is where 
carcinogenesis is triggered by colonisation of 
certain ‘driver’ bacteria that cause changes in 
the environment within the bowel allowing for 
colonisation by opportunistic ‘passenger’ bacteria, 
which can either promote or stall the development 
of CRC, and can potentially outcompete the original 
driver bacteria.⁶⁶ Likewise, in the ‘keystone’ 
hypothesis, the presence of a specific bacteria, 
in low numbers may lead to certain key changes 
in the bowel that drive microbial dysbiosis, 
inflammation and subsequent carcinogenesis.⁶⁷ 
Finally, the ‘hit and run’ hypothesis describes a 
situation where temporary colonisation by certain 
bacteria may be sufficient to trigger a carcinogenic 
chain of events, due to the action of specific toxins 
(e.g. CagA from Helicobacter pylori initiating 

the development of gastric adenocarcinoma), 
implying that the presence of these bacteria may 
initiate carcinogenesis but not be required for the 
subsequent tumour development, and may be 
absent or sparse in the cancer itself.⁶⁸

This study adds to the growing body of evidence 
that EOCRC is a distinct disease from LOCRC. 
Changing environmental exposures and the impact 
that these have on patients’ microbiomes may be 
involved in the increased incidence of EOCRC.
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