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Novelty and Impact

There is a growing body of evidence on the role of one-carbon metabolism in cancer etiology,
however, relatively few investigations have studied the pathway responsible for homocysteine
catabolism — transsulfuration. We used data from the EPIC cohort to explore the associations
between transsulfuration metabolites and risk of kidney cancer. The results suggest an association
between transsulfuration and kidney cancer risk that extends beyond the previously identified role

of vitamin B6.



Abstract

Previous studies have suggested that components of one-carbon metabolism, particularly
circulating vitamin B6, have an etiological role in renal cell carcinoma (RCC). Vitamin B6 is a cofactor
in the transsulfuration pathway. We sought to holistically investigate the role of the transsulfuration
pathway in RCC risk. We conducted a nested case-control study (455 RCC cases and 455 matched
controls) within the European Prospective Investigation into Cancer and Nutrition (EPIC) study.
Plasma samples from the baseline visit were analyzed for metabolites of the transsulfuration
pathway, including pyridoxal 5’-phosphate (PLP, the biologically active form of vitamin B6),
homocysteine, serine, cystathionine, and cysteine, in addition to folate. Bayesian conditional logistic
regression was used to estimate associations of metabolites with RCC risk as well as interactions
with established RCC risk factors. Circulating PLP and cysteine were inversely associated with RCC
risk, and these association were not attenuated after adjustment for other transsulfuration
metabolites (odds ratio (OR) and 90% credible interval (Crl) per 1 SD increase in log concentration:
0.76 [0.66, 0.87]; 0.81 [0.66, 0.96], respectively). A comparison of joint metabolite profiles suggested
substantially greater RCC risk for the profile representative of low overall transsulfuration function
compared with high function (OR 2.70 [90% Crl 1.26, 5.70]). We found some statistical evidence of
interactions of cysteine with body mass index, and PLP and homocysteine with smoking status, on
their associations with RCC risk. In conclusion, we found evidence suggesting that the

transsulfuration pathway may play a role in metabolic dysregulation leading to RCC development.



Introduction

The incidence of kidney cancer is increasing, and it is currently the 14™" most common cancer
globally’. Incidence is highest in developed countries, and twice as high among men compared to
women?. Around 90% of kidney cancer diagnoses are renal cell carcinoma (RCC)?. Established
modifiable risk factors for RCC include overweight and obesity, cigarette smoking, and high blood
pressure®. There is limited and inconclusive evidence on associations with dietary or nutrient factors.
However, of particular interest is a previous finding of an association between increased circulating
vitamin B6 concentration (measured in its biologically active form of pyridoxal 5’-phosphate [PLP])
and a lower risk of RCC, with a 60% lower risk in the highest fourth versus the lowest fourth of
plasma concentration®. The possibility of shared causal pathways in RCC between the established

risk factors and metabolic markers such as vitamin B6 has not been thoroughly examined.

PLP is a coenzyme in over 160 different reactions in multiple metabolic pathways®. The
inverse association between PLP and RCC risk may be explained by its role in one or more of these
pathways, and other metabolic components in these pathways may be mechanistically related to
RCC risk as well. The transsulfuration pathway, which requires PLP, is part of one-carbon metabolism
along with the folate and methionine cycles. In the methionine cycle, homocysteine can either
continue the cycle and be remethylated into methionine, which is converted to S-
adenosylmethionine (SAM), or it can exit the methionine cycle and be irreversibly catabolized by the
transsulfuration pathway into cysteine®. PLP is a coenzyme both for the enzyme cystathionine B-
synthase (CBS), which condenses homocysteine and serine to create cystathionine, and for the
enzyme cystathionine y-lyase (CSE), which then converts cystathionine to cysteine’ (Supplementary
Figure 1). SAM is an activator of CBS, and folate indirectly influences CBS activity because of its
robust linear positive association with SAM®. RCC is of particular interest because the kidney, along

with the liver, are where most amino acid metabolism occurs, including transsulfuration®.

The transsulfuration pathway is important for cell signaling and protein synthesis and is

therefore critical in cell proliferation’. Its downstream metabolite, glutathione, is important for the



oxidative stress response, and cysteine is the limiting component in glutathione synthesis®.
Hydrogen sulfide, a gas-signaling molecule with physiological effects associated with aging
processes, is produced by transsulfuration enzymes. As part of the broader one-carbon
metabolism, transsulfuration is related to regulation of methylation reactions including DNA
methylation, and nucleotide synthesis®. Therefore, there are a variety of possible biological

mechanisms that may link altered transsulfuration activity to cancer risk.

While the closely related methionine and folate cycles have been more heavily probed
regarding their associations with cancer development, there is little evidence on the role of
transsulfuration. In particular, because of the interdependent nature of biomarkers from a single
metabolic pathway, we aimed to build upon exiting evidence, which has mostly focused on
individual metabolites, with a holistic view of pathway-wide associations. Using data from the same
study that previously examined PLP and RCC risk®, we extended the investigation to include
additional components of the transsulfuration pathway in relation to RCC risk and assessed how

these associations vary after adjustment for, and interaction with, established risk factors.

Materials and Methods

Participants and Data Collection

The European Prospective Investigation into Cancer and Nutrition (EPIC) study is a
multinational observational cohort consisting of over 500,000 participants recruited between 1992 —
2000. Participants provided blood samples, completed questionnaires on diet and lifestyle, and had
anthropometric measurements taken. Details of recruitment and data collection have been

11,12

published previously

A nested case-control study within EPIC was established after follow-up through 2004 —
2010, depending on the center, with 556 histologically confirmed RCC cases and 556 controls

matched on country, sex, date of blood collection (+ one month), and date of birth (+ one year).



Controls were selected from the pool of all cohort members alive and without a reported cancer
diagnosis at the time of the RCC case diagnosis. Exclusion criteria were a previous diagnosis of cancer
other than nonmelanoma skin cancer, a diagnosis of RCC that was not histologically confirmed

(censored at the date of diagnosis)*. The Malmé, Sweden center did not participate.

Blood fractions were divided into aliquots in 0.5-mL straws, which were heat sealed and
stored in liquid nitrogen tanks at -196°C, except in Denmark, where samples were stored in 1-mL
tubes between -120°C and -160°C*2. Biochemical analyses were performed at the Bevital A/S
laboratory in Bergen, Norway. Plasma samples were analyzed for concentrations of PLP,
homocysteine, serine, cystathionine, cysteine, and folate. In addition, symmetric dimethylarginine
(SDMA) and neopterin were measured as markers of kidney function and cellular immune activation,
respectively. Total homocysteine, serine, cystathionine, and total cysteine were measured with GC-
MS*314: pLP, SDMA, and neopterin were measured with LC-MS/MS*>¢; and folate was measured
with a microbiological assay!’. Samples from each case with their matched control were analyzed
together in the same batch, and laboratory staff were blinded to the case-control status of all

samples. Full details of the nested case-control study have been previously published®.

Statistical Analysis

Participants with missing data were excluded from analyses. Greece was excluded, and all
participants from Norway were excluded due to missing data for anthropometric measurements.
Baseline characteristics of cases and controls were compared using frequencies for categorical
variables and the median and interquartile range for continuous variables. Correlations between
transsulfuration metabolites were estimated in the controls using the Pearson correlation
coefficient. Metabolite concentrations were log base 2 transformed, centered, and scaled to a

standard deviation (SD) of one prior to their inclusion in regression analyses.

Multivariable Bayesian conditional logistic regression was used to estimate odds ratios (OR)

and 90% credible intervals (90% Crl) for the associations of the transsulfuration metabolites with risk



of RCC. Minimally adjusted models included a single metabolite, highest level of education (none or
primary school, secondary school, technical/professional, university degree), and fasting status at
the time of blood draw (<3 hours [not fasting], 3-6 hours [in between], >6 hours [fasting]). Country,
sex, age, and date of blood draw were accounted for as matching factors. Further adjusted models
for single metabolites additionally included body mass index (BMI, continuous) and smoking status
(never, former, current). The full transsulfuration model included all five metabolites (PLP,
homocysteine, serine, cystathionine, and cysteine), and was adjusted for folate concentration,
highest level of education, fasting status, BMI, and smoking status. For the subset of participants
with measured blood pressure data available, additional models were further adjusted for systolic
blood pressure, diastolic blood pressure, and both. All regression model results for continuous

predictors are presented per one SD increase.

Because components of tightly regulated metabolic systems vary in concert with each other,
and not in isolation, we were interested in the associations of pathway-wide metabolite profiles with
RCC risk, and so we compared joint risk estimates across multiple metabolites. These associations do
not represent variation in a single metabolite while holding all others constant, but rather, represent
patterns of variation across multiple related metabolites. We first defined four different types of
profiles, each indicative of empirically or theoretically plausible variations of metabolites. Each set
included three profiles, with the ‘mid’ profile setting all metabolite values at their mean, and ‘low’
and ‘high’ profiles with equal magnitude distance from the mean in opposite directions. For
example, where PLP is set to 1 SD below the mean for a low profile, it is 1 SD above the mean in the
high profile. We used this approach to estimate associations with RCC risk for one set of empirically
motivated profiles (PLP values were assigned then other metabolites were set to their conditional
expected values from unadjusted linear regressions of the log concentration on log PLP) and three
sets of theoretically determined profiles (regulatory control of overall transsulfuration, CBS, and CSE
function). These three sets were designed following the assumptions that a higher concentration of

an enzymatic cofactor reduces the regulatory restriction of activity, which subsequently results in



lower substrate concentrations and higher product concentrations. Therefore, high, mid, and low
overall transsulfuration function profiles had values set to 1, 0, and -1 respectively for PLP (cofactor)
and cysteine (product) and -1, 0, and 1 for homocysteine and serine (substrates), while cystathionine
did not vary because it is an intermediate. Likewise, the high, mid, and low CBS profiles had values
setto 1, 0, and -1 for PLP and cystathionine, and -1, 0, and 1 for homocysteine and serine. The high,
mid, and low CSE profiles had values to 1, 0, and -1 for PLP and cysteine, and -1, 0, and 1 for
cystathionine. Looking at separate sets of profiles for CBS and CSE may be informative because these

two enzymes are controlled by different regulatory processes.

All analyses were conducted in R version 4.0.5 and Bayesian inference was done with the

package RStanArm version 2.21.11819,

Results

This analysis included 455 RCC cases and 455 matched controls with complete data on all
markers and covariates. A comparison of the included 910 participants versus 194 excluded with
missing data is shown in Supplementary Table 1. Among included participants, median age at
recruitment was 57 years, median time from blood draw to case diagnosis was 7 years, and median
age of cases at diagnosis was 64 years. The majority (56%) of pairs were men. Median BMI for cases
and controls was 27.1 and 26.2 kg/m?, respectively. 32% of cases and 24% of controls were current
smokers (Table 1). Median PLP for cases and controls was 30.4 and 36.4 nmol/L, respectively. All
other metabolite concentrations were similar between cases and controls (Table 2). The strongest
correlation between transsulfuration biomarkers in controls was for homocysteine and cysteine (r =

0.44) (Supplementary Figure 2).

The association between PLP and RCC risk was similar across the three models with an OR
(90% Crl) for a one SD increase in log PLP of 0.72 (0.64, 0.82), 0.75 (0.66, 0.86), and 0.76 (0.66, 0.87)

from the minimally adjusted, BMI and smoking adjusted, and mutually adjusted models, respectively



(Table 3). We also found evidence of an inverse association between cysteine concentration and RCC
risk (mutually adjusted OR 0.81, 90% Crl 0.66, 0.96) and an estimate for cystathionine in the
direction of a positive association (mutually adjusted OR 1.12, 90% Crl 0.97, 1.30). Systolic and
diastolic blood pressure were available for 367 matched pairs, and among these participants there
was no notable change in the estimates for any of the five metabolites after adjustment for systolic

blood pressure, diastolic blood pressure, or both (Supplementary Table 2).

RCC risk was greater for the low PLP metabolite profile compared with the high PLP profile
(OR 1.88, 90% Crl 1.44, 2.49). An even stronger association was seen for the profile representative of
low transsulfuration function compared with high function (OR 2.70, 90% Crl 1.26, 5.70) (Table 4).
The estimated association for low versus high CSE function (OR 3.40, 90% Crl 1.99, 5.91) was

stronger than that for CBS function (OR 1.37, 90% Crl 0.73, 2.60).

There were some variations in the strengths of associations of the transsulfuration
metabolites with RCC at different levels of established RCC risk factors. We found statistical evidence
of a stronger association for cysteine with RCC risk at higher compared to lower levels of BMI, with
an OR of 0.55 (90% Crl 0.39, 0.76) at a BMI of 35 kg/m? (Figure 1, Supplementary Table 3). We also
found statistical evidence of interactions with smoking status, with stronger associations of both PLP
(inversely) and homocysteine (positively) with RCC risk among current smokers compared to never
smokers (Figure 2, Supplementary Table 3). There were no notable interactions with sex. There was
evidence of an interaction of serine with systolic and diastolic blood pressure with inverse
associations among those with lower blood pressure, and an interaction of PLP with systolic blood
pressure with a stronger inverse association among those with lower systolic blood pressure

(Supplementary Figures 3-5 and Supplementary Table 3).

Adjustment for SDMA (kidney function) and neopterin (cellular immune activation) did not
notably change any reported metabolite associations with RCC risk (Supplementary Table 4). Results

were also similar after removing circulating folate from the fully adjusted model.



Discussion

We found that multiple components of the transsulfuration pathway were associated with risk
of RCC. The strength and direction of some of these associations depended on adjustment for other
metabolites as well as interactions with established RCC risk factors. The inverse association of PLP
with RCC risk was not attenuated by adjustment for BMI, smoking status, or other transsulfuration
metabolites. The strong association we found for metabolite profiles of regulation of overall
transsulfuration activity, with over two-fold differences in risk for low compared with high function,
indicates that the transsulfuration pathway may play a role in RCC etiology beyond any individual
role of PLP. Furthermore, the strong association found for CSE profiles suggests the second half of

the transsulfuration pathway may be the driver behind any overall association with RCC risk.

Although we did not find strong statistical evidence of interactions overall, we did observe an
indication that the inverse association between cysteine and RCC risk became stronger with higher
BMI. The relationship between cysteine and BMI is complex, and while a strong positive association
between them has been established, the causal direction of the association is unclear?. Evidence
from the Hordaland Homocysteine Study suggests the association between cysteine and BMI is
driven by its strong association with fat mass. This association with fat mass was independent of diet
and exercise as well as cholesterol concentration. There was no evidence of a link between cysteine
and lean mass independent of fat mass®. Further investigation of the role of body composition may

help to explain the relationship between cysteine and BMI with cancer risk.

We also found evidence of stronger associations for PLP and homocysteine with RCC risk among
current smokers compared to never smokers. Because cigarette smoking is responsible for increased
production of reactive oxygen species and heightened inflammatory processes?, it is possible that
smokers have a higher requirement for transsulfuration function to deal with these biological

stressors.



Based on both empirically and theoretically constructed joint metabolite profiles, we found
strong evidence of associations between transsulfuration pathway-wide variation and RCC risk.
Oxidative stress response is a possible mechanistic explanation for this finding. In a state of high
oxidative stress, PLP and cysteine are likely decreased, and homocysteine is increased>?%?*, which
aligns with the directions of variation in metabolite concentrations used to build the transsulfuration
function profiles. Transsulfuration is critical to oxidative stress response because the synthesis of
glutathione, a free radical scavenger, is dependent on cysteine?*. Accumulation of reactive oxygen
species results in decreased flux of one-carbon units through the methionine cycle in favor of an
increase is transsulfuration activity?*. Our finding that CSE function appears to be more strongly
associated with RCC risk than CBS function may be explained by a greater loss of activity for CSE

compared to CBS in the presence of PLP insufficiency®.

There is an established relationship between vitamin B6 and cancer risk. A meta-analysis found
an inverse association between PLP concentration and risk of all cancers, with 34% lower risk among
participants in the highest versus lowest category?®.The associations of other components of
transsulfuration with cancer risk are less clear. In the Northern Sweden Health and Disease Study, a
Bayesian network analysis of one-carbon metabolism, including transsulfuration metabolites as well
as other folate and methionine cycle metabolites, identified an independent association of
circulating PLP with colorectal cancer risk, but no direct associations for homocysteine, serine,
cystathionine, or cysteine?’. However, in the same cohort, a positive association was found between
the ratio homocysteine:cysteine and colorectal cancer risk®. A 43% lower colorectal cancer risk was
found in a comparison of highest to lowest fourths of cysteine concentration in the Women’s Health
Initiative cohort?. A case-cohort study in Linxian, China found an inverse association for circulating
cysteine with both gastric and esophageal cancers®. Cystathionine and CBS are both found in higher
concentration in breast cancer tumor tissue compared to healthy breast tissue®!, and an analysis
from the Women’s Health Study found a positive association between circulating cysteine and breast

cancer risk®2. Findings from meta-analyses have shown higher concentrations of homocysteine



among lung cancer cases compared to controls®?, but no evidence of an association between
homocysteine concentration and prostate cancer risk®*. A nested case-control study using four US
cohorts found no associations between plasma PLP or homocysteine and pancreatic cancer risk.
However, the risk estimates were in the same direction as those we found for RCC risk (OR above 1

for homocysteine and below 1 for PLP)®.

Strengths of our analysis include the use of a multinational study representing a wide range of
dietary preferences and lifestyle differences. Because this case-control study was nested within the
EPIC cohort, plasma samples were collected at baseline in all participants, with data available for
cases often years prior to their diagnosis. This allowed us to minimize the risk of reverse causation.
Additionally, samples for all participants were analyzed at the same lab under the same protocol,

and at the same time, minimizing the risk of measurement errors.

There were limitations of this investigation as well. Residual confounding is possible, in part
because we did not have data on germline genetic mutations for our cases or controls, and therefore
could not account for differences in CBS or other transsulfuration pathway genes. Additionally, the
function of CBS is strongly influenced by allosteric regulation by SAM, which was not measured in
our study. We also did not have data for downstream products of transsulfuration, namely
glutathione. We had a limited sample size with only one control matched to each case. Metabolites
were measured in blood samples taken at a single timepoint, so we could not determine the
intrapersonal stability of these markers or assess associations of trajectories in transsulfuration
biomarkers over time with RCC risk. However, an analysis of biomarkers measured at the same lab
(Bevital) comparing samples drawn at different time points found good within-person reproducibility
for all metabolites used in our analysis, with cysteine and serine having the highest intraclass

correlation coefficients3®.

Regarding the joint metabolite profile comparisons, it should be noted that only the directions,

but not the magnitudes, of assigned values (except for empirically determined values in the PLP



profiles) have a strong theoretical basis supported by the literature. While our approach assumes
equal variation for all metabolites, in reality there is likely a different strength of association for
different cofactors, substrates, and products with regulatory control of enzyme function. Therefore,
our results should be considered a preliminary attempt at quantifying the function of a complex

pathway.

In summary, we identified individual metabolite and pathway-wide associations linking
homocysteine metabolism via transsulfuration to RCC risk. While recent years have seen an
increasing interest in the role of the folate and methionine cycles in carcinogenesis, the closely
related transsulfuration pathway has received relatively little attention, but may play a central role

because of its involvement in several key metabolic processes including oxidative stress response.



Acknowledgements
We thank the National Institute for Public Health and the Environment (RIVM), Bilthoven, the

Netherlands, for their contribution and ongoing support to the EPIC Study.

We acknowledge the use of data and biological samples from the EPIC cohorts in France, Pls
Gianluca Severi and Marie-Christine Boutron-Ruault; Asturias, Spain, Pl José Ramén Quirés;

Cambridge, UK, PI Nick Wareham; Utrecht, The Netherlands, Pl Roel Vermeulen.

Author Contributions
JLC, AKH, and DCM were responsible for conceptualization and methodology. JLC conducted the

formal analysis, visualization, and writing — original draft. All authors contributed to writing — review
& editing. DCM was responsible for supervision. The work reported in the paper has been performed

by the authors, unless clearly specified in the text.

Conflict of Interest

The authors report no potential conflicts of interest.

Data Availability Statement

For information on how to submit an application for gaining access to EPIC data and/or
biospecimens, please follow the instructions at http://epic.iarc.fr/access/index. Further details and
other data that support the findings of this study are available from the corresponding author upon

request.

Disclaimer
Where authors are identified as personnel of the International Agency for Research on

Cancer/World Health Organization, the authors alone are responsible for the views expressed in this
article and they do not necessarily represent the decisions, policy or views of the International

Agency for Research on Cancer/World Health Organization.



Ethics Statement
Ethics approval for the study was obtained from the International Agency for Research on Cancer

and the local review boards at the participating centers. All EPIC participants provided written

informed consent at baseline for use of their blood samples and data in future research.



Funding
This work was supported by the Imperial College London President's PhD Scholarship to JLC; the

Cancer Research UK Population Research Fellowship to DCM; World Cancer Research Fund
(grant number 2013/1005) to PF; and biomarker laboratory analysis was funded by World

Cancer Research Fund (grant number 2010/254).

The coordination of EPIC is financially supported by International Agency for Research on Cancer
(IARC) and also by the Department of Epidemiology and Biostatistics, School of Public Health,
Imperial College London which has additional infrastructure support provided by the NIHR Imperial
Biomedical Research Centre (BRC). The national cohorts are supported by: Danish Cancer Society
(Denmark); Ligue Contre le Cancer, Institut Gustave Roussy, Mutuelle Générale de I'Education
Nationale, Institut National de la Santé et de la Recherche Médicale (INSERM) (France); German
Cancer Aid, German Cancer Research Center (DKFZ), German Institute of Human Nutrition Potsdam-
Rehbruecke (DIfE), Federal Ministry of Education and Research (BMBF) (Germany); Associazione
Italiana per la Ricerca sul Cancro-AIRC-Italy, Compagnia di SanPaolo and National Research Council
(Italy); Dutch Ministry of Public Health, Welfare and Sports (VWS), Netherlands Cancer Registry
(NKR), LK Research Funds, Dutch Prevention Funds, Dutch ZON (Zorg Onderzoek Nederland), World
Cancer Research Fund (WCRF), Statistics Netherlands (The Netherlands); Health Research Fund (FIS)
- Instituto de Salud Carlos Il (ISCIII), Regional Governments of Andalucia, Asturias, Basque Country,
Murcia and Navarra, and the Catalan Institute of Oncology - ICO (Spain); Swedish Cancer Society,
Swedish Research Council and County Councils of Skane and Vasterbotten (Sweden); Cancer
Research UK (14136 to EPIC-Norfolk; C8221/A29017 to EPIC-Oxford), Medical Research Council

(1000143 to EPIC-Norfolk; MR/M012190/1 to EPIC-Oxford). (United Kingdom).
We also thank CERCA Program / Generalitat de Catalunya for the institutional support to IDIBELL.

R.Z.-R. would like to thank the “Miguel Servet” program (CP1120/00009) from the Institute of Health

Carlos lll (Spain) and the European Social Fund (ESF).



References

1. IARC. Kidney Fact Sheet [Internet]. Globocan 2020 2020 [cited 2021 May 6];Available from:

https://gco.iarc.fr/today/data/factsheets/cancers/29-Kidney-fact-sheet.pdf

2. Wong MCS, Goggins WB, Yip BHK, Fung FDH, Leung C, Fang Y, Wong SYS, Ng CF. Incidence
and mortality of kidney cancer: temporal patterns and global trends in 39 countries. Sci Rep

2017;7:15698.

3. Scelo G, Larose TL. Epidemiology and Risk Factors for Kidney Cancer. J Clin Oncol

2018;36:3574-81.

4, Johansson M, Fanidi A, Muller DC, Bassett JK, Midttun @, Vollset SE, Travis RC, Palli D,
Mattiello A, Sieri S, Trichopoulou A, Lagiou P, Trichopoulos D, Ljungberg B, Hallmans G,
Weiderpass E, Skeie G, Gonzalez CA, Dorronsoro M, Peeters PH, Bueno-de-Mesquita HB, Ros
MM, Boutron Ruault M-C, Fagherazzi G, Clavel F, Sdnchez M-J, Gurrea AB, Navarro C, Quiros
JR, Overvad K, Tjgnneland A, Aleksandrova K, Vineis P, Gunter MJ, Kaaks R, Giles G, Relton C,
Riboli E, Boeing H, Ueland PM, Severi G, Brennan P. Circulating Biomarkers of One-Carbon
Metabolism in Relation to Renal Cell Carcinoma Incidence and Survival. J Nat/ Cancer Inst

2014;106.

5. Ueland M, Ulvik A, Rios-Avila L, Midttun @, Gregory JF. Direct and Functional Biomarkers of

Vitamin B6 Status. Annu Rev Nutr 2015;35:33-70.

6. Ducker GS, Rabinowitz JD. One-Carbon Metabolism in Health and Disease. Cell Metab

2017;25:27-42.

7. Sbodio JI, Snyder SH, Paul BD. Regulators of the transsulfuration pathway. Br J Pharmacol

2019;176:583-93.

8. Sadre-Marandi F, Dahdoul T, Reed MC, Nijhout HF. Sex differences in hepatic one-carbon



10.

11.

12.

13.

14.

15.

metabolism. BMC Syst Biol 2018;12.

Zhu J, Berisa M, Schworer S, Qin W, Cross JR, Thompson CB. Transsulfuration Activity Can

Support Cell Growth upon Extracellular Cysteine Limitation. Cell Metab 2019;30:865-876.e5.

Kabil O, Vitvitsky V, Banerjee R. Sulfur as a Signaling Nutrient Through Hydrogen Sulfide. Annu

Rev Nutr 2014,34:171.

Riboli E, Kaaks R. The EPIC Project: rationale and study design. European Prospective

Investigation into Cancer and Nutrition. Int J Epidemiol 1997;26:56—-14.

Riboli E, Hunt KJ, Slimani N, Ferrari P, Norat T, Fahey M, Charrondiere UR, Hémon B,
Casagrande C, Vignat J, Overvad K, Tignneland A, Clavel-Chapelon F, Thiébaut A, Wahrendorf
J, Boeing H, Trichopoulos D, Trichopoulou A, Vineis P, Palli D, Bueno-De-Mesquita HB, Peeters
P, Lund E, Engeset D. European Prospective Investigation into Cancer and Nutrition (EPIC):

study populations and data collection. Public Health Nutr 2002;1113-24.

Windelberg A, Arseth O, Kvalheim G, Ueland PM. Automated Assay for the Determination of
Methylmalonic Acid, Total Homocysteine, and Related Amino Acids in Human Serum or
Plasma by Means of Methylchloroformate Derivatization and Gas Chromatography—Mass

Spectrometry. Clin Chem 2005;51:2103-9.

Midttun @, McCann A, Aarseth O, Krokeide M, Kvalheim G, Meyer K, Ueland PM. Combined
Measurement of 6 Fat-Soluble Vitamins and 26 Water-Soluble Functional Vitamin Markers
and Amino Acids in 50 ul of Serum or Plasma by High-Throughput Mass Spectrometry. Anal

Chem 2016,;88:10427-36.

Midttun @, Hustad S, Ueland PM. Quantitative profiling of biomarkers related to B-vitamin
status, tryptophan metabolism and inflammation in human plasma by liquid
chromatography/tandem mass spectrometry. Rapid Commun Mass Spectrom 2009;23:1371—

9.



16.

17.

18.

19.

20.

21.

22.

23.

24.

Midttun @, Kvalheim G, Ueland PM. High-throughput, low-volume, multianalyte
quantification of plasma metabolites related to one-carbon metabolism using HPLC-MS/MS.

Anal Bioanal Chem 2013;405:2009-17.

Molloy AM, Scott JM. Microbiological assay for serum, plasma, and red cell folate using

cryopreserved, microtiter plate method. Methods Enzymol 1997;281:43-53.

R Core Team. R: A language and environment for statistical computing. 2021.

Goodrich B, Gabry J, Ali |, Brilleman S. rstanarm: Bayesian applied regression modeling via

Stan. 2020.

Elshorbagy AK, Nurk E, Gjesdal CG, Tell GS, Ueland PM, Nygard O, Tverdal A, Vollset SE,
Refsum H. Homocysteine, cysteine, and body composition in the Hordaland Homocysteine

Study: does cysteine link amino acid and lipid metabolism? Am J Clin Nutr 2008;88:738—46.

Campesi |, Carru C, Zinellu A, Occhioni S, Sanna M, Palermo M, Tonolo G, Mercuro G, Franconi
F. Regular cigarette smoking influences the transsulfuration pathway, endothelial function,
and inflammation biomarkers in a sex-gender specific manner in healthy young humans. Am J

Transl Res 2013;5:497-509.

Amelio I, Cutruzzola F, Antonov A, Agostini M, Melino G. Serine and glycine metabolism in

cancer. Trends Biochem. 5¢i.2014;39:191-8.

Chern CL, Huang RFS, Chen YH, Cheng JT, Liu TZ. Folate deficiency-induced oxidative stress
and apoptosis are mediated via homocysteine-dependent overproduction of hydrogen
peroxide and enhanced activation of NF-kB in human Hep G2 cells. Biomed Pharmacother

2001;55:434-42.

Dalto D, Matte J-J. Pyridoxine (Vitamin B6) and the Glutathione Peroxidase System; a Link

between One-Carbon Metabolism and Antioxidation. Nutrients 2017;9:189.



25.

26.

27.

28.

29.

30.

31.

32.

Gregory JF, DeRatt BN, Rios-Avila L, Ralat M, Stacpoole PW. Vitamin B6 nutritional status and
cellular availability of pyridoxal 5’-phosphate govern the function of the transsulfuration
pathway’s canonical reactions and hydrogen sulfide production via side reactions. Biochimie

2016;126:21-6.

Mocellin S, Briarava M, Pilati P. Vitamin B6 and Cancer Risk: A Field Synopsis and Meta-

Analysis. J Natl Cancer Inst 2017;109:djw230.

Myte R, Gylling B, Haggstrom J, Schneede J, Magne Ueland P, Hallmans G, Johansson |,
Palmqvist R, Van Guelpen B. Untangling the role of one-carbon metabolism in colorectal

cancer risk: a comprehensive Bayesian network analysis. Sci Rep 2017;7:43434.

Gylling B, Myte R, Ulvik A, Ueland PM, Midttun @, Schneede J, Hallmans G, Haggstréom J,
Johansson |, Van Guelpen B, Palmgvist R. One-carbon metabolite ratios as functional B-

vitamin markers and in relation to colorectal cancer risk. Int J Cancer 2018;144:ijc.31606.

Miller JW, Beresford SA, Neuhouser ML, Cheng T-YD, Song X, Brown EC, Zheng Y, Rodriguez B,
Green R, Ulrich CM. Homocysteine, cysteine, and risk of incident colorectal cancer in the

Women’s Health Initiative observational cohort. Am J Clin Nutr 2013;97:827-34.

Murphy G, Fan JH, Mark SD, Dawsey SM, Selhub J, Wang J, Taylor PR, Qiao YL, Abnet CC.
Prospective study of serum cysteine levels and oesophageal and gastric cancers in China. Gut

2011;60:618-23.

Sen S, Kawahara B, Mahata SK, Tsai R, Yoon A, Hwang L, Hu-Moore K, Villanueva C, Vajihuddin
A, Parameshwar P, You M, Bhaskar DL, Gomez O, Faull KF, Farias-Eisner R, Chaudhuri G.
Cystathionine: A novel oncometabolite in human breast cancer. Arch Biochem Biophys

2016;604:95-102.

Lin J, Lee IM, Song Y, Cook NR, Selhub J, Manson JAE, Buring JE, Zhang SM. Plasma

homocysteine and cysteine and risk of breast cancer in women. Cancer Res 2010;70:2397—-



33.

34.

35.

36.

405.

Yang J, Li H, Deng H, Wang Z. Association of One-Carbon Metabolism-Related Vitamins
(Folate, B6, B12), Homocysteine and Methionine With the Risk of Lung Cancer: Systematic

Review and Meta-Analysis. Front Oncol 2018;8:493.

Collin SM, Metcalfe C, Refsum H, Lewis SJ, Zuccolo L, Smith GD, Chen L, Harris R, Davis M,
Marsden G, Johnston C, Lane JA, Ebbing M, Bonaa KH, Nygard O, Ueland PM, Grau M V,,
Baron JA, Donovan JL, Neal DE, Hamdy FC, Smith AD, Martin RM, Davey Smith G, Chen L,
Harris R, Davis M, Marsden G, Johnston C, Athene Lane J, Ebbing M, Harald Bgnaa K, Nygard
0O, Magne Ueland P, Grau M V., Baron JA, Donovan JL, Neal DE, Hamdy FC, David Smith A,
Martin RM. Circulating Folate, Vitamin B12, Homocysteine, Vitamin B12 Transport Proteins,
and Risk of Prostate Cancer: a Case-Control Study, Systematic Review, and Meta-analysis.

Cancer Epidemiol Biomarkers Prev 2010;19:1632—42.

Schernhammer E, Wolpin B, Rifai N, Cochrane B, Manson JA, Ma J, Giovannucci E, Thomson C,
Stampfer MJ, Fuchs C. Plasma Folate, Vitamin B 6, Vitamin B 12, and Homocysteine and

Pancreatic Cancer Risk in Four Large Cohorts. Cancer Res 2007;67:5553—-60.

Cope EL, Shrubsole MJ, Cohen SS, Cai Q, Wu J, Ueland PM, Midttun @, Sonderman JS, Blot WJ,
Signorello LB. Intraindividual variation in one-carbon metabolism plasma biomarkers. Cancer

Epidemiol Biomarkers Prev 2013;22:1894-9.



Figure Legends
Figure 1: Associations of transsulfuration metabolites with risk of RCC at specified levels of BMI

within a nested case-control study in EPIC (N = 455 cases and 455 controls). Estimates shown are
contrasts from the mutually adjusted model with separate interaction terms added for each
metabolite with BMI as a continuous predictor. The expected log predictive density (ELPD)
difference and its standard error (SE) were used for model comparison against the mutually adjusted
model without interaction terms. A negative ELPD indicates a worse fit for the interaction model,

and the SE indicates the precision of the comparison of model fit.

Figure 2: Associations of transsulfuration metabolites with risk of RCC at specified levels of smoking
status within a nested case-control study in EPIC (N = 455 cases and 455 controls). Estimates shown
are contrasts from the mutually adjusted model with separate interaction terms added for each
metabolite with smoking status. The expected log predictive density (ELPD) difference and its
standard error (SE) were used for model comparison against the mutually adjusted model without
interaction terms. A negative ELPD indicates a worse fit for the interaction model, and the SE

indicates the precision of the comparison of model fit.



Tables

Table 1: Characteristics of RCC cases and matched controls in a nested case-control study within EPIC.

Cases (N=455) Controls (N=455)

Country

Denmark 109 (24%) 109 (24%)

France 8 (2%) 8 (2%)

Germany 118 (26%) 118 (26%)

Italy 86 (19%) 86 (19%)

Spain 51 (11%) 51 (11%)
The Netherlands 43 (9%) 43 (9%)
United Kingdom 40 (9%) 40 (9%)
Sex

Male 256 (56%) 256 (56%)
Female 199 (44%) 199 (44%)
Smoking status

Never 172 (38%) 199 (44%)

Former 138 (30%) 148 (33%)

Current 145 (32%) 108 (24%)
Educational attainment

Primary school or less 190 (42%) 173 (38%)

Secondary school 65 (14%) 59 (13%)

Technical/professional school 107 (24%) 111 (24%)

Longer education (incl. University deg.) 93 (20%) 112 (25%)
Fasting status

Yes 130 (29%) 132 (29%)

In between 86 (19%) 85 (19%)

No 239 (53%) 238 (52%)
Hypertension

No 232 (51%) 265 (58%)

Yes 157 (35%) 119 (26%)



Cases (N=455)

Controls (N=455)

Do not know

Missing

14 (3%)

52 (11%)

15 (3%)

56 (12%)

Systolic BP (mmHg)'

Diastolic BP (mmHg)'

BMI (kg/m?)

Age at recruitment (years)
Age at diagnosis (years)

Time from blood draw to diagnosis (years)

138 (126, 152)
85 (78, 92)
27.1(24.5, 29.9)
56.8 (52.0, 61.9)
63.8 (59.0, 68.1)

6.8 (3.3, 9.5)

132 (120, 147)
82 (76, 90)

26.2 (23.9, 28.8)
56.9 (51.9, 61.8)
NA

NA

Folate (nmol/L)

SDMA (umol/L)

Neopterin (nmol/L)

11.5 (8.4, 17.1)

0.440 (0.380, 0.500)

13.4 (10.6, 16.6)

12.0 (8.6, 17.1)

0.440 (0.380, 0.500)

12.7 (10.3, 15.8)

Frequencies are shown for categorical variables. Median and IQR are shown for continuous variables.
Abbreviations: blood pressure (BP), body mass index (BMI), European Prospective Investigation into
Cancer and Nutrition (EPIC), renal cell carcinoma (RCC), symmetric dimethylarginine (SDMA)

N = 367 cases and 367 controls for blood pressure measurements



Table 2: Median and IQR of transsulfuration pathway metabolite plasma concentrations in RCC cases
and matched controls at baseline in a nested case-control study within EPIC.

Transsulfuration metabolite Cases (N=455) Controls (N=455)
PLP (nmol/L) 30.4 (22.3, 42.8) 36.4 (25.6, 52.0)
Total homocysteine (umol/L) 9.41 (7.91, 11.28) 9.56 (7.71, 11.40)
Serine (umol/L) 94.8 (82.9, 109.5) 97.7 (85.6, 112.5)
Cystathionine (umol/L) 0.180 (0.130, 0.260) 0.180 (0.130, 0.250)
Cysteine (umol/L) 252 (231, 277) 255 (232, 280)

Abbreviations: European Prospective Investigation into Cancer and Nutrition (EPIC),
interquartile range (IQR), pyridoxal 5'-phosphate (PLP), renal cell carcinoma (RCC)



Table 3: Odds ratios (OR) and 90% credible intervals (Crl) of transsulfuration metabolites (per 1 SD
increment) with risk of RCC in a nested case-control study in EPIC (N=455 cases and 455 controls).

Separate models Combined model

Minimally Additionally adjusted (BMI and Mutually adjusted (all
adjusted smoking status) metabolites)
Transsulfuration 5 g9, cp) OR (90% Crl) OR (90% Crl)
metabolite
PLP 0.72 (0.64, 0.82) 0.75 (0.66, 0.86) 0.76 (0.66, 0.87)

Homocysteine
Serine
Cystathionine

Cysteine

1.07 (0.94, 1.22)
0.85 (0.75, 0.96)
1.16 (1.02, 1.33)

0.87 (0.76, 1.00)

1.04 (0.92, 1.19)
0.89 (0.78, 1.00)
1.12 (0.98, 1.29)

0.84 (0.73, 0.97)

1.10 (0.92, 1.32)
0.90 (0.79, 1.04)
1.12 (0.97, 1.30)

0.81 (0.66, 0.96)

Matching variables are country, sex, age, and date of blood draw.

Model covariates are as follows:

Minimally adjusted: education level (four categories) and fasting status (yes, in between, no).

Additionally adjusted for BMI and smoking status: Minimally adjusted plus BMI (continuous) and smoking status (never,
former, current).

Mutually adjusted for all metabolites: All previously listed covariates plus folate concentration and all five metabolites
(continuous, per 1 SD of log transformed concentration).

Assessed by Bayesian conditional logistic regression, conditioning on individual case sets.

Abbreviations: body mass index (BMI), credible interval (Crl), European Prospective Investigation into Cancer and
Nutrition (EPIC), odds ratio (OR), pyridoxal 5'-phosphate (PLP), renal cell carcinoma (RCC), standard deviation (SD)



Table 4: Odds ratios and 90% credible intervals of transsulfuration metabolite profiles with risk of
RCC in a nested case-control study in EPIC (N = 455 cases and 455 controls).

Basis of comparison Profile OR (90% Crl)
high reference

Expected metabolite concentrations at specified PLP concentration’ moderate 1.37 (1.20, 1.58)
low 1.88 (1.44, 2.49)
high reference

Theoretically expected metabolite concentrations at differing levels of transsulfuration function? moderate 1.64 (1.12, 2.39)
low 2.70 (1.26, 5.70)
high reference

i neoretically expected metabolite concentrations at differing levels of CBS function? moderate 1.17 (0.85, 1.61)
low 1.37 (0.73, 2.60)
high reference

Theoretically expected metabolite concentrations at differing levels of CSE function* moderate 1.85 (1.41, 2.43)
low 3.40 (1.99, 5.91)

~ ssetto 1,0, and -1 SD from the mean for high, mid, and low profiles.
Other biomarkers were set to their conditional expected values based on linear regression models of the log concentration of each biomarker on log

-iMetzholite values (SD from the mean) for high, mid, and low profiles, respectively: PLP 1, 0, -1; homocysteine -1, 0, 1; serine -1, 0, 1; cystathionine
o 2 ; cysteine 1,0, -1

3Mat-holite values (SD from the mean) for high, mid, and low profiles, respectively: PLP 1, 0, -1; homocysteine -1, 0, 1; serine -1, 0, 1; cystathionine
1,0, -1

*Metanolite values (SD from the mean) for high, mid, and low profiles, respectively: PLP 1, 0, -1; cystathionine -1, 0, 1; cysteine 1, 0, -1
Profiles are joint estimates from the mutually adjusted model.

Abbr viations: credible interval (Crl), odds ratio (OR), cystathionine B-synthase (CBS), cystathionine y-lyase (CSE), European Prospective
investigation into Cancer and Nutrition (EPIC) , pyridoxal 5'-phosphate (PLP), renal cell carcinoma (RCC), standard deviation (SD)



Tra=ssulfuration

me*a Ulite BMI OR (90% Cirl)
PLP 20  0.62(0.48,0.79) — @
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35  0.91(0.67, 1.24) o
;umocysteine 20  0.93(0.69, 1.24) —@
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Tra=ssulfuration

me*a"lite Smoking OR (90% Crl)
status
PLP never 0.95 (0.76, 1.18) +
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Novelty & Impact Statement: [JC-21-3121.R1

One-carbon metabolism, owing largely to its relationship with DNA methylation, is implicated in
cancer etiology. Whether alterations in the transsulfuration pathway — a critical unit of one-
carbon metabolism that is essential to homocysteine catabolism — has a role in cancer
development, however, remains unknown. In this study, analysis of data from the European
Prospective Investigation into Cancer and Nutrition cohort reveals an association between
transsulfuration and renal cell carcinoma (RCC) risk. The association extends beyond the
previously described role of vitamin B6 in RCC development and was characterized primarily by

a marked increase in RCC risk relative to low overall transsulfuration function.
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