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Abstract: The controversy regarding the causal relationship between circulating glutamine and cancer risk remains
unresolved. Here, we aim to assess the causal impact of glutamine on the risk of six prevalent cancer types and
their respective subtypes including breast, lung, ovarian, thyroid, prostate, and endometrial cancers. A Mendelian
randomization (MR) analysis was conducted to evaluate the causal effect of circulating glutamine on cancers risk.
Data on circulating glutamine were extracted from the UK Biobank (UKB), comprising 114,750 European patients.
To ensure the validity of our findings, we employed several analytical approaches, such as inverse variance weight-
ing, weighted median, weighted mode test, MR-Egger regression, and MR-PRESSO method. Both univariable and
multivariable MR analyses were conducted. Additionally, we employed a large-scale summary-level study on circu-
lating glutamine involving 24,925 European participants for validation purposes. Our MR analysis reveals a causal
association between circulating glutamine and thyroid cancer in both the UKB cohort (IVW: OR = 0.667, 95% Cl
[0.541-0.822], P = 1.52x10*) and the validated cohort (IVW: OR = 0.577, 95% Cl [0.421-0.790], P = 6.14x10%).
Sensitivity analysis, including multivariable MR analyses, consistently supports this finding (P < 0.05), affirming the
reliability and robustness of our study. Our findings indicate an inverse correlation between circulating glutamine
and the incidence of thyroid cancer in European populations. However, further research encompassing diverse an-
cestries is necessary to validate this causal relationship.
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Introduction

Glutamine, as an essential and versatile nutri-
ent, is a key component of metabolism and
exerts a significant influence on human health
[1]. However, the research on the involvement
of glutamine in tumorigenesis through observa-
tional studies remains limited. Several studies
have demonstrated the potential of glutamine
to facilitate the progression of tumor cells, as it
serves as a critical metabolite promoting cellu-
lar proliferation [2-4]. However, recent studies
have found that increasing glutamine levels
can boost the antitumor immune response [5],
because glutamine is an important raw ma-
terial in the metabolism of immune cells and
inflammatory T-cell responses [6-9]. Previous
studies have provided conflicting or insufficient
evidence regarding the association between
glutamine and cancers. This highlights the
need for a thorough analysis to systematically

evaluate the associations between glutamine
and the incidence of cancer. Furthermore, esti-
mating the causal relationship between gluta-
mine and cancer incidence remains challeng-
ing due to potential unmeasured confounding
factors in observational studies.

Mendelian randomization (MR) analysis, as a
new epidemiological method, has been widely
applied to investigate the causal effect bet-
ween risk factors and diseases [10, 11]. This
approach can strengthen casual inference by
extracting genetic variants to represent an
exposure. The MR approach is less likely to be
affected by potential unmeasured confounding
factors or reverse causality compared to obser-
vational studies. This is because MR, similar to
randomized controlled trials, benefits from the
random distribution of genetic variants at con-
ception, which serves as a standardization
mechanism [12-14].
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Figure 1. Schematic overview of the study design. A. Basic assumptions of Mendelian randomization: Assumption 1,
the genetic instruments have strong relationships with the exposure; assumption 2, the genetic instruments should
not be associated with potential confounders; and assumption 3, the genetic instruments should affect the risk of
outcome only through exposure and not through other alternative pathways. B. Main design of this study: Indepen-
dent SNPs for glutamine were identified as instrumental variables, whereas summary statistics of gene-glutamine
associations were retrieved separately from the GWAS performed by Kettunen et al. and UK Biobank. LD, linkage
disequilibrium; SNP, single nucleotide polymorphism; IVW, inverse-variance weighted; PRESSO, pleiotropy residual
sum and outlier; BMI, body mass index; T2DM, type 2 diabetes; LAC, lung adenocarcinoma; SCLC, squamous cell
lung cancer; HGSOC, high-grade serous ovarian cancer; LGSOC, low-grade serous ovarian cancer; UVMR, Univari-
able Mendelian randomization; MVMR, Multivariable Mendelian randomization.

To investigate the causal effects of circulating data sources are detailed in Figure 1A and 1B.
glutamine on six common cancers and their The genetic instruments used in this MR must
subtypes, we conducted a MR study. We uti- follow the three basic assumptions: (1) The
lized the genome-wide association study (GW- genetic instruments have strong relationships
AS) summary statistics of circulating glutamine with the exposure. (2) The genetic instruments
from the UK Biobank and another large-scale have no associations with any confounder that
study, analyzing them separately. Moreover, we may affect exposure or outcome. (3) The ge-
accounted for potential confounding factors by netic instruments cannot affect the outcome
adjusting the results for body mass index (BMI), directly [15]. We first performed a series of uni-
lipidemic traits, and type 2 diabetes mellitus variable MR (UVMR) to explore the relationship

(T2DM), which have known genetic associa-

. ’ . ‘ . between circulating glutamine and cancers.
tions with circulating glutamine.

Given the known relationships between gluta-
mine, cancers, and some metabolism factors

Materials and methods o
[16-18], we then performed multivariable MR

Study design (MVMR) analyses using metabolism-associat-

ed genetic variants to examine the direct
Two-sample MR was applied in this study, and effects of glutamine on cancer risk. The direct
the schematic overview of the study design and effect was the effect of the exposure on the
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Table 1. Details of data source included in the study

Traits Data source Cases/Controls PMID Ancestry
Exposures
Glutamine (Discovery set) UKB 114,750 - 100% European
Glutamine (Replicated set) Kettunen et al. 24,462 27005778 100% European
Outcomes
Breast cancer BCAC 122,977/105,974 29059683 100% European
ER+ breast cancer BCAC 69,501/105,974 29059683 100% European
ER- breast cancer BCAC 21,468/105,974 29059683 100% European
Lung Cancer ILCCO 11,348/15,861 24880342 100% European
LAC ILCCO 3,442/14,894 24880342 100% European
SCLC ILCCO 3,275/15,038 24880342 100% European
Thyroid cancer Gudmundsson etal. 3,001/287,550 28195142 100% European
Prostate cancer PRACTICAL 79,148/61,106 29892016 100% European
Ovarian cancer OCAC 25,509/40,941 28346442 100% European
HGSOC OCAC 13,037/40,941 28346442 100% European
LGSOC OCAC 1,012/40,941 28346442 100% European
Endometrial cancer O’Mara TA et al. 12,906/108,979 30093612 100% European
Possible mediators/confounders (MVMR)
BMI GIANT 339,224 25673413 95% European
T2DM DIAGRAM 26,488/83,964 24509480 70% European
Fasting glucose MAGIC 200,622 34059833 70% European
Fasting insulin MAGIC 151,013 34059833 70% European
HDL GLGC 187,167 24097068 90% European
LDL GLGC 173,082 24097068 90% European
Triglycerides GLGC 177,861 24097068 90% European

outcome only via one path (direct). Moreover,
we replicated our findings with another inde-
pendent dataset of circulating glutamine to
investigate the robustness. The same replicat-
ed method was applied in some other MR anal-
yses [19, 20].

Data sources

We used the circulating glutamine GWAS sum-
mary statistics from two independent studies,
and all summary datasets can be downloaded
from the MRC IEU OpenGWAS (https://gwas.
mrcieu.ac.uk/). The discovery set of circulating
glutamines was from the UK Biobank (UKB),
and the GWAS was conducted in 114,750
European individuals (study ID “met-d-GIn”).
The replicated set was derived from 14 Eu-
ropean cohorts from Finland (53%), Nether-
lands (22%), Estonia 3884 (16%), Germany
(7%), and Poland (2%), which included 24,925
participants reported by Kettunen et al. (study
ID “met-c-860”) [21]. Human blood metabo-
lites were quantified using a high-throughput
NMR metabolomics platform in this study.
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We excluded cancer outcome data that over-
lapped with the exposed population in order to
mitigate potential bias arising from the overlap.
Our study ultimately encompassed six preva-
lent types of cancer. The GWAS summary sta-
tistics for cancer can be accessed from public
databases such as MRC IEU OpenGWAS and
Decode datasets (https://www.decode.com/).
Table 1 provides an overview of the data sourc-
es used for different traits examined in our
study. The GWAS summary data for breast,
ovarian, lung, and pancreatic cancer were
obtained from BCAC (Breast Cancer Associa-
tion Consortium) [22], OCAC (Ovarian Cancer
Association Consortium) [23], ILCCO (Interna-
tional Lung Cancer Consortium) [24], and Pan-
Scan (Pancreatic Cancer Cohort Consortium)
[25], respectively. Gudmundsson et al. con-
ducted a GWAS of thyroid cancer that includ-
ed 3,001 European cases and 287,550 con-
trols [26]. The summary dataset for endometri-
al cancer in the GWAS analysis consisted of
12,906 studies published by O’'Mara TA et al.
[27].
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We conducted MVMR analysis, adjusting for
several metabolic factors, to investigate poten-
tial mediators and mitigate the impact of con-
founders on our results. The GWAS summary
dataset of BMI and T2DM were obtained from
GIANT (Genetic Investigation of ANthropometric
Traits) [28] and DIAGRAM (Diabetes Genetics
Replication and Meta-analysis) [29] consor-
tium, respectively. The GWAS summary statis-
tics of fasting glucose and fasting insulin were
obtained from MAGIC (Meta-Analyses of Glu-
cose and Insulin-related traits Consortium)
[30]. The data source of lipidemic traits was
obtained from the Global Lipids Genetics Con-
sortium (GLGC), including high-density lipopro-
tein-cholesterol (HDL), LDL, and triglycerides
[31].

Ethical approval was gained in all original stud-
ies. Details of the data sources included in the
study can be found in Table 1.

Genetic instrument selection

The genetic instruments significantly associat-
ed with the exposure were retrieved using a
threshold of P < 5x108, and any SNPs that
were associated with the outcome were ex-
cluded. To ensure statistical independence,
SNPs with a linkage disequilibrium (LD) R? >
0.01 were pruned. Additionally, we excluded
palindromic SNPs with intermediate allele fre-
quencies and calculated the F parameter to
assess the strength of the instruments. SNPs
with an F value less than 10 were removed due
to lower statistical power. R? was used to
estimate the ability of genetic instruments to
explain the exposure. We conducted power cal-
culations based on the R? of the genetic instru-
ments and outcome sample sizes using the
Online sample size and power calculator for
Mendelian randomization. We used a type |
error of 0.5% and computed the statistical
power to examine odds ratios (ORs) at four
effect sizes (0.60, 0.70, 0.80, and 0.90). The
results of the power analysis from two databas-

es are presented in Supplementary Tables 1
and 2.

Statistical analysis

The inverse-variance weighted (IVW) method
was employed as the primary analysis in our
study. We calculated Cochran’s Q to assess
heterogeneity among instruments. In the pres-
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ence of significant heterogeneity, we utilized
the IVW-random effect model to elucidate the
association between exposure and outcome.
Alternatively, if no significant heterogeneity was
detected, we employed the IVW-fixed effect
model. In addition, a series of sensitivity analy-
ses were conducted as supplements to the
IVW method. The weighted median method can
provide a causal estimate even when less than
50% of the weight of the genetic instruments is
invalid [32]. Weighted mode regression assess-
es the causal effect reliable if there are most
valid SNPs [33]. The MR-Egger intercept analy-
sis, based on the Instrument Strength Inde-
pendent of Direct Effect (InSIDE), can be uti-
lized to evaluate pleiotropy. In this MR study,
the P-value for the MR-Egger intercept was
employed to detect the presence of directional
pleiotropy [34]. The MR pleiotropy residual sum
and outlier (MR-PRESSO) test can correct hori-
zontal pleiotropy using outlier removal and eval-
uate significant differences before and after
outlier removal [35]. To account for multiple
testing, a Bonferroni-corrected threshold of
P < 0.0042 (& = 0.05/12) was applied. Asso-
ciations with P < 0.0042 were considered sig-
nificant, and associations with P > 0.0042 and
< 0.05 were considered suggestive.

We also conducted MVMR with more expo-
sures, such as BMI, diabetes, and lipidemic
traits, which may increase the incidence of
cancer and may be related to circulating glu-
tamine. A multivariable random-effects IVW
model, adjusted for metabolism factors, was
employed to evaluate the potential reduction in
the effects of liability to circulating glutamine
on the outcome.

All statistical analyses were performed based
on the TwoSampleMR, MRPRESSO, and MVMR
packages in R version 4.1.0.

Results
Discovery results in the UKB consortium

In the UKB circulating glutamine GWAS, we dis-
covered 55 independent genetic instruments
for circulating glutamine, which collectively ac-
counted for approximately 44.0% of the pheno-
typic variation in glutamine. The F statistics
for instruments in the UKB vary from 29.7 to
369.4. The results of genetically predicted cir-
culating glutamine on all cancer risks can be
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Table 2. Mendelian randomization estimates between glutamine and cancer risk

SNP IVW Weighted median Weighted mode MR-Egger
° OR (95% Cl) P OR (95% Cl) P OR (95% Cl) P OR (95% Cl) P
UKB
Breast cancer 39 1.048 (0.947-1.159) 0.364 1.061 (0.965-1.166) 0.221 1.059 (0.946-1.187) 0.326 1.012 (0.823-1.243) 0.911
ER+ breast cancer 40 1.048 (0.928-1.182) 0.451 1.101 (0.979-1.238) 0.108 1.045 (0.899-1.214) 0.570 1.035 (0.809-1.324) 0.785
ER- breast cancer 39 1.034 (0.928-1.152) 0.539 1.114 (0.930-1.335) 0.240 1.136 (0.905-1.425) 0.278 1.149 (0.889-1.484) 0.294
Lung Cancer 46 0.938 (0.832-1.057) 0.290 0.859 (0.716-1.029) 0.099 0.902 (0.765-1.064) 0.228 0.872 (0.715-1.063) 0.182
LAC 46 1.023 (0.854-1.226) 0.802 0.997 (0.764-1.301) 0.984 0.992 (0.776-1.268) 0.948 1.000 (0.735-1.359) 0.998
SCLC 46 0.945 (0.785-1.137) 0.548 0.828 (0.626-1.098) 0.191 0.869 (0.666-1.133) 0.305 0.910 (0.665-1.242) 0.556
Thyroid cancer 44 0.667 (0.541-0.822) 1.52x10* 0.624 (0.462-0.842) 2.02x10° 0.618 (0.461-0.829) 2.54x10° 0.585 (0.425-0.805) 2.05x10%
Prostate cancer 54 0.968 (0.895-1.044) 0.403 0.934 (0.863-1.011) 0.089 0.943 (0.868-1.025) 0.174 0.915 (0.816-1.027) 0.136
Ovarian cancer 40 0.996 (0.881-1.127) 0.949 1.102 (0.918-1.611) 0.298 1.097 (0.900-1.338) 0.365 1.233 (0.943-1.611) 0.123
HGSOC 40 1.023 (0.884-1.185) 0.760 1.111 (0.886-1.392) 0.362 1.194 (0.873-1.634) 0.274 1.137 (0.843-1.532) 0.406
LGSOC 40 1.022 (0.656-1.592) 0.226 1.454 (0.695-3.042) 0.321 1.975 (0.637-6.126) 0.246 1.389 (0.549-3.514) 0.492
Endometrial cancer 55 1.066 (0.968-1.174) 0.191 0.934 (0.811-1.075) 0.340 1.013 (0.859-1.196) 0.878 1.005 (0.855-1.182) 0.948
Kettunen et al.
Breast cancer 3 0.957 (0.845-1.083) 0.486 1.040 (0.854-1.265) 0.618 1.106 (0.886-1.381) 0.468 0.197 (0.002-20.55) 0.618
ER+ breast cancer 3 0.988 (0.853-1.146) 0.876 0.932 (0.764-1.137) 0.485 0.890 (0.687-1.154) 0.472 0.196 (0.027-1.404) 0.352
ER- breast cancer 3 1.055 (0.843-1.319) 0.640 1.132 (0.835-1.535) 0.424 1.257 (0.836-1.889) 0.387 0.934 (0.001-83.78) 0.988
Lung Cancer 5 0.886 (0.739-1.060) 0.186 0.853 (0.698-1.041) 0.117 0.826 (0.671-1.017) 0.146 0.734 (0.516-1.045) 0.185
LAC 5 1.055 (0.806-1.382) 0.653 0.989 (0.731-1.338) 0.942 0.975 (0.713-1.514) 0.881 0.963 (0.524-1.769) 0.910
SCLC 5 0.875 (0.660-1.159) 0.351 0.811 (0.591-1.113) 0.195 0.745 (0.518-1.072) 0.188 0.613 (0.351-1.069) 0.183
Thyroid cancer 5 0.577 (0.421-0.790) 6.14x10* 0.531(0.374-0.752) 3.72x10* 0.522(0.362-0.752)  0.025 0.389 (0.212-0.715)  0.017
Prostate cancer 5 0.906 (0.784-1.046) 0.178 0.927 (0.844-1.018) 0.113 0.937 (0.843-1.041) 0.293 0.990 (0.735-1.335) 0.953
Ovarian cancer 3 1.044 (0.806-1.352) 0.747 1.076 (0.793-1.460) 0.639 1.102 (0.769-1.580) 0.649 0.350 (0.011-10.83) 0.656
HGSOC 3 0.129 (0.930-1.537) 0.439 1.118 (0.732-1.7070  0.606 1.118 (0.620-2.013) 0.745 0.015 (0.001-1.035) 0.295
LGSOC 3 0.760 (0.077-7.460) 0.814 1.772 (0.443-7.076) 0.418 2.525 (0.563-1.131) 0.350 1.669 (0.372-7.471) 0.314
Endometrial cancer 5 0.995 (0.858-1.153) 0.943 0.950 (0.803-1.123) 0.547 0.908 (0.764-1.080) 0.337 0.787 (0.585-1.058) 0.211

SNP, single nucleotide polymorphisms; IVW, inverse variance weighted; MR-PRESSO, MR-pleiotropy residual sum and outlier; OR, odds ratio; Cl, confidence interval; LAC, lung adenocarcinoma; SCLC,
squamous cell lung cancer; HGSOC, High grade serous ovarian cancer; LGSOC, Low grade serous ovarian cancer.
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Figure 2. MR analyses from glutamine to thyroid cancer in UKB dataset. A. Forest plots: the red points showed the
combined causal estimate using all SNPs together in a single instrument, using two different methods (MR-Egger
and IVW). B. Scatter plots: X axes represent the genetic instruments - glutamine associations in UKB and Y axes
represent genetic instruments - thyroid cancer associations. Black dots denote to the genetic instruments included
in the primary MR analyses. Light blue: Inverse variance weighted; light green: Weighted Median; blue: MR Egger;

green: Weighted mode.

found in Table 2. We observed a potential
decrease in the risk of thyroid cancer associat-
ed with circulating glutamine. However, in both
the IVW method and sensitivity analysis, we did
not find any evidence of an association between
glutamine and the risk of breast, lung, pros-
tate, ovarian, or endometrial cancer. The fo-
rest plots and scatter plots can be found in

Supplementary Figures 1, 2, 3, 4.

The lower levels of circulating glutamine may be
associated with an increased risk of thyroid
cancer (IVW: OR = 0.667, 95% CI [0.541-
0.822], P = 1.52x104). The fixed model of the
IVW method was applied because we did not
examine the strong heterogeneity. The sensitiv-
ity analysis continues to support the IVW re-
sult (weighted median: OR = 0.624, 95% CI
[0.462-0.842], P = 2.02x10%; weighted mode:
OR = 0.618, 95% CI [0.461-0.829], P =
2.54x103;, MR-Egger: OR = 0.585, 95% Cl
[0.425-0.805], P = 2.05x10®). The forest plots
and scatter plots for thyroid cancer outcomes
in discovery practice were shown in Figure 2A
and 2B. There was no horizontal pleiotropy or
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outliers in thyroid cancer
(Supplementary Tables 3, 4).

in this stage

Replicated results in the Kettunen et al. study

We also identified 5 independent genetic in-
struments for circulating glutamine, and the
explained variance was approximately 8.3% in
the replicated stage. The F statistics ranged
from 44.9 to 166.6. In the Kettunen et al. data-
set, we successfully replicated the MR results
of thyroid cancer outcome, and no causal effect
of glutamine on other cancer types was found
in this part (Table 2). The forest plots and scat-
ter plots for cancer outcomes can be found in

Supplementary Figures 5, 6, 7, 8.

The lower levels of circulating glutamine may be
associated with an increased risk of thyroid
cancer (IVW: OR = 0.577, 95% CI [0.421-0.790],
P = 6.14x10%). The fixed model of the IVW
method was utilized due to the absence of het-
erogeneity. Furthermore, the results of the sen-
sitivity analysis suggested that a genetic pre-
disposition to lower levels of circulating glu-
tamine may decrease the risk of thyroid cancer

Am J Cancer Res 2023;13(12):6072-6089
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Figure 3. MR analyses from glutamine to thyroid cancer in Kettunen et al. dataset. A. Forest plots: the red points
showed the combined causal estimate using all SNPs together in a single instrument, using two different methods
(MR-Egger and IVW). B. Scatter plots: X axes represent the genetic instruments - glutamine associations in Kettunen
et al. and Y axes represent genetic instruments - thyroid cancer associations. Black dots denote to the genetic
instruments included in the primary MR analyses. Light blue: Inverse variance weighted; light green: Weighted Me-

dian; blue: MR Egger; green: Weighted mode.

(weighted median: OR = 0.531, 95% CI [0.374-
0.752], P = 3.72x10% weighted mode: OR =
0.522, 95% Cl [0.362-0.752], P = 0.025;
MR-Egger: OR = 0.389, 95% Cl [0.212-0.715],
P = 0.017). The forest plots and scatter plots
for thyroid cancer outcomes in the replicated
set were shown in Figure 3A and 3B. No hori-
zontal pleiotropy or outliers were examined
in the thyroid cancer outcome in this part
(Supplementary Tables 3, 4).

Multivariable MR analyses

MVMR analysis was conducted to incorporate
additional exposures such as BMI, diabetes,
and lipidemic traits, as these factors have been
shown to potentially exacerbate the severity of
thyroid cancer and could be associated with cir-
culating glutamine phenotypes. The indepen-
dent causal effects of glutamine and thyroid
cancer remained significant with adjustment of
each of the seven confounders individually
(Figure 4A and 4B; Supplementary Table 5).
The effect sizes of MVMR were consistent with
the univariable MR in both UKB consortium
(controlling for BMI: OR = 0.663, P = 1.24x103,
controlling for T2DM: OR = 0.626, P = 1.99x
10°%; controlling for fasting glucose: OR = 0.721,
P = 4.91x103; controlling for fasting insulin: OR
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= 0.695, P = 4.69x10%; controlling for HDL: OR
= 0.681, P = 2.17x10°3; controlling for LDL: OR
=0.664, P = 3.16x10°3; controlling for triglycer-
ides: OR = 0.662, P = 9.55x10%) (Figure 4A)
and replicated sets (controlling for BMI: OR =
0.599, P = 2.17x10°3; controlling for T2DM: OR
= 0.568, P = 9.71x10%; controlling for fasting
glucose: OR = 0.570, P = 4.99x10%; controlling
for fasting insulin: OR = 0.610, P = 2.06x1073;
controlling for HDL: OR = 0.660, P = 8.38x1073;
controlling for LDL: OR = 0.545, P = 8.49x10%
controlling for triglycerides: OR = 0.624, P =
3.34x1073®) (Figure 4B).

Discussions

Glutamine is an abundant and versatile nutri-
ent involved in a variety of functional roles in
the body, including signaling in cancer cells
[36]. However, the role it plays in tumors is not
clear. To our knowledge, this is the first MR
study to explore whether increased levels of cir-
culating glutamine affect cancer incidence. We
found that genetically predicted circulating glu-
tamine levels were not related to cancer risk,
except for a protective association between
glutamine levels and thyroid cancer.

First, we found instrument variants represent-
ing the exposure (circulating glutamine) from a
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Figure 4. UVMR and MVMR MR analyses of glutamine and thyroid cancer in different datasets. A. UKB dataset (Dis-
covery set). B. Kettunen et al. dataset (Replication set). Red plots (bars) represent OR (95% Cl) of IVW for the risk
of thyroid cancer associated with each 1 - SD increase of glutamine after unadjusted (UVMR) or adjusted (MVMR)
for confounding factors. Blue plots (bars) represent OR (95% ClI) of IVW for the risk of thyroid cancer associated with
each 1 - SD increase of risk factors after adjusted (MVMR) for glutamine. MVMR, multivariable Mendelian random-
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large-scale UKB cohort that included 114,750
European individuals, and those instrument
variants have shown an inverse association
with circulating glutamine to thyroid cancer
based on the main IVW method and all other
sensitivity analyses. Second, we successfully
replicated the MR results after extracting some
instrument variants representing the exposure
from another separate large-scale study. The
statistical power for both UKB and replicated
exposure was 100%. There was no heterogene-
ity, and horizontal pleiotropy and outliers were
examined when thyroid cancer was the out-
come. We also performed MVMR to assess the
causal relationship between circulating gluta-
mine and thyroid cancer with adjustments for
BMI, T2DM, fasting glucose, fasting insulin,
HDL, LDL, and triglycerides. The MVMR results
indicated that the causal association between
glutamine and thyroid cancer risk was robust,
and it was unlikely to be affected by con-
founders.

Many previous studies have suggested that
glutamine promotes the development and pro-
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gression of cancer because of the involvement
of glutamine in cancer metabolism [37-39].
This theory seems reasonable, but some stud-
ies found that higher levels of glutamine in rats
did not promote tumor growth [40, 41]. Some
recent studies have found that there is strong
heterogeneity in the glutamine requirements of
different tumor cell lines [42, 43], such as lumi-
nal-type cells [44], and a panel of lung cancer
cell lines tends to be glutamine-independent
[45]. The reasons for the difference between
cancers were that different types of cells have
distinct ways of utilizing nutrients and generat-
ing energy, thus resulting in distinct nutrient
needs. Such cell type-specific metabolic differ-
ences are associated with many biological pro-
cesses and force the symbiosis between differ-
ent cells and organisms.

Taken together, we have reason to believe that
circulating glutamine could reduce thyroid inci-
dence, although we did not find observational
studies to support our view. Indeed, very few
publications address the issue of how gluta-
mine participates in thyroid tumorigenesis, and
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the mechanism is still not well understood [46].
Although some experimental studies have con-
firmed higher levels of glutamine in thyroid can-
cer tissue than in normal tissue [47, 48], this
does not support glutamine as the cause of
thyroid cancer. For example, some cancer cells
can use micropinocytosis to engulf extracellu-
lar proteins, which can degrade in lysosomes to
release glutamine [49-51]; in this case, gluta-
mine is an outcome rather than an etiology.
Some studies have suggested that glutamine
may reduce cancer rates. Mari et al. reported
that glutamine can slow melanoma tumor gr-
owth by suppressing epigenetically activated
oncogenic pathways [52]. They also found that
although glutamine increased several tricar-
boxylic acid intermediates, it was not utilized
for proliferation and progression in melanoma
tumors directly [52]. Moreover, recent studies
have shown that increasing glutamine levels
can boost the antitumor immune response [5],
because glutamine is an important raw materi-
al in the metabolism of immune cells and
inflammatory T-cell responses [6-9]. In addi-
tion, some studies have found that glutamine
metabolism can inhibit the progression of can-
cer by promoting autophagy in tumors [53, 54].
The experimental mechanism described above
may explain how glutamine reduces the inci-
dence of thyroid cancer, but previous studies
on glutamine and thyroid cancer are very few,
and more research is needed to explore and
support our view in the future.

There are some strengths in our MR study.
First, genetically instrumented circulating glu-
tamine can rule out potential confounding fac-
tors. Second, we obtained gene-exposure as-
sociations from two independent GWASs (UKB
and Kettunen et al. study), including large sam-
ple sizes. The effect from two exposure data
sources and a range of sensitivity analysis
tests, including MVMR, all point to the same
conclusion. Third, there are no overlap samples
between exposure and outcome, which sug-
gests that any relationships in the exposures
are unlikely to be replicated with the clinical
outcomes.

This study still has some limitations. First, the
GWASs utilized in our study were all from indi-
viduals of European descent. The “population
bottleneck” theory suggests that different pop-
ulations may lead to differential genetic vari-
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ants [55]. Thus, the results might not be repli-
cated in other ethics of the world. Further study
of other population GWAS datasets should be
conducted to confirm the findings. Second, we
cannot examine whether the effects of circu-
lating glutamine on cancers vary by age or sex
because of the limitations of datasets. Strati-
fied MR analysis should be conducted in the
future. Third, strong heterogeneity was obser-
ved when the outcomes were breast and pros-
tate cancer, and it could not be eliminated
even though we took steps to exclude outliers.
We applied the random-model IVW method
as the main result to minimize the effect of
heterogeneity.

Conclusions

In summary, this is the first MR study exploring
causal inferences between circulating gluta-
mine concentrations and the risk of multiple
cancers based on a European population. This
MR study suggests that circulating glutamine
can reduce the risk of thyroid cancer but not
other types of cancers. Nevertheless, further
studies should be conducted to confirm our
findings as well as to examine the causality
associations across ancestries, and further in-
vestigations into the underlying mechanisms
are necessary.

Acknowledgements

We are grateful for all of the previous stu-
dies and databases that facilitated our use of
genome-wide association study summary data.

Disclosure of conflict of interest

None.

Address correspondence to: Hongjin Liang, Depart-
ment of Intensive Care Unit, Xi'an No. 3 Hospital,
The Affiliated Hospital of Northwest University, No.
10, East Fengcheng Third Road, Weiyang District,
Xi'an 710018, Shaanxi, P. R. China. E-mail:
15619489966@163.com

References

[1] Yoo HC, Yu YC, Sung Y and Han JM. Glutamine
reliance in cell metabolism. Exp Mol Med
2020; 52: 1496-1516.

[2] Yang WH, Qiu Y, Stamatatos O, Janowitz T and
Lukey MJ. Enhancing the efficacy of glutamine

Am J Cancer Res 2023;13(12):6072-6089


mailto:15619489966@163.com

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

Circulating glutamine and cancer risk

metabolism inhibitors in cancer
Trends Cancer 2021; 7: 790-804.

Li T, Copeland C and Le A. Glutamine metabo-
lism in cancer. Adv Exp Med Biol 2021; 1311:
17-38.

Liu T, Han C, Fang P, Ma Z, Wang X, Chen H,
Wang S, Meng F, Wang C, Zhang E, Dong G,
Zhu H, Yin W, Wang J, Zuo X, Qiu M, Wang J,
Qian X, Shen H, Xu L, Hu Z and Yin R. Cancer-
associated fibroblast-specific IncRNA LINC-
01614 enhances glutamine uptake in lung ad-
enocarcinoma. J Hematol Oncol 2022; 15:
141.

Ma G, Zhang Z, Li P, Zhang Z, Zeng M, Liang Z,
Li D, Wang L, ChenY, Liang Y and Niu H. Repro-
gramming of glutamine metabolism and its
impact on immune response in the tumor mi-
croenvironment. Cell Commun Signal 2022;
20: 114.

Nakaya M, Xiao Y, Zhou X, Chang JH, Chang M,
Cheng X, Blonska M, Lin X and Sun SC. Inflam-
matory T cell responses rely on amino acid
transporter ASCT2 facilitation of glutamine up-
take and mTORC1 kinase activation. Immunity
2014; 40: 692-705.

O’Neill LA, Kishton RJ and Rathmell J. A guide
to immunometabolism for immunologists. Nat
Rev Immunol 2016; 16: 553-565.

Blagih J, Coulombe F, Vincent EE, Dupuy F,
Galicia-Vazquez G, Yurchenko E, Raissi TC, van
der Windt GJ, Viollet B, Pearce EL, Pelletier J,
Piccirillo CA, Krawczyk CM, Divangahi M and
Jones RG. The energy sensor AMPK regulates
T cell metabolic adaptation and effector re-
sponses in vivo. Immunity 2015; 42: 41-54.
Yang T, Yan X, Cao Y, Bao T, Li G, Gu S, Xiong K
and Xiao T. Meta-analysis of glutamine on im-
mune function and post-operative complica-
tions of patients with colorectal cancer. Front
Nutr 2021; 8: 765809.

Wang X, Dai JY, Albanes D, Arndt V, Berndt S,
Bézieau S, Brenner H, Buchanan DD, Butter-
bach K, Caan B, Casey G, Campbell PT, Chan
AT, Chen Z, Chang-Claude J, Cotterchio M,
Easton DF, Giles GG, Giovannucci E, Grady
WM, Hoffmeister M, Hopper JL, Hsu L, Jenkins
MA, Joshi AD, Lampe JW, Larsson SC, Lejbkow-
icz F, Li L, Lindblom A, Le Marchand L, Martin
V, Milne RL, Moreno V, Newcomb PA, Offitt K,
Ogino S, Pharoah PDP, Pinchev M, Potter JD,
Rennert HS, Rennert G, Saliba W, Schafmayer
C, Schoen RE, Schrotz-King P, Slattery ML,
Song M, Stegmaier C, Weinstein SJ, Wolk A,
Woods MO, Wu AH, Gruber SB, Peters U and
White E. Mendelian randomization analysis of
C-reactive protein on colorectal cancer risk. Int
J Epidemiol 2019; 48: 767-780.

Emdin CA, Khera AV and Kathiresan S. Mende-
lian randomization. JAMA 2017; 318: 1925-
1926.

therapy.

6081

[12]

(13]

(14]

(15]

(16]

(17]

(19]

Smith GD and Ebrahim S. ‘Mendelian random-
ization’: can genetic epidemiology contribute
to understanding environmental determinants
of disease? Int J Epidemiol 2003; 32: 1-22.
Lawlor DA, Harbord RM, Sterne JA, Timpson N
and Davey Smith G. Mendelian randomization:
using genes as instruments for making causal
inferences in epidemiology. Stat Med 2008;
27:1133-1163.

Nitsch D, Molokhia M, Smeeth L, DeStavola
BL, Whittaker JC and Leon DA. Limits to causal
inference based on Mendelian randomization:
a comparison with randomized controlled tri-
als. Am J Epidemiol 2006; 163: 397-403.
Davey Smith G and Hemani G. Mendelian ran-
domization: genetic anchors for causal infer-
ence in epidemiological studies. Hum Mol
Genet 2014; 23: R89-98.

He R, Zheng R, Zheng J, Li M, Wang T, Zhao Z,
Wang S, Lin H, Lu J, Chen Y, Xu Y, Wang W, Xu
M, Bi Y and Ning G. Causal association be-
tween obesity, circulating glutamine levels,
and depression: a Mendelian randomization
study. J Clin Endocrinol Metab 2023; 108:
1432-1441.

Goto A, Yamaji T, Sawada N, Momozawa Y, Ka-
matani Y, Kubo M, Shimazu T, Inoue M, Noda
M, Tsugane S and lwasaki M. Diabetes and
cancer risk: a Mendelian randomization study.
Int J Cancer 2020; 146: 712-719.
Pearson-Stuttard J, Papadimitriou N, Mar-
kozannes G, Cividini S, Kakourou A, Gill D,
Rizos EC, Monori G, Ward HA, Kyrgiou M, Gunt-
er MJ and Tsilidis KK. Type 2 diabetes and can-
cer: an umbrella review of observational and
Mendelian randomization studies. Cancer Epi-
demiol Biomarkers Prev 2021; 30: 1218-
1228.

Papadimitriou N, Dimou N, Tsilidis KK, Ban-
bury B, Martin RM, Lewis SJ, Kazmi N, Robin-
son TM, Albanes D, Aleksandrova K, Berndt S,
Timothy Bishop D, Brenner H, Buchanan DD,
Bueno-de-Mesquita B, Campbell PT, Castellvi-
Bel S, Chan AT, Chang-Claude J, Ellingjord-Dale
M, Figueiredo JC, Gallinger SJ, Giles GG,
Giovannucci E, Gruber SB, Gsur A, Hampe J,
Hampel H, Harlid S, Harrison TA, Hoffmeister
M, Hopper JL, Hsu L, Maria Huerta J, Huyghe
JR, Jenkins MA, Keku TO, Kihn T, La Vecchia C,
Le Marchand L, Li ClI, Li L, Lindblom A, Lindor
NM, Lynch B, Markowitz SD, Masala G, May
AM, Milne R, Monninkhof E, Moreno L, Moreno
V, Newcomb PA, Offit K, Perduca V, Pharoah
PDP, Platz EA, Potter JD, Rennert G, Riboli E,
Sanchez MJ, Schmit SL, Schoen RE, Severi G,
Sieri S, Slattery ML, Song M, Tangen CM,
Thibodeau SN, Travis RC, Trichopoulou A, Ul-
rich CM, van Duijnhoven FJB, Van Guelpen B,
Vodicka P, White E, Wolk A, Woods MO, Wu AH,
Peters U, Gunter MJ and Murphy N. Physical

Am J Cancer Res 2023;13(12):6072-6089



[20]

[21]

[22]

Circulating glutamine and cancer risk

activity and risks of breast and colorectal can-
cer: a Mendelian randomisation analysis. Nat
Commun 2020; 11: 597.

Choi KW, Chen CY, Stein MB, Klimentidis YC,
Wang MJ, Koenen KC and Smoller JW; Major
Depressive Disorder Working Group of the Psy-
chiatric Genomics Consortium. Assessment of
bidirectional relationships between physical
activity and depression among adults: a 2-
sample Mendelian randomization study. JAMA
Psychiatry 2019; 76: 399-408.

Kettunen J, Demirkan A, Wirtz P, Draisma HH,
Haller T, Rawal R, Vaarhorst A, Kangas AJ, Lyy-
tikdinen LP, Pirinen M, Pool R, Sarin AP, Soin-
inen P, Tukiainen T, Wang Q, Tiainen M, Tynk-
kynen T, Amin N, Zeller T, Beekman M, Deelen
J, van Dijk KW, Esko T, Hottenga JJ, van Leeu-
wen EM, Lehtimaki T, Mihailov E, Rose RJ, de
Craen AJ, Gieger C, K&hdonen M, Perola M,
Blankenberg S, Savolainen MJ, Verhoeven A,
Viikari J, Willemsen G, Boomsma DI, van Duijn
CM, Eriksson J, Jula A, Jarvelin MR, Kaprio J,
Metspalu A, Raitakari O, Salomaa V, Slagboom
PE, Waldenberger M, Ripatti S and Ala-Korpela
M. Genome-wide study for circulating metabo-
lites identifies 62 loci and reveals novel sys-
temic effects of LPA. Nat Commun 2016; 7:
11122.

Michailidou K, Lindstrom S, Dennis J, Beesley
J, Hui S, Kar S, Lemacon A, Soucy P, Glubb D,
Rostamianfar A, Bolla MK, Wang Q, Tyrer J,
Dicks E, Lee A, Wang Z, Allen J, Keeman R, Eil-
ber U, French JD, Qing Chen X, Fachal L, Mc-
Cue K, McCart Reed AE, Ghoussaini M, Carroll
JS, Jiang X, Finucane H, Adams M, Adank MA,
Ahsan H, Aittomaki K, Anton-Culver H, An-
tonenkova NN, Arndt V, Aronson KJ, Arun B,
Auer PL, Bacot F, Barrdahl M, Baynes C, Beck-
mann MW, Behrens S, Benitez J, Bermisheva
M, Bernstein L, Blomqvist C, Bogdanova NV,
Bojesen SE, Bonanni B, Bgrresen-Dale AL,
Brand JS, Brauch H, Brennan P, Brenner H,
Brinton L, Broberg P, Brock IW, Broeks A,
Brooks-Wilson A, Brucker SY, Bruning T, Bur-
winkel B, Butterbach K, Cai Q, Cai H, Caldés T,
Canzian F, Carracedo A, Carter BD, Castelao
JE, Chan TL, David Cheng TY, Seng Chia K, Choi
JY, Christiansen H, Clarke CL; NBCS Collabora-
tors, Collée M, Conroy DM, Cordina-Duverger E,
Cornelissen S, Cox DG, Cox A, Cross SS, Cun-
ningham JM, Czene K, Daly MB, Devilee P,
Doheny KF, Dork T, Dos-Santos-Silva |, Dumont
M, Durcan L, Dwek M, Eccles DM, Ekici AB, Eli-
assen AH, Ellberg C, Elvira M, Engel C, Eriksson
M, Fasching PA, Figueroa J, Flesch-Janys D,
Fletcher O, Flyger H, Fritschi L, Gaborieau V,
Gabrielson M, Gago-Dominguez M, Gao YT,
Gapstur SM, Garcia-Saenz JA, Gaudet MM,
Georgoulias V, Giles GG, Glendon G, Goldberg

6082

MS, Goldgar DE, Gonzalez-Neira A, Grenaker
Alnges Gl, Grip M, Gronwald J, Grundy A, Gué-
nel P, Haeberle L, Hahnen E, Haiman CA,
Hakansson N, Hamann U, Hamel N, Hankinson
S, Harrington P, Hart SN, Hartikainen JM, Hart-
man M, Hein A, Heyworth J, Hicks B, Hille-
manns P, Ho DN, Hollestelle A, Hooning MJ,
Hoover RN, Hopper JL, Hou MF, Hsiung CN,
Huang G, Humphreys K, Ishiguro J, Ito H, Iwa-
saki M, Iwata H, Jakubowska A, Janni W, John
EM, Johnson N, Jones K, Jones M, Jukkola-Vu-
orinen A, Kaaks R, Kabisch M, Kaczmarek K,
Kang D, Kasuga Y, Kerin MJ, Khan S, Khusnut-
dinova E, Kiiski JI, Kim SW, Knight JA, Kosma
VM, Kristensen VN, Kriger U, Kwong A, Lam-
brechts D, Le Marchand L, Lee E, Lee MH, Lee
JW, Neng Lee C, Lejbkowicz F, Li J, Lilyquist J,
Lindblom A, Lissowska J, Lo WY, Loibl S, Long
J, Lophatananon A, Lubinski J, Luccarini C, Lux
MP, Ma ESK, Maclnnis RJ, Maishman T, Maka-
lic E, Malone KE, Kostovska IM, Mannermaa A,
Manoukian S, Manson JE, Margolin S, Maria-
pun S, Martinez ME, Matsuo K, Mavroudis D,
McKay J, McLean C, Meijers-Heijboer H, Meindl
A, Menéndez P, Menon U, Meyer J, Miao H,
Miller N, Taib NAM, Muir K, Mulligan AM, Mulot
C, Neuhausen SL, Nevanlinna H, Neven P,
Nielsen SF, Noh DY, Nordestgaard BG, Norman
A, Olopade Ol, Olson JE, Olsson H, Olswold C,
Orr N, Pankratz VS, Park SK, Park-Simon TW,
Lloyd R, Perez JIA, Peterlongo P, Peto J, Phillips
KA, Pinchev M, Plaseska-Karanfilska D, Pren-
tice R, Presneau N, Prokofyeva D, Pugh E, Py-
lkas K, Rack B, Radice P, Rahman N, Rennert
G, Rennert HS, Rhenius V, Romero A, Romm J,
Ruddy KJ, Rudiger T, Rudolph A, Ruebner M,
Rutgers EJT, Saloustros E, Sandler DP, Sangra-
jrang S, Sawyer EJ, Schmidt DF, Schmutzler
RK, Schneeweiss A, Schoemaker MJ, Schum-
acher F, Schirmann P, Scott RJ, Scott C, Seal
S, Seynaeve C, Shah M, Sharma P, Shen CY,
Sheng G, Sherman ME, Shrubsole MJ, Shu XO,
Smeets A, Sohn C, Southey MC, Spinelli JJ,
Stegmaier C, Stewart-Brown S, Stone J, Stram
DO, Surowy H, Swerdlow A, Tamimi R, Taylor JA,
Tengstrom M, Teo SH, Beth Terry M, Tessier
DC, Thanasitthichai S, Thone K, Tollenaar R,
Tomlinson |, Tong L, Torres D, Truong T, Tseng
CC, Tsugane S, Ulmer HU, Ursin G, Untch M,
Vachon C, van Asperen CJ, Van Den Berg D,
van den Ouweland AMW, van der Kolk L, van
der Luijt RB, Vincent D, Vollenweider J, Waisfisz
Q, Wang-Gohrke S, Weinberg CR, Wendt C,
Whittemore AS, Wildiers H, Willett W, Winqvist
R, Wolk A, Wu AH, Xia L, Yamaji T, Yang XR, Har
Yip C, Yoo KY, Yu JC, Zheng W, Zheng Y, Zhu B,
Ziogas A, Ziv E, Lakhani SR, Antoniou AC, Droit
A, Andrulis IL, Amos Cl, Couch FJ, Pharoah PDP,
Chang-Claude J, Hall P, Hunter DJ, Milne RL,

Am J Cancer Res 2023;13(12):6072-6089



(23]

Circulating glutamine and cancer risk

Garcia-Closas M, Schmidt MK, Chanock SJ,
Dunning AM, Edwards SL, Bader GD, Chenevix-
Trench G, Simard J, Kraft P and Easton DF. As-
sociation analysis identifies 65 new breast
cancer risk loci. Nature 2017; 551: 92-94.

Phelan CM, Kuchenbaecker KB, Tyrer JP, Kar
SP, Lawrenson K, Winham SJ, Dennis J, Pirie A,
Riggan MJ, Chornokur G, Earp MA, Lyra PC Jr,
Lee JM, Coetzee S, Beesley J, McGuffog L,
Soucy P, Dicks E, Lee A, Barrowdale D, Lecar-
pentier J, Leslie G, Aalfs CM, Aben KKH, Adams
M, Adlard J, Andrulis IL, Anton-Culver H, An-
tonenkova N, Aravantinos G, Arnold N, Arun
BK, Arver B, Azzollini J, Balmana J, Banerjee
SN, Barjhoux L, Barkardottir RB, Bean Y, Beck-
mann MW, Beeghly-Fadiel A, Benitez J, Bermi-
sheva M, Bernardini MQ, Birrer MJ, Bjorge L,
Black A, Blankstein K, Blok MJ, Bodelon C,
Bogdanova N, Bojesen A, Bonanni B, Borg A,
Bradbury AR, Brenton JD, Brewer C, Brinton L,
Broberg P, Brooks-Wilson A, Bruinsma F, Bru-
net J, Buecher B, Butzow R, Buys SS, Caldes T,
Caligo MA, Campbell I, Cannioto R, Carney ME,
Cescon T, Chan SB, Chang-Claude J, Chanock
S, Chen XQ, Chiew YE, Chiquette J, Chung WK,
Claes KBM, Conner T, Cook LS, Cook J, Cramer
DW, Cunningham JM, D’Aloisio AA, Daly MB,
Damiola F, Damirovna SD, Dansonka-Miesz-
kowska A, Dao F, Davidson R, DeFazio A, Del-
natte C, Doheny KF, Diez O, Ding YC, Doherty
JA, Domchek SM, Dorfling CM, Dérk T, Dossus
L, Duran M, Durst M, Dworniczak B, Eccles D,
Edwards T, Eeles R, Eilber U, Ejlertsen B, Ekici
AB, Ellis S, Elvira M, Eng KH, Engel C, Evans
DG, Fasching PA, Ferguson S, Ferrer SF, Flana-
gan JM, Fogarty ZC, Fortner RT, Fostira F, Foul-
kes WD, Fountzilas G, Fridley BL, Friebel TM,
Friedman E, Frost D, Ganz PA, Garber J, Garcia
MJ, Garcia-Barberan V, Gehrig A, Gentry-Maha-
raj A, Gerdes AM, Giles GG, Glasspool R, Glen-
don G, Godwin AK, Goldgar DE, Goranova T,
Gore M, Greene MH, Gronwald J, Gruber S,
Hahnen E, Haiman CA, Hakansson N, Hamann
U, Hansen TVO, Harrington PA, Harris HR,
Hauke J, Hein A, Henderson A, Hildebrandt
MAT, Hillemanns P, Hodgson S, Hggdall CK,
Hegdall E, Hogervorst FBL, Holland H, Hooning
MJ, Hosking K, Huang RY, Hulick PJ, Hung J,
Hunter DJ, Huntsman DG, Huzarski T, Imyani-
tov EN, Isaacs C, Iversen ES, lzatt L, Izquierdo
A, Jakubowska A, James P, Janavicius R, Jer-
netz M, Jensen A, Jensen UB, John EM, Johnat-
ty S, Jones ME, Kannisto P, Karlan BY, Karnezis
A, Kast K, Kennedy CJ, Khusnutdinova E,
Kiemeney LA, Kiiski JI, Kim SW, Kjaer SK, Ko-
bel M, Kopperud RK, Kruse TA, Kupryjanczyk J,
Kwong A, Laitman Y, Lambrechts D, Larranaga
N, Larson MC, Lazaro C, Le ND, Le Marchand L,
Lee JW, Lele SB, Leminen A, Leroux D, Lester J,

6083

Lesueur F, Levine DA, Liang D, Liebrich C, Lily-
quist J, Lipworth L, Lissowska J, Lu KH,
Lubinniski J, Luccarini C, Lundvall L, Mai PL,
Mendoza-Fandino G, Manoukian S, Massuger
L, May T, Mazoyer S, McAlpine JN, McGuire V,
McLaughlin JR, McNeish |, Meijers-Heijboer H,
Meindl A, Menon U, Mensenkamp AR, Merritt
MA, Milne RL, Mitchell G, Modugno F, Moes-
Sosnowska J, Moffitt M, Montagna M, Moysich
KB, Mulligan AM, Musinsky J, Nathanson KL,
Nedergaard L, Ness RB, Neuhausen SL, Ne-
vanlinna H, Niederacher D, Nussbaum RL,
Odunsi K, Olah E, Olopade OlI, Olsson H, Ols-
wold C, O'Malley DM, Ong KR, Onland-Moret
NC, Orr N, Orsulic S, Osorio A, Palli D, Papi L,
Park-Simon TW, Paul J, Pearce CL, Pedersen
IS, Peeters PHM, Peissel B, Peixoto A, Pejovic T,
Pelttari LM, Permuth JB, Peterlongo P, Pezzani
L, Pfeiler G, Phillips KA, Piedmonte M, Pike MC,
Piskorz AM, Poblete SR, Pocza T, Poole EM,
Poppe B, Porteous ME, Prieur F, Prokofyeva D,
Pugh E, Pujana MA, Pujol P, Radice P, Rantala
J, Rappaport-Fuerhauser C, Rennert G, Rhiem
K, Rice P, Richardson A, Robson M, Rodriguez
GC, Rodriguez-Antona C, Romm J, Rookus MA,
Rossing MA, Rothstein JH, Rudolph A, Run-
nebaum IB, Salvesen HB, Sandler DP, Schoe-
maker MJ, Senter L, Setiawan VW, Severi G,
Sharma P, Shelford T, Siddiqui N, Side LE, Sieh
W, Singer CF, Sobol H, Song H, Southey MC,
Spurdle AB, Stadler Z, Steinemann D, Stoppa-
Lyonnet D, Sucheston-Campbell LE, Sukien-
nicki G, Sutphen R, Sutter C, Swerdlow AJ,
Szabo CI, Szafron L, Tan YY, Taylor JA, Tea MK,
Teixeira MR, Teo SH, Terry KL, Thompson PJ,
Thomsen LCV, Thull DL, Tihomirova L, Tinker
AV, Tischkowitz M, Tognazzo S, Toland AE, Tone
A, Trabert B, Travis RC, Trichopoulou A, Tung N,
Tworoger SS, van Altena AM, Van Den Berg D,
van der Hout AH, van der Luijt RB, Van Heet-
velde M, Van Nieuwenhuysen E, van Rensburg
EJ, Vanderstichele A, Varon-Mateeva R, Vega A,
Edwards DV, Vergote |, Vierkant RA, Vijai J, Vra-
timos A, Walker L, Walsh C, Wand D, Wang-
Gohrke S, Wappenschmidt B, Webb PM, Wein-
berg CR, Weitzel JN, Wentzensen N, Whittemore
AS, Wijnen JT, Wilkens LR, Wolk A, Woo M, Wu
X, Wu AH, Yang H, Yannoukakos D, Ziogas A,
Zorn KK, Narod SA, Easton DF, Amos Cl, Schil-
dkraut JM, Ramus SJ, Ottini L, Goodman MT,
Park SK, Kelemen LE, Risch HA, Thomassen
M, Offit K, Simard J, Schmutzler RK, Hazelett
D, Monteiro AN, Couch FJ, Berchuck A, Chenev-
ix-Trench G, Goode EL, Sellers TA, Gayther SA,
Antoniou AC and Pharoah PDP. Identification of
12 new susceptibility loci for different histo-
types of epithelial ovarian cancer. Nat Genet
2017; 49: 680-691.

Am J Cancer Res 2023;13(12):6072-6089



[24]

[25]

Circulating glutamine and cancer risk

Wang Y, McKay JD, Rafnar T, Wang Z, Timofee-
va MN, Broderick P, Zong X, Laplana M, Wei Y,
Han'Y, Lloyd A, Delahaye-Sourdeix M, Chubb D,
Gaborieau V, Wheeler W, Chatterjee N, Thorlei-
fsson G, Sulem P, Liu G, Kaaks R, Henrion M,
Kinnersley B, Vallée M, LeCalvez-Kelm F, Ste-
vens VL, Gapstur SM, Chen WV, Zaridze D, Sz-
eszenia-Dabrowska N, Lissowska J, Rudnai P,
Fabianova E, Mates D, Bencko V, Foretova L,
Janout V, Krokan HE, Gabrielsen ME, Skorpen
F, Vatten L, Njglstad |, Chen C, Goodman G,
Benhamou S, Vooder T, Valk K, Nelis M,
Metspalu A, Lener M, Lubinski J, Johansson M,
Vineis P, Agudo A, Clavel-Chapelon F, Bueno-
de-Mesquita HB, Trichopoulos D, Khaw KT, Jo-
hansson M, Weiderpass E, Tjghneland A, Riboli
E, Lathrop M, Scelo G, Albanes D, Caporaso
NE, Ye Y, Gu J, Wu X, Spitz MR, Dienemann H,
Rosenberger A, Su L, Matakidou A, Eisen T,
Stefansson K, Risch A, Chanock SJ, Christiani
DC, Hung RJ, Brennan P, Landi MT, Houlston
RS and Amos CI. Rare variants of large effect
in BRCA2 and CHEK2 affect risk of lung can-
cer. Nat Genet 2014; 46: 736-741.

Schumacher FR, Al Olama AA, Berndt SI, Benl-
loch S, Ahmed M, Saunders EJ, Dadaev T, Le-
ongamornlert D, Anokian E, Cieza-Borrella C,
Goh C, Brook MN, Sheng X, Fachal L, Dennis J,
Tyrer J, Muir K, Lophatananon A, Stevens VL,
Gapstur SM, Carter BD, Tangen CM, Goodman
PJ, Thompson IM Jr, Batra J, Chambers S, Moya
L, Clements J, Horvath L, Tilley W, Risbridger
GP, Gronberg H, Aly M, Nordstrom T, Pharoah P,
Pashayan N, Schleutker J, Tammela TLJ, Sipe-
ky C, Auvinen A, Albanes D, Weinstein S, Wolk
A, Hakansson N, West CML, Dunning AM, Bur-
net N, Mucci LA, Giovannucci E, Andriole GL,
Cussenot O, Cancel-Tassin G, Koutros S, Beane
Freeman LE, Sorensen KD, Orntoft TF, Borre M,
Maehle L, Grindedal EM, Neal DE, Donovan JL,
Hamdy FC, Martin RM, Travis RC, Key TJ, Ham-
ilton RJ, Fleshner NE, Finelli A, Ingles SA, Stern
MC, Rosenstein BS, Kerns SL, Ostrer H, Lu YJ,
Zhang HW, Feng N, Mao X, Guo X, Wang G, Sun
Z, Giles GG, Southey MC, Maclnnis RJ, FitzGer-
ald LM, Kibel AS, Drake BF, Vega A, Gémez-
Caamano A, Szulkin R, Eklund M, Kogevinas
M, Llorca J, Castano-Vinyals G, Penney KL,
Stampfer M, Park JY, Sellers TA, Lin HY, Stan-
ford JL, Cybulski C, Wokolorczyk D, Lubinski J,
Ostrander EA, Geybels MS, Nordestgaard BG,
Nielsen SF, Weischer M, Bisbjerg R, Rgder MA,
Iversen P, Brenner H, Cuk K, Holleczek B, Mai-
er C, Luedeke M, Schnoeller T, Kim J, Logothe-
tis CJ, John EM, Teixeira MR, Paulo P, Cardoso
M, Neuhausen SL, Steele L, Ding YC, De Ruyck
K, De Meerleer G, Ost P, Razack A, Lim J, Teo
SH, Lin DW, Newcomb LF, Lessel D, Gamulin
M, Kulis T, Kaneva R, Usmani N, Singhal S,

6084

[26]

[27]

Slavov C, Mitev V, Parliament M, Claessens
F, Joniau S, Van den Broeck T, Larkin S,
Townsend PA, Aukim-Hastie C, Gago-Domin-
guez M, Castelao JE, Martinez ME, Roobol MJ,
Jenster G, van Schaik RHN, Menegaux F, Tru-
ong T, Koudou YA, Xu J, Khaw KT, Cannon-Al-
bright L, Pandha H, Michael A, Thibodeau SN,
McDonnell SK, Schaid DJ, Lindstrom S, Tur-
man C, Ma J, Hunter DJ, Riboli E, Siddiq A, Can-
zian F, Kolonel LN, Le Marchand L, Hoover RN,
Machiela MJ, Cui Z, Kraft P, Amos ClI, Conti DV,
Easton DF, Wiklund F, Chanock SJ, Henderson
BE, Kote-Jarai Z, Haiman CA and Eeles RA. As-
sociation analyses of more than 140,000 men
identify 63 new prostate cancer susceptibility
loci. Nat Genet 2018; 50: 928-936.
Gudmundsson J, Thorleifsson G, Sigurdsson
JK, Stefansdottir L, Jonasson JG, Gudjonsson
SA, Gudbjartsson DF, Masson G, Johannsdottir
H, Halldorsson GH, Stacey SN, Helgason H,
Sulem P, Senter L, He H, Liyanarachchi S, Rin-
gel MD, Aguillo E, Panadero A, Prats E, Garcia-
Castano A, De Juan A, Rivera F, Xu L, Kiemeney
LA, Eyjolfsson Gl, Sigurdardottir O, Olafsson |,
Kristvinsson H, Netea-Maier RT, Jonsson T,
Mayordomo JI, Plantinga TS, Hjartarson H,
Hrafnkelsson J, Sturgis EM, Thorsteinsdottir U,
Rafnar T, de la Chapelle A and Stefansson K. A
genome-wide association study yields five nov-
el thyroid cancer risk loci. Nat Commun 2017;
8: 14517.

O’Mara TA, Glubb DM, Amant F, Annibali D,
Ashton K, Attia J, Auer PL, Beckmann MW,
Black A, Bolla MK, Brauch H, Brenner H, Brin-
ton L, Buchanan DD, Burwinkel B, Chang-
Claude J, Chanock SJ, Chen C, Chen MM,
Cheng THT, Clarke CL, Clendenning M, Cook
LS, Couch FJ, Cox A, Crous-Bous M, Czene K,
Day F, Dennis J, Depreeuw J, Doherty JA, Dork
T, Dowdy SC, Durst M, Ekici AB, Fasching PA,
Fridley BL, Friedenreich CM, Fritschi L, Fung J,
Garcia-Closas M, Gaudet MM, Giles GG, Goode
EL, Gorman M, Haiman CA, Hall P, Hankison
SE, Healey CS, Hein A, Hillemanns P, Hodgson
S, Hoivik EA, Holliday EG, Hopper JL, Hunter DJ,
Jones A, Krakstad C, Kristensen VN, Lam-
brechts D, Marchand LL, Liang X, Lindblom A,
Lissowska J, Long J, Lu L, Magliocco AM, Mar-
tin L, McEvoy M, Meindl A, Michailidou K, Milne
RL, Mints M, Montgomery GW, Nassir R, Ols-
son H, Orlow I, Otton G, Palles C, Perry JRB,
Peto J, Pooler L, Prescott J, Proietto T, Rebbeck
TR, Risch HA, Rogers PAW, Ribner M, Run-
nebaum |, Sacerdote C, Sarto GE, Schumacher
F, Scott RJ, Setiawan VW, Shah M, Sheng X,
Shu XO, Southey MC, Swerdlow AJ, Tham E,
Trovik J, Turman C, Tyrer JP, Vachon C, VanDen
Berg D, Vanderstichele A, Wang Z, Webb PM,
Wentzensen N, Werner HMJ, Winham SJ, Wolk

Am J Cancer Res 2023;13(12):6072-6089



(28]

Circulating glutamine and cancer risk

A, Xia L, Xiang YB, Yang HP, Yu H, Zheng W,
Pharoah PDP, Dunning AM, Kraft P, De Vivo I,
Tomlinson |, Easton DF, Spurdle AB and Thomp-
son DJ. Identification of nine new susceptibility
loci for endometrial cancer. Nat Commun
2018; 9: 3166.

Locke AE, Kahali B, Berndt Sl, Justice AE, Pers
TH, Day FR, Powell C, Vedantam S, Buchkovich
ML, Yang J, Croteau-Chonka DC, Esko T, Fall T,
Ferreira T, Gustafsson S, Kutalik Z, Luan J,
Méagi R, Randall JC, Winkler TW, Wood AR,
Workalemahu T, Faul JD, Smith JA, Zhao JH,
Zhao W, Chen J, Fehrmann R, Hedman AK, Kar-
jalainen J, Schmidt EM, Absher D, Amin N, An-
derson D, Beekman M, Bolton JL, Bragg-Gresh-
am JL, Buyske S, Demirkan A, Deng G, Ehret
GB, Feenstra B, Feitosa MF, Fischer K, Goel A,
Gong J, Jackson AU, Kanoni S, Kleber ME, Kris-
tiansson K, Lim U, Lotay V, Mangino M, Leach
IM, Medina-Gomez C, Medland SE, Nalls MA,
Palmer CD, Pasko D, Pechlivanis S, Peters MJ,
Prokopenko I, Shungin D, Stancakova A, Straw-
bridge RJ, Sung YJ, Tanaka T, Teumer A,
Trompet S, van der Laan SW, van Setten J, Van
Vliet-Ostaptchouk JV, Wang Z, Yengo L, Zhang
W, Isaacs A, Albrecht E, Arnldv J, Arscott GM,
Attwood AP, Bandinelli S, Barrett A, Bas IN, Bel-
lis C, Bennett AJ, Berne C, Blagieva R, Bliher
M, Boéhringer S, Bonnycastle LL, Bottcher Y,
Boyd HA, Bruinenberg M, Caspersen IH, Chen
Yl, Clarke R, Daw EW, de Craen AJM, Delgado
G, Dimitriou M, Doney ASF, Eklund N, Estrada
K, Eury E, Folkersen L, Fraser RM, Garcia ME,
Geller F, Giedraitis V, Gigante B, Go AS, Golay A,
Goodall AH, Gordon SD, Gorski M, Grabe HJ,
Grallert H, Grammer TB, Grafler J, Gronberg H,
Groves CJ, Gusto G, Haessler J, Hall P, Haller T,
Hallmans G, Hartman CA, Hassinen M, Hay-
ward C, Heard-Costa NL, Helmer Q, Hengsten-
berg C, Holmen O, Hottenga JJ, James AL, Jeff
JM, Johansson A, Jolley J, Juliusdottir T, Kin-
nunen L, Koenig W, Koskenvuo M, Kratzer W,
Laitinen J, Lamina C, Leander K, Lee NR, Lich-
tner P, Lind L, Lindstrom J, Lo KS, Lobbens S,
Lorbeer R, Lu Y, Mach F, Magnusson PKE, Ma-
hajan A, McArdle WL, McLachlan S, Menni C,
Merger S, Mihailov E, Milani L, Moayyeri A,
Monda KL, Morken MA, Mulas A, Miller G,
Mduller-Nurasyid M, Musk AW, Nagaraja R,
No6then MM, Nolte IM, Pilz S, Rayner NW, Ren-
strom F, Rettig R, Ried JS, Ripke S, Robertson
NR, Rose LM, Sanna S, Scharnag| H, Scholtens
S, Schumacher FR, Scott WR, Seufferlein T, Shi
J, Smith AV, Smolonska J, Stanton AV, Stein-
thorsdottir V, Stirrups K, Stringham HM, Sund-
strom J, Swertz MA, Swift AJ, Syvanen AC, Tan
ST, Tayo BO, Thorand B, Thorleifsson G, Tyrer
JP, Uh HW, Vandenput L, Verhulst FC, Vermeu-
len SH, Verweij N, Vonk JM, Waite LL, Warren

6085

HR, Waterworth D, Weedon MN, Wilkens LR,
Willenborg C, Wilsgaard T, Wojczynski MK,
Wong A, Wright AF, Zhang Q, Brennan EP, Choi
M, Dastani Z, Drong AW, Eriksson P, Franco-
Cereceda A, Gadin JR, Gharavi AG, Goddard
ME, Handsaker RE, Huang J, Karpe F, Kathire-
san S, Keildson S, Kiryluk K, Kubo M, Lee JY,
Liang L, Lifton RP, Ma B, McCarroll SA, McK-
night AJ, Min JL, Moffatt MF, Montgomery GW,
Murabito JM, Nicholson G, Nyholt DR, Okada Y,
Perry JRB, Dorajoo R, Reinmaa E, Salem RM,
Sandholm N, Scott RA, Stolk L, Takahashi A,
Tanaka T, van't Hooft FM, Vinkhuyzen AAE,
Westra HJ, Zheng W, Zondervan KT, Heath AC,
Arveiler D, Bakker SJL, Beilby J, Bergman RN,
Blangero J, Bovet P, Campbell H, Caulfield MJ,
Cesana G, Chakravarti A, Chasman DI, Chines
PS, Collins FS, Crawford DC, Cupples LA, Cusi
D, Danesh J, de Faire U, den Ruijter HM, Domi-
niczak AF, Erbel R, Erdmann J, Eriksson JG, Far-
rall M, Felix SB, Ferrannini E, Ferriéres J, Ford |,
Forouhi NG, Forrester T, Franco OH, Gan-
sevoort RT, Gejman PV, Gieger C, Gottesman O,
Gudnason V, Gyllensten U, Hall AS, Harris TB,
Hattersley AT, Hicks AA, Hindorff LA, Hingorani
AD, Hofman A, Homuth G, Hovingh GK,
Humphries SE, Hunt SC, Hypponen E, lllig T,
Jacobs KB, Jarvelin MR, Jockel KH, Johansen
B, Jousilahti P, Jukema JW, Jula AM, Kaprio J,
Kastelein JJP, Keinanen-Kiukaanniemi SM,
Kiemeney LA, Knekt P, Kooner JS, Kooperberg
C, Kovacs P, Kraja AT, Kumari M, Kuusisto J,
Lakka TA, Langenberg C, Marchand LL, Leh-
timaki T, Lyssenko V, Mannist6 S, Marette A,
Matise TC, McKenzie CA, McKnight B, Moll FL,
Morris AD, Morris AP, Murray JC, Nelis M, Ohls-
son C, Oldehinkel AJ, Ong KK, Madden PAF,
Pasterkamp G, Peden JF, Peters A, Postma DS,
Pramstaller PP, Price JF, Qi L, Raitakari OT,
Rankinen T, Rao DC, Rice TK, Ridker PM, Rioux
JD, Ritchie MD, Rudan |, Salomaa V, Samani
NJ, Saramies J, Sarzynski MA, Schunkert H,
Schwarz PEH, Sever P, Shuldiner AR, Sinisalo J,
Stolk RP, Strauch K, Ténjes A, Trégouét DA,
Tremblay A, Tremoli E, Virtamo J, Vohl MC, Vo6lk-
er U, Waeber G, Willemsen G, Witteman JC, Zil-
likens MC, Adair LS, Amouyel P, Asselbergs FW,
Assimes TL, Bochud M, Boehm BO, Boerwinkle
E, Bornstein SR, Bottinger EP, Bouchard C,
Cauchi S, Chambers JC, Chanock SJ, Cooper
RS, de Bakker PIW, Dedoussis G, Ferrucci L,
Franks PW, Froguel P, Groop LC, Haiman CA,
Hamsten A, Hui J, Hunter DJ, Hveem K, Kaplan
RC, Kivimaki M, Kuh D, Laakso M, Liu Y, Martin
NG, Marz W, Melbye M, Metspalu A, Moebus S,
Munroe PB, Njglstad |, Oostra BA, Palmer CNA,
Pedersen NL, Perola M, Pérusse L, Peters U,
Power C, Quertermous T, Rauramaa R, Rivad-
eneira F, Saaristo TE, Saleheen D, Sattar N,

Am J Cancer Res 2023;13(12):6072-6089



[29]

Circulating glutamine and cancer risk

Schadt EE, Schlessinger D, Slaghoom PE, Snie-
der H, Spector TD, Thorsteinsdottir U, Stumvoll
M, Tuomilehto J, Uitterlinden AG, Uusitupa M,
van der Harst P, Walker M, Wallaschofski H,
Wareham NJ, Watkins H, Weir DR, Wichmann
HE, Wilson JF, Zanen P, Borecki IB, Deloukas P,
Fox CS, Heid IM, O’Connell JR, Strachan DP,
Stefansson K, van Duijn CM, Abecasis GR,
Franke L, Frayling TM, McCarthy MI, Visscher
PM, Scherag A, Willer CJ, Boehnke M, Mohlke
KL, Lindgren CM, Beckmann JS, Barroso |,
North KE, Ingelsson E, Hirschhorn JN, Loos RJF
and Speliotes EK. Genetic studies of body
mass index yield new insights for obesity biol-
ogy. Nature 2015; 518: 197-206.

DIAbetes Genetics Replication And Meta-anal-
ysis (DIAGRAM) Consortium; Asian Genetic Epi-
demiology Network Type 2 Diabetes (AGEN-
T2D) Consortium; South Asian Type 2 Diabetes
(SAT2D) Consortium; Mexican American Type 2
Diabetes (MAT2D) Consortium; Type 2 Diabe-
tes Genetic Exploration by Nex-generation
sequencing in muylti-Ethnic Samples (T2D-
GENES) Consortium, Mahajan A, Go MJ, Zhang
W, Below JE, Gaulton KJ, Ferreira T, Horikoshi
M, Johnson AD, Ng MC, Prokopenko I, Sale-
heen D, Wang X, Zeggini E, Abecasis GR, Adair
LS, Almgren P, Atalay M, Aung T, Baldassarre D,
Balkau B, Bao Y, Barnett AH, Barroso |, Basit A,
Been LF, Beilby J, Bell Gl, Benediktsson R,
Bergman RN, Boehm BO, Boerwinkle E, Bon-
nycastle LL, Burtt N, Cai Q, Campbell H, Carey
J, Cauchi S, Caulfield M, Chan JC, Chang LC,
Chang TJ, Chang YC, Charpentier G, Chen CH,
Chen H, Chen YT, Chia KS, Chidambaram M,
Chines PS, Cho NH, Cho YM, Chuang LM, Col-
lins FS, Cornelis MC, Couper DJ, Crenshaw AT,
van Dam RM, Danesh J, Das D, de Faire U, De-
doussis G, Deloukas P, Dimas AS, Dina C, Do-
ney AS, Donnelly PJ, Dorkhan M, van Duijn C,
Dupuis J, Edkins S, Elliott P, Emilsson V, Erbel
R, Eriksson JG, Escobedo J, Esko T, Eury E, Flo-
rez JC, Fontanillas P, Forouhi NG, Forsen T, Fox
C, Fraser RM, Frayling TM, Froguel P, Frossard
P, Gao Y, Gertow K, Gieger C, Gigante B, Gral-
lert H, Grant GB, Grrop LC, Groves CJ, Grund-
berg E, Guiducci C, Hamsten A, Han BG, Hara
K, Hassanali N, Hattersley AT, Hayward C, Hed-
man AK, Herder C, Hofman A, Holmen OL, Hov-
ingh K, Hreidarsson AB, Hu C, Hu FB, Hui J,
Humphries SE, Hunt SE, Hunter DJ, Hveem K,
Hydrie ZI, Ikegami H, lllig T, Ingelsson E, Islam
M, Isomaa B, Jackson AU, Jafar T, James A, Jia
W, Jockel KH, Jonsson A, Jowett JB, Kadowaki
T, Kang HM, Kanoni S, Kao WH, Kathiresan S,
Kato N, Katulanda P, Keinanen-Kiukaanniemi
KM, Kelly AM, Khan H, Khaw KT, Khor CC, Kim
HL, Kim S, Kim YJ, Kinnunen L, Klopp N, Kong
A, Korpi-Hyovalti E, Kowlessur S, Kraft P, Kravic

6086

[30]

J, Kristensen MM, Krithika S, Kumar A, Ku-
mate J, Kuusisto J, Kwak SH, Laakso M, Lagou
V, Lakka TA, Langenberg C, Langford C, Law-
rence R, Leander K, Lee JM, Lee NR, Li M, Li X,
Li Y, Liang J, Liju S, Lim WY, Lind L, Lindgren
CM, Lindholm E, Liu CT, Liu JJ, Lobbens S, Long
J, Loos RJ, Lu W, Luan J, Lyssenko V, Ma RC,
Maeda S, Magi R, Mannisto S, Matthews DR,
Meigs JB, Melander O, Metspalu A, Meyer J,
Mirza G, Mihailov E, Moebus S, Mohan V, Mohl-
ke KL, Morris AD, Mduhleisen TW, Muller-
Nurasyid M, Musk B, Nakamura J, Nakashima
E, Navarro P, Ng PK, Nica AC, Nilsson PM, Njgl-
stad I, N6then MM, Ohnaka K, Ong TH, Owen
KR, Palmer CN, Pankow JS, Park KS, Parkin M,
Pechlivanis S, Pedersen NL, Peltonen L, Perry
JR, Peters A, Pinidiyapathirage JM, Platou CG,
Potter S, Price JF, Qi L, Radha V, Rallidis L, Ra-
sheed A, Rathman W, Rauramaa R, Raychaud-
huri S, Rayner NW, Rees SD, Rehnberg E,
Ripatti S, Robertson N, Roden M, Rossin EJ,
Rudan I, Rybin D, Saaristo TE, Salomaa V, Salt-
evo J, Samuel M, Sanghera DK, Saramies J,
Scott J, Scott LJ, Scott RA, Segré AV, Sehmi J,
Sennblad B, Shah N, Shah S, Shera AS, Shu
X0, Shuldiner AR, Sigurdsson G, Sijbrands E,
Silveira A, Sim X, Sivapalaratnam S, Small KS,
So WY, Stancakova A, Stefansson K, Steinbach
G, Steinthorsdottir V, Stirrups K, Strawbridge
RJ, Stringham HM, Sun Q, Suo C, Syvanen AC,
Takayanagi R, Takeuchi F, Tay WT, Teslovich
TM, Thorand B, Thorleifsson G, Thorsteinsdot-
tir U, Tikkanen E, Trakalo J, Tremoli E, Trip MD,
Tsai FJ, Tuomi T, Tuomilehto J, Uitterlinden AG,
Valladares-Salgado A, Vedantam S, Veglia F,
Voight BF, Wang C, Wareham NJ, Wennauer R,
Wickremasinghe AR, Wilsgaard T, Wilson JF,
Wiltshire S, Winckler W, Wong TY, Wood AR,
Wu JY, Wu Y, Yamamoto K, Yamauchi T, Yang
M, Yengo L, Yokota M, Young R, Zabaneh D,
Zhang F, Zhang R, Zheng W, Zimmet PZ, Alt-
shuler D, Bowden DW, Cho YS, Cox NJ, Cruz M,
Hanis CL, Kooner J, Lee JY, Seielstad M, Teo
YY, Boehnke M, Parra EJ, Chambers JC, Tai ES,
McCarthy MI and Morris AP. Genome-wide
trans-ancestry meta-analysis provides insight
into the genetic architecture of type 2 diabetes
susceptibility. Nat Genet 2014; 46: 234-244.

Chen J, Spracklen CN, Marenne G, Varshney A,
Corbin LJ, Luan J, Willems SM, Wu Y, Zhang X,
Horikoshi M, Boutin TS, Magi R, Waage J, Li-
Gao R, Chan KHK, Yao J, Anasanti MD, Chu AY,
Claringbould A, Heikkinen J, Hong J, Hottenga
JJ, Huo S, Kaakinen MA, Louie T, Marz W,
Moreno-Macias H, Ndungu A, Nelson SC, Nolte
IM, North KE, Raulerson CK, Ray D, Rohde R,
Rybin D, Schurmann C, Sim X, Southam L,
Stewart ID, Wang CA, Wang Y, Wu P, Zhang W,
Ahluwalia TS, Appel EVR, Bielak LF, Brody JA,

Am J Cancer Res 2023;13(12):6072-6089



Circulating glutamine and cancer risk

Burtt NP, Cabrera CP, Cade BE, Chai JF, Chai X,
Chang LC, Chen CH, Chen BH, Chitrala KN,
Chiu YF, de Haan HG, Delgado GE, Demirkan A,
Duan Q, Engmann J, Fatumo SA, Gayan J, Gi-
ulianini F, Gong JH, Gustafsson S, Hai Y,
Hartwig FP, He J, Heianza Y, Huang T, Huerta-
Chagoya A, Hwang MY, Jensen RA, Kawaguchi
T, Kentistou KA, Kim YJ, Kleber ME, Kooner IK,
Lai S, Lange LA, Langefeld CD, Lauzon M, Li M,
Ligthart S, Liu J, Loh M, Long J, Lyssenko V,
Mangino M, Marzi C, Montasser ME, Nag A,
Nakatochi M, Noce D, Noordam R, Pistis G,
Preuss M, Raffield L, Rasmussen-Torvik LJ,
Rich SS, Robertson NR, Rueedi R, Ryan K, San-
na S, Saxena R, Schraut KE, Sennblad B, Setoh
K, Smith AV, Sparsg T, Strawbridge RJ, Takeu-
chi F, Tan J, Trompet S, van den Akker E, van
der Most PJ, Verweij N, Vogel M, Wang H, Wang
C, Wang N, Warren HR, Wen W, Wilsgaard T,
Wong A, Wood AR, Xie T, Zafarmand MH, Zhao
JH, Zhao W, Amin N, Arzumanyan Z, Astrup A,
Bakker SJL, Baldassarre D, Beekman M, Berg-
man RN, Bertoni A, Bliher M, Bonnycastle LL,
Bornstein SR, Bowden DW, Cai Q, Campbell A,
Campbell H, Chang YC, de Geus EJC, Dehghan
A, Du S, Eiriksdottir G, Farmaki AE, Franberg M,
Fuchsberger C, Gao Y, Gjesing AP, Goel A, Han
S, Hartman CA, Herder C, Hicks AA, Hsieh CH,
Hsueh WA, Ichihara S, Igase M, lkram MA,
Johnson WC, Jargensen ME, Joshi PK, Kalyani
RR, Kandeel FR, Katsuya T, Khor CC, Kiess W,
Kolcic I, Kuulasmaa T, Kuusisto J, Lall K, Lam
K, Lawlor DA, Lee NR, Lemaitre RN, Li H, Lin
SY, Lindstrom J, Linneberg A, Liu J, Lorenzo C,
Matsubara T, Matsuda F, Mingrone G, Mooi-
jaartS, Moon S, Nabika T, Nadkarni GN, Nadler
JL, Nelis M, Neville MJ, Norris JM, Ohyagi Y, Pe-
ters A, Peyser PA, Polasek O, Qi Q, Raven D,
Reilly DF, Reiner A, Rivideneira F, Roll K, Rudan
I, Sabanayagam C, Sandow K, Sattar N, Schr-
mann A, Shi J, Stringham HM, Taylor KD, Tes-
lovich TM, Thuesen B, Timmers P, Tremoli E,
Tsai MY, Uitterlinden A, van Dam RM, van
Heemst D, van Hylckama Vlieg A, van Vliet-Os-
taptchouk JV, Vangipurapu J, Vestergaard H,
Wang T, Willems van Dijk K, Zemunik T, Abeca-
sis GR, Adair LS, Aguilar-Salinas CA, Alarcén-
Riquelme ME, An P, Aviles-Santa L, Becker DM,
Beilin LJ, Bergmann S, Bisgaard H, Black C,
Boehnke M, Boerwinkle E, Bohm BO,
Bonnelykke K, Boomsma DI, Bottinger EP, Bu-
chanan TA, Canouil M, Caulfield MJ, Chambers
JC, Chasman DI, Chen YI, Cheng CY, Collins FS,
Correa A, Cucca F, de Silva HJ, Dedoussis G,
Elmstahl S, Evans MK, Ferrannini E, Ferrucci L,
Florez JC, Franks PW, Frayling TM, Froguel P,
Gigante B, Goodarzi MO, Gordon-Larsen P,
Grallert H, Grarup N, Grimsgaard S, Groop L,
Gudnason V, Guo X, Hamsten A, Hansen T,

6087

(31]

Hayward C, Heckbert SR, Horta BL, Huang W,
Ingelsson E, James PS, Jarvelin MR, Jonas JB,
Jukema JW, Kaleebu P, Kaplan R, Kardia SLR,
Kato N, Keinanen-Kiukaanniemi SM, Kim BJ,
Kivimaki M, Koistinen HA, Kooner JS, Kérner A,
Kovacs P, Kuh D, Kumari M, Kutalik Z, Laakso
M, Lakka TA, Launer LJ, Leander K, Li H, Lin X,
Lind L, Lindgren C, Liu S, Loos RJF, Magnusson
PKE, Mahajan A, Metspalu A, Mook-Kanamori
DO, Mori TA, Munroe PB, Njglstad I, O’Connell
JR, Oldehinkel AJ, Ong KK, Padmanabhan S,
Palmer CNA, Palmer ND, Pedersen O, Pennell
CE, Porteous DJ, Pramstaller PP, Province MA,
Psaty BM, Qi L, Raffel LJ, Rauramaa R, Redline
S, Ridker PM, Rosendaal FR, Saaristo TE,
Sandhu M, Saramies J, Schneiderman N,
Schwarz P, Scott LJ, Selvin E, Sever P, Shu XO,
Slagboom PE, Small KS, Smith BH, Snieder H,
Sofer T, Sgrensen TIA, Spector TD, Stanton A,
Steves CJ, Stumvoll M, Sun L, Tabara Y, Tai ES,
Timpson NJ, Tonjes A, Tuomilehto J, Tusie T,
Uusitupa M, van der Harst P, van Duijn C, Vitart
V, Vollenweider P, Vrijkotte TGM, Wagenknecht
LE, Walker M, Wang YX, Wareham NJ, Wata-
nabe RM, Watkins H, Wei WB, Wickremasing-
he AR, Willemsen G, Wilson JF, Wong TY, Wu JY,
Xiang AH, Yanek LR, Yengo L, Yokota M, Zeggini
E, Zheng W, Zonderman AB, Rotter JI, Gloyn AL,
McCarthy MI, Dupuis J, Meigs JB, Scott RA, Pro-
kopenko I, Leong A, Liu CT, Parker SCJ, Mohlke
KL, Langenberg C, Wheeler E, Morris AP and
Barroso I. The trans-ancestral genomic archi-
tecture of glycemic traits. Nat Genet 2021; 53:
840-860.

Willer CJ, Schmidt EM, Sengupta S, Peloso GM,
Gustafsson S, Kanoni S, Ganna A, Chen J, Bu-
chkovich ML, Mora S, Beckmann JS, Bragg-
Gresham JL, Chang HY, Demirkan A, Den Her-
tog HM, Do R, Donnelly LA, Ehret GB, Esko T,
Feitosa MF, Ferreira T, Fischer K, Fontanillas P,
Fraser RM, Freitag DF, Gurdasani D, Heikkila K,
Hypponen E, Isaacs A, Jackson AU, Johansson
A, Johnson T, Kaakinen M, Kettunen J, Kleber
ME, Li X, Luan J, Lyytikdinen LP, Magnusson
PKE, Mangino M, Mihailov E, Montasser ME,
Muller-Nurasyid M, Nolte IM, O’Connell JR,
Palmer CD, Perola M, Petersen AK, Sanna S,
Saxena R, Service SK, Shah S, Shungin D,
Sidore C, Song C, Strawbridge RJ, Surakka I,
Tanaka T, Teslovich TM, Thorleifsson G, Van
den Herik EG, Voight BF, Volcik KA, Waite LL,
Wong A, Wu Y, Zhang W, Absher D, Asiki G, Bar-
roso |, Been LF, Bolton JL, Bonnycastle LL,
Brambilla P, Burnett MS, Cesana G, Dimitriou
M, Doney ASF, Déring A, Elliott P, Epstein SE,
Ingi Eyjolfsson G, Gigante B, Goodarzi MO,
Grallert H, Gravito ML, Groves CJ, Hallmans G,
Hartikainen AL, Hayward C, Hernandez D,
Hicks AA, Holm H, Hung YJ, lllig T, Jones MR,

Am J Cancer Res 2023;13(12):6072-6089



[32]

[33]

[34]

Circulating glutamine and cancer risk

Kaleebu P, Kastelein JJP, Khaw KT, Kim E,
Klopp N, Komulainen P, Kumari M, Langenberg
C, Lehtimaki T, Lin SY, Lindstrom J, Loos RJF,
Mach F, McArdle WL, Meisinger C, Mitchell BD,
Mdaller G, Nagaraja R, Narisu N, Nieminen
TVM, Nsubuga RN, Olafsson |, Ong KK, Palotie
A, Papamarkou T, Pomilla C, Pouta A, Rader DJ,
Reilly MP, Ridker PM, Rivadeneira F, Rudan |,
Ruokonen A, Samani N, Scharnag| H, Seeley J,
Silander K, Stanc¢akova A, Stirrups K, Swift AJ,
Tiret L, Uitterlinden AG, van Pelt LJ, Vedantam
S, Wainwright N, Wijmenga C, Wild SH, Willem-
sen G, Wilsgaard T, Wilson JF, Young EH, Zhao
JH, Adair LS, Arveiler D, Assimes TL, Bandinelli
S, Bennett F, Bochud M, Boehm BO, Boomsma
DI, Borecki IB, Bornstein SR, Bovet P, Burnier
M, Campbell H, Chakravarti A, Chambers JC,
Chen YI, Collins FS, Cooper RS, Danesh J, De-
doussis G, de Faire U, Feranil AB, Ferriéres J,
Ferrucci L, Freimer NB, Gieger C, Groop LC,
Gudnason V, Gyllensten U, Hamsten A, Harris
TB, Hingorani A, Hirschhorn JN, Hofman A,
Hovingh GK, Hsiung CA, Humphries SE, Hunt
SC, Hveem K, Iribarren C, Jarvelin MR, Jula A,
Kahoénen M, Kaprio J, Kesaniemi A, Kivimaki
M, Kooner JS, Koudstaal PJ, Krauss RM, Kuh
D, Kuusisto J, Kyvik KO, Laakso M, Lakka TA,
Lind L, Lindgren CM, Martin NG, Marz W, Mc-
Carthy MI, McKenzie CA, Meneton P, Metspalu
A, Moilanen L, Morris AD, Munroe PB, Njglstad
I, Pedersen NL, Power C, Pramstaller PP, Price
JF, Psaty BM, Quertermous T, Rauramaa R,
Saleheen D, Salomaa V, Sanghera DK, Sara-
mies J, Schwarz PEH, Sheu WH, Shuldiner AR,
Siegbahn A, Spector TD, Stefansson K, Stra-
chan DP, Tayo BO, Tremoli E, Tuomilehto J,
Uusitupa M, van Duijn CM, Vollenweider P, Wal-
lentin L, Wareham NJ, Whitfield JB, Wolffenbut-
tel BHR, Ordovas JM, Boerwinkle E, Palmer
CNA, Thorsteinsdottir U, Chasman DI, Rotter JI,
Franks PW, Ripatti S, Cupples LA, Sandhu MS,
Rich SS, Boehnke M, Deloukas P, Kathiresan
S, Mohlke KL, Ingelsson E and Abecasis GR.
Discovery and refinement of loci associated
with lipid levels. Nat Genet 2013; 45: 1274-
1283.

Zhu Z, Zheng Z, Zhang F, Wu Y, Trzaskowski M,
Maier R, Robinson MR, McGrath JJ, Visscher
PM, Wray NR and Yang J. Causal associations
between risk factors and common diseases in-
ferred from GWAS summary data. Nat Com-
mun 2018; 9: 224.

Hartwig FP, Davey Smith G and Bowden J. Ro-
bust inference in summary data Mendelian
randomization via the zero modal pleiotropy
assumption. Int J Epidemiol 2017; 46: 1985-
1998.

Bowden J, Davey Smith G and Burgess S. Men-
delian randomization with invalid instruments:

6088

(35]

(36]

(37]

(38]

[39]

[40]

[42]

[43]

[44]

effect estimation and bias detection through
Egger regression. Int J Epidemiol 2015; 44:
512-525.

Verbanck M, Chen CY, Neale B and Do R. De-
tection of widespread horizontal pleiotropy in
causal relationships inferred from Mendelian
randomization between complex traits and dis-
eases. Nat Genet 2018; 50: 693-698.

Hensley CT, Wasti AT and DeBerardinis RJ. Glu-
tamine and cancer: cell biology, physiology,
and clinical opportunities. J Clin Invest 2013;
123: 3678-3684.

Li T and Le A. Glutamine metabolism in cancer.
Adv Exp Med Biol 2018; 1063: 13-32.

Matés JM, Campos-Sandoval JA, Santos-Jimé-
nez JL and Marquez J. Dysregulation of gluta-
minase and glutamine synthetase in cancer.
Cancer Lett 2019; 467: 29-39.

van Geldermalsen M, Wang Q, Nagarajah R,
Marshall AD, Thoeng A, Gao D, Ritchie W, Feng
Y, Bailey CG, Deng N, Harvey K, Beith JM,
Selinger Cl, O'Toole SA, Rasko JE and Holst J.
ASCT2/SLC1A5 controls glutamine uptake and
tumour growth in triple-negative basal-like
breast cancer. Oncogene 2016; 35: 3201-
3208.

Bao L, Xu T, Lu X, Huang P, Pan Z and Ge M.
Metabolic reprogramming of thyroid cancer
cells and crosstalk in their microenvironment.
Front Oncol 2021; 11: 773028.

Davidson SM, Papagiannakopoulos T, Olen-
chock BA, Heyman JE, Keibler MA, Luengo A,
Bauer MR, Jha AK, O’'Brien JP, Pierce KA, Gui
DY, Sullivan LB, Wasylenko TM, Subbaraj L,
Chin CR, Stephanopolous G, Mott BT, Jacks T,
Clish CB and Vander Heiden MG. Environment
impacts the metabolic dependencies of Ras-
driven non-small cell lung cancer. Cell Metab
2016; 23: 517-528.

Son J, Lyssiotis CA, Ying H, Wang X, Hua S, Li-
gorio M, Perera RM, Ferrone CR, Mullarky E,
Shyh-Chang N, Kang Y, Fleming JB, Bardeesy
N, Asara JM, Haigis MC, DePinho RA, Cantley
LC and Kimmelman AC. Glutamine supports
pancreatic cancer growth through a KRAS-reg-
ulated metabolic pathway. Nature 2013; 496:
101-105.

Timmerman LA, Holton T, Yuneva M, Louie RJ,
Padr6 M, Daemen A, Hu M, Chan DA, Ethier SP,
van't Veer LJ, Polyak K, McCormick F and Gray
JW. Glutamine sensitivity analysis identifies
the xCT antiporter as a common triple-negative
breast tumor therapeutic target. Cancer Cell
2013; 24: 450-465.

Kung HN, Marks JR and Chi JT. Glutamine syn-
thetase is a genetic determinant of cell type-
specific glutamine independence in breast epi-
thelia. PLoS Genet 2011; 7: €1002229.

Am J Cancer Res 2023;13(12):6072-6089



[45]

[46]

[47]

(48]

[49]

(50]

6089

Circulating glutamine and cancer risk

van den Heuvel AP, Jing J, Wooster RF and
Bachman KE. Analysis of glutamine dependen-
cy in non-small cell lung cancer: GLS1 splice
variant GAC is essential for cancer cell growth.
Cancer Biol Ther 2012; 13: 1185-1194.
Abooshahab R, Hooshmand K, Razavi F, Dass
CR and Hedayati M. A glance at the actual role
of glutamine metabolism in thyroid tumorigen-
esis. EXCLI J 2021; 20: 1170-1183.

Metere A, Graves CE, Chirico M, Caramujo MJ,
Pisanu ME and lorio E. Metabolomic repro-
gramming detected by (1)H-NMR spectroscopy
in human thyroid cancer tissues. Biology (Ba-
sel) 2020; 9: 112.

YuY, Yu X, Fan C, Wang H, Wang R, Feng C and
Guan H. Targeting glutaminase-mediated glu-
tamine dependence in papillary thyroid cancer.
J Mol Med (Berl) 2018; 96: 777-790.
Kamphorst JJ, Nofal M, Commisso C, Hackett
SR, Lu W, Grabocka E, Vander Heiden MG,
Miller G, Drebin JA, Bar-Sagi D, Thompson CB
and Rabinowitz JD. Human pancreatic cancer
tumors are nutrient poor and tumor cells ac-
tively scavenge extracellular protein. Cancer
Res 2015; 75: 544-553.

Davidson SM, Jonas O, Keibler MA, Hou HW,
Luengo A, Mayers JR, Wyckoff J, Del Rosario
AM, Whitman M, Chin CR, Condon KJ, Lam-
mers A, Kellersberger KA, Stall BK, Stepha-
nopoulos G, Bar-Sagi D, Han J, Rabinowitz JD,
Cima MJ, Langer R and Vander Heiden MG.
Direct evidence for cancer-cell-autonomous ex-
tracellular protein catabolism in pancreatic tu-
mors. Nat Med 2017; 23: 235-241.

(51]

(52]

(53]

(54]

[55]

Cluntun AA, Lukey MJ, Cerione RA and Loca-
sale JW. Glutamine metabolism in cancer: un-
derstanding the heterogeneity. Trends Cancer
2017; 3: 169-180.

Ishak Gabra MB, Yang Y, Li H, Senapati P,
Hanse EA, Lowman XH, Tran TQ, Zhang L, Doan
LT, Xu X, Schones DE, Fruman DA and Kong M.
Dietary glutamine supplementation suppress-
es epigenetically-activated oncogenic path-
ways to inhibit melanoma tumour growth. Nat
Commun 2020; 11: 3326.

Cheong H, Lindsten T, Wu J, Lu C and Thomp-
son CB. Ammonia-induced autophagy is inde-
pendent of ULK1/ULK2 kinases. Proc Natl
Acad Sci US A2011; 108: 11121-11126.

Eng CH, Yu K, Lucas J, White E and Abraham
RT. Ammonia derived from glutaminolysis is a
diffusible regulator of autophagy. Sci Signal
2010; 3: ra31.

Kim MS, Patel KP, Teng AK, Berens AJ and La-
chance J. Genetic disease risks can be mises-
timated across global populations. Genome
Biol 2018; 19: 179.

Am J Cancer Res 2023;13(12):6072-6089



Circulating glutamine and cancer risk

Supplementary Table 1. Power calculation for UKB

Power (%)
Cancer Cases/Controls R? (%)
OR=0.9 OR=0.8 OR=0.7 OR=0.6

Breast cancer 122,977/105,974 44.0 100 100 100 100
ER+ breast cancer 69,501/105,974 44.0 100 100 100 100
ER- breast cancer 21,468/105,974 44.0 100 100 100 100
Lung Cancer 11,348/15,861 44.0 100 100 100 100
LAC 3,442/14,894 44.0 95.4 100 100 100
SCLC 3,275/15,038 44.0 95.2 100 100 100
Thyroid cancer 3,001/287,550 44.0 96.7 100 100 100
Prostate cancer 79,148/61,106 44.0 100 100 100 100
Ovarian cancer 25,509/40,941 44.0 100 100 100 100
HGSOC 13,037/40,941 44.0 100 100 100 100
LGSOC 1,012/40,941 44.0 58.1 99.6 100 100
Endometrial cancer 12,906/108,979 44.0 100 100 100 100

LAC, lung adenocarcinoma; SCLC, squamous cell lung cancer; HGSOC, High grade serous ovarian cancer; LGSOC, Low grade
serous ovarian cancer.

Supplementary Table 2. Power calculation for Kettunen et al.

Power (%)
Cancer Cases/Controls R? (%)
OR=10.9 OR=0.8 OR=0.7 OR=0.6

Breast cancer 122,977/105,974 8.3 100 100 100 100
ER+ breast cancer 69,501/105,974 8.3 100 100 100 100
ER- breast cancer 21,468/105,974 8.3 98.2 100 100 100
Lung Cancer 11,348/15,861 8.3 100 100 100 100
LAC 3,442/14,894 8.3 34.9 91.5 100 100
SCLC 3,275/15,038 8.3 34.6 91.2 100 100
Thyroid cancer 3,001/287,550 8.3 375 93.5 100 100
Prostate cancer 79,148/61,106 8.3 100 100 100 100
Ovarian cancer 25,509/40,941 8.3 96.2 100 100 100
HGSOC 13,037/40,941 8.3 85.1 100 100 100
LGSOC 1,012/40,941 8.3 15.3 50.8 88.6 99.5
Endometrial cancer 12,906/108,979 8.3 99.9 100 100 100

LAC, lung adenocarcinoma; SCLC, squamous cell lung cancer; HGSOC, High grade serous ovarian cancer; LGSOC, Low grade
serous ovarian cancer.
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Supplementary Figure 1. Scatter plots for MR analysis of the causal effect of glutamine on breast cancer based on
UKB. A. Breast cancer. B. ER+ breast cancer. C. ER- breast cancer. Forest plots of instrumental variable Wald ratios
and causal effect assessments of the relationship between glutamine and the risk of breast cancer based on UKB.
D. Breast cancer. E. ER+ breast cancer. F. ER- breast cancer.
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Supplementary Figure 2. Scatter plots for MR analysis of the causal effect of glutamine on lung cancer based on
UKB. A. Lung cancer. B. LAC. C. SCLC. Forest plots of instrumental variable Wald ratios and causal effect assess-
ments of the relationship between glutamine and the risk of lung cancer based on UKB. D. Lung cancer. E. LAC. F.
SCLC. LAC, lung adenocarcinoma; SCLC, squamous cell lung cancer.
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Supplementary Figure 3. Scatter plots for MR analysis of the causal effect of glutamine on ovarian cancer based
on UKB. A. Ovarian cancer. B. HGSOC. C. LGSOC. Forest plots of instrumental variable Wald ratios and causal ef-
fect assessments of the relationship between glutamine and the risk of ovarian cancer based on UKB. D. Ovarian
cancer. E. HGSOC. F. LGSOC. HGSOC, High-grade serous ovarian cancer; LGSOC, low-grade serous ovarian cancer.
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Supplementary Figure 4. Scatter plots for MR analysis of the causal effect of glutamine on prostate cancer (A) and
endometrial cancer (B) based on UKB. Forest plots of instrumental variable Wald ratios and causal effect assess-
ments of the relationship between glutamine and the risk of prostate cancer (C) and endometrial cancer (D) based
on UKB.
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Supplementary Table 3. Original results of heterogeneity and horizontal pleiotropy analyses

UKB Kettunen et al.
o UtCO mes P(Heterogeneity) (Pleiotropy) P(Global test) o Utl iers P(Heterogeneity) P(Ple\'otropy) P(G\obal test) OUtI iers
Breast cancer <0.001 0.704 <0.001 3 0.003 0.625 <0.001 2
ER+ breast cancer <0.001 0.913 <0.001 2 0.185 0.353 0.331 0
ER- breast cancer 0.065 0.361 0.069 0 0.073 0.978 0.255 0
Lung Cancer 0.206 0.349 0.213 0 0.549 0.312 0.512 0
LAC 0.146 0.844 0.178 0 0.372 0.752 0.526 0
SCLC 0.204 0.757 0.201 0 0.265 0.241 0.334 0
Thyroid cancer 0.423 0.290 0.351 0 0.358 0.235 0.502 0
Prostate cancer <0.001 0.208 <0.001 1 0.011 0.543 0.128 0
Ovarian cancer 0.152 0.080 0.244 0 0.781 0.644 0.894 0
HGSOC 0.451 0.432 0.555 0 0.109 0.287 0.190 0
LGSOC 0.341 0.460 0.228 0 0.002 0.309 0.054 0
Endometrial cancer 0.159 0.500 0.129 0 0.148 0.168 0.337 0

(

sion was used present the pleiotropy (P < 0.05); P(

Global test)’

P pretero cencityy P value of Cochrane’s Q value in heterogeneity test; P(Ple‘otmpy),

the P value for the intercept in the MR-Egger regres-
the P value for the global test in the MR-PRESSO; LAC, lung adeno-

carcinoma; SCLC, squamous cell lung cancer; HGSOC, High grade serous ovarian cancer; LGSOC, Low grade serous ovarian

cancer.

Supplementary Table 4. The results of the MR-PRESSO analysis

. MR-PRESSO
OUtCOme (Heterogeneity) OUtIIers I(Heterogeneity) OR (95% CI) P
UKB
Breast cancer <0.001 rs62182473 rs1750768 rs7925445 0.045 1.076 (0.985-1.056) 0.056
ER+ breast cancer <0.001 rs1750768 rs4309084 0.003 1.089 (0.989-1.200)  0.083
ER- breast cancer 0.065 0 0.065 1.034 (0.928-1.152)  0.539
Lung Cancer 0.206 0 0.206 0.938 (0.832-1.057)  0.290
LAC 0.146 0 0.146 1.023 (0.854-1.226)  0.802
SCLC 0.204 0 0.204 0.945 (0.785-1.137)  0.548
Thyroid cancer 0.423 0 0.423 0.667 (0.541-0.822) 1.52x10*
Prostate cancer <0.001 rs28929474 0.001 0.977 (0.911-1.048) 0.517
Ovarian cancer 0.152 0 0.152 0.996 (0.881-1.127) 0.949
HGSOC 0.451 0 0.451 1.023 (0.884-1.185)  0.760
LGSOC 0.341 0 0.341 1.022 (0.656-1.592)  0.226
Endometrial cancer 0.159 0 0.159 1.066 (0.968-1.174) 0.191
Kettunen et al.
Breast cancer 0.003 rs1260326 rs6729711 - 1.022 (0.807-1.294) 0.857
ER+ breast cancer 0.185 0 0.185 0.988 (0.853-1.146) 0.876
ER- breast cancer 0.073 0 0.073 1.055 (0.843-1.319) 0.640
Lung Cancer 0.549 0 0.549 0.886 (0.739-1.060)  0.186
LAC 0.372 0 0.372 1.055(0.806-1.382)  0.653
SCLC 0.358 0 0.358 0.875 (0.660-1.159) 0.351
Thyroid cancer 0.358 0 0.358 0.577 (0.421-0.790) 6.14x10*
Prostate cancer 0.011 0 0.011 0.906 (0.784-1.046) 0.178
Ovarian cancer 0.781 0 0.781 1.044 (0.806-1.352) 0.747
HGSOC 0.109 0 0.109 0.129 (0.930-1.537)  0.439
LGSOC 0.002 0 0.002 0.760 (0.077-7.460) 0.814
Endometrial cancer 0.148 0 0.148 0.995 (0.858-1.153)  0.943

P ieterogeneiny P V@lUe of Cochrane’s Q value in heterogeneity test before MR-PRESSO; P,
’ p value of Cochrane’s Q value in heterogeneity test after removing outliers; LAC, lung adenocarcinoma; SCLC, squamous cell lung

(Heterogeneity)”

(Global test)’

cancer; HGSOC, High grade serous ovarian cancer; LGSOC, Low grade serous ovarian cancer.

the P value for the global test in the MR-PRESSO;
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Supplementary Figure 5. Scatter plots for MR analysis of the causal effect of glutamine on breast cancer based on
Kettunen et al. A. Breast cancer. B. ER+ breast cancer. C. ER- breast cancer. Forest plots of instrumental variable
Wald ratios and causal effect assessments of the relationship between glutamine and the risk of breast cancer
based on Kettunen et al. D. Breast cancer. E. ER+ breast cancer. F. ER- breast cancer.
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Supplementary Figure 6. Scatter plots for MR analysis of the causal effect of glutamine on lung cancer based on
Kettunen et al. A. Lung cancer. B. LAC. C. SCLC. Forest plots of instrumental variable Wald ratios and causal effect
assessments of the relationship between glutamine and the risk of lung cancer based on Kettunen et al. D. Lung
cancer. E. LAC. F. SCLC. LAC, lung adenocarcinoma; SCLC, squamous cell lung cancer.
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Supplementary Figure 7. Scatter plots for MR analysis of the causal effect of glutamine on ovarian cancer based
on Kettunen et al. A. Ovarian cancer. B. HGSOC. C. LGSOC. Forest plots of instrumental variable Wald ratios and
causal effect assessments of the relationship between glutamine and the risk of ovarian cancer based on Kettunen
et al. D. Ovarian cancer. E. HGSOC. F. LGSOC. HGSOC, High-grade serous ovarian cancer; LGSOC, low-grade serous
ovarian cancetr.
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Supplementary Figure 8. Scatter plots for MR analysis of the causal effect of glutamine on prostate cancer (A) and
endometrial cancer (B) based on the study by Kettunen et al. Forest plots of instrumental variable Wald ratios and
causal effect assessments of the relationship between glutamine and the risk of prostate cancer (C) and endome-
trial cancer (D) based on the study by Kettunen et al.
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Supplementary Table 5. MVMR estimates between glutamine and thyroid cancer risk

UKB Kettunen et al.
Models Outcomes
OR (95% Cl) P OR (95% Cl) P

Glutamine+BMI Glutamine 0.663 (0.517-0.851) 1.24x10° 0.599 (0.431-0.831) 2.17x10°3
BMI 1.082 (0.772-1.515) 0.644 1.094 (0.788-1.519) 0.601

Glutamine+T2DM Glutamine 0.626 (0.505-0.776) 1.99x10° 0.568 (0.406-0.795) 9.71x10*
T2DM 0.626 (0.899-1.160) 0.750 0.961 (0.827-1.117)  0.600

Glutamine+Fasting Glutamine 0.721 (0.574-0.916) 4.91x10° 0.570 (0.415-0.782) 4.99x10*
glucose Fasting glucose 0.761 (0.437-1.322) 0.333 0.744 (0.417-1.326) 0.316

Glutamine+Fasting Glutamine 0.695 (0.567-0.852) 4.69x10* 0.610 (0.445-0.835) 2.06x10°%
insulin Fasting insulin  1.962 (0.890-4.328) 0.095  2.178(0.898-5.282)  0.085

Glutamine+HDL Glutamine 0.681 (0.532-0.870) 2.17x10° 0.660 (0.484-0.899) 8.38x103
HDL 1.071 (0.879-1.304) 0.497 1.069 (0.802-1.308) 0.521

Glutamine+LDL Glutamine 0.664 (0.505-0.871) 3.16x10° 0.545(0.381-0.778) 8.49x10*
LDL 0.964 (0.800-1.161)  0.697 0.962 (0.798-1.160) 0.686

Glutamine+Triglycerides Glutamine 0.662 (0.519-0.846) 9.55x10* 0.624 (0.455-0.855) 3.34x103
Triglycerides  0.822 (0.660-1.048) 0.118 0.844 (0.747-1.187) 0.170




