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Abstract

Background: Mitochondrial dysfunction has been implicated
in Colorectal Cancer (CRC) development. However, evidence for a
causal relationship between mitochondrial proteins and CRC risk
is lacking. This study aimed to explore the causal associations be-
tween mitochondrial proteins and CRC risk using a two-sample
Mendelian Randomization (MR) approach.

Methods: Summary statistics data on CRC were obtained from
the FinnGen consortium (n=6,509 cases, 287,137 controls). Data
on genetic variants associated with 66 mitochondrial proteins
were extracted from the Human Plasma Proteome Atlas (n=3,301
healthy individuals). The inverse-variance weighted method was
applied as the primary analysis, with sensitivity analyses using MR-
Egger regression, weighted median estimation, and MR-PRESSO to
assess pleiotropy and outliers.

Results: Three mitochondrial proteins displayed significant
causal associations with CRC risk. Increased cytochrome c oxidase
subunit 8A levels were associated with increased CRC risk (OR 1.05,
95% Cl 1.00-1.11, P=0.037). Decreased mitochondrial import inner
membrane translocase subunit TIM14 (OR 0.86, 95% Cl 0.77-0.96,
P=0.010) and decreased oligoribonuclease levels (OR 0.90, 95% ClI
0.83-0.98, P=0.022) were associated with reduced CRC risk. Sen-
sitivity analyses indicated these results were robust to pleiotropy.
The reverse MR analysis found no evidence for reverse causation.

Conclusion: Our MR study provides evidence that altered levels
of specific mitochondrial proteins may causally influence CRC risk.
Further research is warranted to elucidate the mechanisms under-
lying these associations. Our findings highlight potential targets for
CRC prevention and treatment.
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Introduction

Colorectal Cancer (CRC) is the third most common cancer
worldwide and is a major global health burden, as of January
2023, the cumulative number of confirmed cases is estimated
to have exceeded 661 million, with a corresponding total death
toll surpassing 6.7 million [1,2]. Extensive investigation into the
pathogenesis of colorectal cancer has revealed a strong cor-
relation between its occurrence and lifestyle factors, such as
smoking and excessive alcohol consumption, which heighten its
vulnerability [3]. Furthermore, despite the incomplete compre-
hension of the precise involvement of mitochondria in cancer
development, multiple lines of evidence have implicated mito-
chondrial dysfunction in its development [4-6].

In the intricate landscape of cellular physiology, mitochon-
dria emerge not merely as power-generating entities but as piv-
otal regulators of various fundamental processes. Mitochondria
play diverse roles in the regulation of energy metabolism, sig-
naling, apoptosis, and other essential cellular processes [7,8].
However, mitochondrial aberrations can upset this delicate
equilibrium, opening a Pandora’s box of cellular malfunctions
that potentially pave the way for tumorigenesis [9-11].

The intricate pathways and protein dynamics governing mi-
tochondrial functions provide a vivid illustration of cellular com-
plexity. It’s no surprise that aberrations in these processes can
lead to pathological conditions, including CRC. For example, Cy-
tochrome C Oxidase Subunit 8A (COX8A), an essential cog in the
mitochondrial machinery, serves as the core subunit of complex
IV in the electron transport chain [12]. This complex, responsi-
ble for the catalytic reduction of oxygen to water, is vital for the
proton gradient required for ATP synthesis. Therefore, COX8A
is intrinsically tied to the cell’s ATP production capacity [12].
When COX8A or its associated components are dysfunctional,
cells may experience energy deprivation, compelling them to
undergo metabolic reprogramming [13]. Such metabolic adap-
tations in cancer cells can promote the Warburg effect, where
cells preferentially rely on glycolysis for energy, even under nor-
moxic conditions. This switch provides cancer cells with both
the rapid ATP generation and the metabolic intermediates nec-
essary for biomass synthesis. Furthermore, the mitochondrial
protein import machinery is integral to maintaining the organ-
elle’s functional integrity. TIM14, part of the inner membrane
translocase system, plays a crucial role in chaperoning cytosolic
proteins into the mitochondrial matrix [14]. This translocation
process is essential since many mitochondrial proteins are en-
coded by nuclear genes, synthesized in the cytosol, and sub-
sequently imported into mitochondria. Disruptions in TIM14
or associated components can impede this process, leading to
mitochondrial dysfunction due to the absence of vital proteins.
Such impairments can result in an energy deficit, oxidative
stress, and compromised apoptotic pathways, all of which can
create a conducive environment for tumorigenesis [14].

Although these observational findings suggest that altered
mitochondrial proteins contribute to CRC, evidence of a caus-
al relationship is lacking. Establishing causality is critical, as
it would better validate mitochondrial proteins as potential
drug targets or biomarkers. Mendelian Randomization (MR) is
a method that utilizes genetic variants associated with an ex-
posure of interest as proxies to infer causality in an unbiased

manner [15,16]. We performed a two-sample MR study to in-
vestigate the causal association between mitochondrial protein
levels and CRC risk.

Materials and methods
Design of the study

The study design is illustrated in Figure 1. This MR approach
was implemented to minimize the potential impact of bias on
the results. In this study, the MR had to adhere to three critical
assumptions: (1) the Instrumental Variables (I1Vs) must demon-
strate a significant association with proteins linked to mitochon-
dria [17], (2) the IVs should be independent of other potential
confounding factors that influence proteins associated with
both mitochondria and CRC [17], and (3) the IVs should be inde-
pendent of the outcome [18].

Sources of data

Table 1 summarizes the outcomes and exposures employed.
Subsequently, Genome-Wide Association Study (GWAS) sum-
mary data for CRC were obtained from the FinnGen Consortium
(https://www.r9.finngen.fi/, accessed on 15 August 2023). All
participants were of European ancestry and provided informed
consent for the FinnGen research project, which combines ge-
netic disease endpoint data from the Finnish Biobank and Finn-
ish Health Registry [19]. A total of 6,509 CRC cases were identi-
fied, along with 287,137 control subjects, with the inclusion of
20,167,784 Single Nucleotide Polymorphisms (SNPs). CRC was
defined using the C3 code of the International Classification of
Diseases-Tenth Revision (ICD-10). For comprehensive details
on the participants’ information, genotyping, imputation, and
quality control procedures, please refer to the FinnGen web-
site (https://finngen.gitbook.io/documentation/). The analysis
of SNPs associated with proteins related to mitochondria was
conducted using summary statistics obtained from the publicly
accessible Human Plasma Proteome Atlas. This atlas comprises
data on 3,622 plasma proteins derived from 3,301 healthy par-
ticipants who underwent genetic assessment in the INTERVAL
study [20]. These data establish a connection between genetic
factors and protein-based phenotypes, thereby offering poten-
tial targets for specific diseases. Following natural log trans-
formation and adjustment for age, sex, and duration between
blood draw and linear regression processing, protein concen-
trations were determined [20]. As our study utilized previously
published research and publicly available databases, there was
no requirement for additional ethical approval or informed con-
sent.

Instrumental variable selection

IVs from the study were subject to the following quality con-
trol measures: (1) To obtain a more comprehensive result, a
P-value threshold of less than 5.0x107° was selected to avoid
too few SNPs [21]. (2) Linkage Disequilibrium (LD) represents a
scenario where the inherited frequency of two genes at distinct
seats within a population significantly exceeds the inherited
frequency expected at random [22]. To mitigate LD, we set the
imbalance threshold to R><0.001 and the maximum distance to
10,000 kb. (3) The exclusion criteria encompassed palindromic
SNPs, which means that if the alleles are A and T or C and G,
then the same alleles will appear on the plus and minus chains.
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In the reverse MR analysis, several quality control measures
were implemented to identify eligible Vs that fulfilled the three
above-mentioned MR assumptions (Supplemental Table S1)
[21]. Notably, a similar threshold of P<5x107° was employed for
IV selection (Supplemental Table S2).

Data analysis

First, the Inverse Variance Weighted (IVW) approach was
used as the primary approach to evaluate the relationships be-
tween proteins associated with mitochondria and CRC. After ex-
tracting the association estimates linking the instruments and
outcomes, as well as harmonizing the directional orientation of
these estimates as effect alleles, we applied the Wald estima-
tor in our computation of MR estimates for each instrument,
which allowed us to derive causal effect estimates [23,24]. The
findings of the IVW method can be considered reliable if every
SNP fulfills the MR assumptions without horizontal pleiotropy
[25]. Further sensitivity analyses were employed to substan-
tiate the robustness of the results, including the weighted-
median method, MR-Egger regression, MR-PRESSO test, and
leave-one-out analyses. Weighted median estimators generate
reliable causal effects if less than half of the contributing infor-
mation is sourced from invalid 1Vs [26]. In MR-Egger regression,
an intercept term P-value <0.05 is deemed statistically signifi-
cant and serves as an indicator of directional pleiotropy [27].
The MR-PRESSO test was used to assess pleiotropic biases and
remove outliers to correct for pleiotropic effects [28]. Finally,
we performed reverse MR analysis to explore the reverse causal
relationship between CRC and the proteins associated with 66
mitochondria.

F-statistics were employed to evaluate the strength of the
IVs, which examined whether the effect estimates of the causal
associations were affected by weak instrument bias [29]. The
F-statistic was used to measure the strength of the IVs. We se-
lected SNPs with an F-statistic >10 as IVs to satisfy a strong as-
sociation with exposure [30]. When the number of SNPs was
less than four, the analysis was restricted to the IVW method.
Unless stated otherwise, all statistical analyses were performed
using R software (version 4.1.1), with the study utilizing the
‘Two Sample MR’ and ‘MRPRESSO’ R packages. Odds Ratios
(ORs) and 95% Confidence Intervals (Cls) were calculated to
evaluate the association between mitochondria-associated pro-
teins and CRC.

Results

We explored the association between 66 traits of mitochon-
dria-associated proteins and CRC. The F-statistic of the selected
IVs was >10, suggesting that there was no weakness in IVs in
the above association. Among the 66 traits, three mitochon-
drial proteins may have increased the risk of CRC in the IVW
method (Figure 2). More details are shown in Figure 3, where
there was a positive association between cytochrome c oxi-
dase subunit 8A, mitochondrial levels (COX8A.10497.242.3),
and CRC risk (OR, 1.05; 95% Cl, 1.00-1.11; P=0.037) in the IVW
approach. However, in other methods, such as the weighted
median and MR PRESSO, this causal association was consistent
with the critical statistical P-value (Figure 3). Moreover, the
IVW method showed that other two traits may decrease the
risk of CRC: mitochondrial import inner membrane translocase
subunit TIM14 levels (DNAJC19.4545.53.3) (OR, 0.86; 95% ClI,
0.77-0.96; P=0.010), and mitochondrial oligoribonuclease levels
(REX02.13590.1.3) (OR, 0.90; 95% Cl, 0.83-0.98; P=0.022). Simi-
lar associations were observed using the MR-PRESSO approach

(Figure 3). In addition, the intercepts of the MR-Egger results
suggested that these causalities were not influenced by poten-
tial pleiotropy (all P-values >0.05), and MR PRESSO did not find
outlier SNPs among the selected IVs for these traits. Additional
information on the association of mitochondrial proteins with
CRC is presented in Supplementary Table 3 and Supplementary
Table 4. In the reverse MR analysis, we did not find any specific
mitochondrial proteins associated with CRC, suggesting that
reverse causation is unlikely to be the cause (Supplementary
Table 5).
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( Table 1: Details of the genome-wide association studies and datasets used in our analyses.

\\
\
J

N _
Exposure or outcome Sample size Ancestry Link PMID
Genomic atlas of the human . ) -
3,301 participants | European https://www.ebi.ac.uk/gwas/publications/29875488 29875488
plasma proteome
6,509 cases and https://storage.googleapis.com/finngen-public-data-r9/summary_
Colorectal cancer European ] /
287,137 controls stats/finngen_R9_C3_COLORECTAL_EXALLC.gz

Discussion

In this two-sample MR study, we found evidence of a causal
association between mitochondrial protein levels and CRC risk.
Specifically, increased levels of cytochrome c¢ oxidase subunit
8A are associated with an increased CRC risk. In contrast, de-
creased levels of mitochondrial import inner membrane trans-
locase subunit TIM14 and oligoribonuclease were linked to re-
duced CRC risk.

The cytochrome c oxidase complex plays a critical role in
mitochondrial oxidative phosphorylation, and disruption of its
function can promote cancer development [31]. This may re-
flect the increased turnover or instability of cytochrome c oxi-
dase subunits in the tumor microenvironment. Dysregulation of
cytochrome c oxidase subunits has been reported in multiple
cancer types, including lung, breast, and prostate cancer [32-
35]. The decreased expression of cytochrome c oxidase sub-
units may cause energy stress and metabolic reprogramming in
cancer cells [36]. Cancer cells adapt by increasing glycolysis and
pentose phosphate pathway activity, providing intermediates
for the anabolic processes required for rapid proliferation [37].
Several mechanisms may be attributed to the link between al-
tered cytochrome c oxidase subunit 8A levels and CRC risk. Sub-
unit 8A expression may be disrupted by abnormalities in gene
regulation or mitochondrial biogenesis pathways. Decreased
import or defective incorporation of subunit 8A into the cyto-
chrome c oxidase complex can impair its catalytic activity and
electron transport function, thereby promoting oxidative stress
[38]. The oxidative damage and energy deficits arising from
cytochrome c oxidase dysfunction may generate further mito-
chondrial abnormalities and mutations [39]. This can initiate a
deleterious positive feedback loop, further exacerbating mito-
chondrial dysfunction during CRC development.

In addition to the direct effects on energy metabolism, the
disruption of cytochrome c oxidase subunit levels may also af-
fect cancer-related signaling pathways. Cytochrome c oxidase
subunits interact with proteins involved in cell cycle regulation,
apoptosis, hypoxia responses, and metastasis [40,41]. The al-
tered subunit composition of the cytochrome c oxidase com-
plex can disrupt the proper assembly and functioning of these
signaling networks. Additional effects may arise from increased
electron leakage and reactive oxygen species generation due
to impaired cytochrome c oxidase activity. Further research is
warranted to elucidate the mechanisms through which altered
levels of cytochrome c oxidase subunit 8A promote CRC tu-
morigenesis. This may reveal new therapeutic targets aimed at
restoring cytochrome c oxidase function and normalizing me-
tabolism in CRC.

We also found evidence that decreased levels of mitochon-
drial import inner membrane translocase subunit TIM14 are
causally associated with a reduced CRC risk. TIM14 is essential
for the translocation of nuclear-encoded proteins to the mito-
chondrial matrix [14]. It acts as a receptor on the inner mem-
brane to facilitate the pulling of precursor proteins across the

aqueous intermembrane space. TIM14 downregulation impairs
the import of proteins required for mitochondrial activity and
cellular proliferation [14]. Our results indicate that decreased
TIM14 levels may suppress CRC development, possibly by im-
pairing mitochondrial protein import. Thus, reduced TIM14
function may contribute to the development of CRC through
multiple mechanisms. Defective mitochondrial protein import
leads to the accumulation of unfolded proteins in the intermem-
brane space, causing proteotoxic stress [42]. Impaired import of
proteins involved in mitochondrial gene expression, fission/fu-
sion, and quality control can disrupt organelle homeostasis. The
lack of important matrix enzymes, such as those required for
the tricarboxylic acid cycle or oxidative phosphorylation, may
deplete the metabolites needed for anabolic processes. Fur-
thermore, reduced mitochondrial protein import prevents the
maturation of apoptosis-regulating factors, such as HtrA2/0mi,
thereby inhibiting cell death [43]. Additional effects may arise
from the impaired import of cytosolic pro-oncogenic signaling
proteins that translocate to the mitochondria. Further studies
are required to validate the functional effects of altered TIM14
expression on mitochondrial activity and CRC pathogenesis.

Finally, we identified a causal relationship between low oli-
goribonuclease levels and reduced CRC risk. As a 3’-exoribo-
nuclease, oligoribonuclease degrades small RNAs and regulates
metabolic homeostasis [44]. It is localized in the mitochondrial
matrix, where it mediates the degradation of mitochondria-
encoded RNAs [44]. Oligoribonucleases have also been linked
to the regulation of signaling pathways involved in prolifera-
tion, metastasis, and apoptosis. Our findings suggest that oli-
goribonuclease activity is required for CRC growth and survival.
There are several mechanisms by which oligoribonucleases
hinder CRC development. Impaired mitochondrial RNA degra-
dation may disrupt organelle gene expression, causing respira-
tory chain deficits [45]. Accumulation of mitochondrial small
non-coding RNAs can dysregulate transcription or epigenetic
programming, thereby influencing cancer phenotypes [46,47].
Oligoribonucleases may also directly target cytoplasmic RNAs
involved in oncogenesis [48].

Conclusion

Overall, our study provides novel evidence that mitochon-
drial proteins play a causal role in CRC development. Although
promising, MR studies have limitations, including the potential
pleiotropic effects of genetic variants. The use of multiple sen-
sitivity analyses mitigated this concern. Population stratifica-
tion can also confound the MR results; however, this was mini-
mized by using extensive genotype data to restrict our analysis
to individuals of European ancestry. Residual confounding is
another potential issue, as our analysis focused specifically on
mitochondrial protein levels, whereas many other factors con-
tribute to CRC risk. Additional MR studies on other CRC risk fac-
tors could help build a more comprehensive map of the causal
mechanisms. Furthermore, although MR can be used to infer
causality, it cannot determine the specific biological pathways
involved. Future studies should build on our findings by per-
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forming proteomic analyses of CRC patient samples and in vitro
experiments that manipulate mitochondrial protein levels in
CRC cell lines and animal models.

In summary, our MR analysis provides novel evidence for a
causal association between mitochondrial protein levels and
CRCrrisk. These findings implicate cytochrome c oxidase subunit
8A, mitochondrial import inner membrane translocase subunit
TIM14, and oligoribonuclease as potential mediators influenc-
ing colorectal tumorigenesis through their effects on mitochon-
drial pathways. Additional studies are warranted to confirm the
functional relevance of these proteins in CRC pathogenesis. Elu-
cidating the mechanisms linking the altered expression of these
mitochondrial proteins to cancer-associated pathways could
reveal new prognostic biomarkers and therapeutic targets for
CRC. Our study highlights the potential application of genetic
approaches to gain insights into the causal mechanisms of CRC
development. Further research building on these results may
ultimately translate into improved prevention, diagnosis, and
treatment strategies to reduce the burden of this major malig-
nancy.
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