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Abstract

Background The mechanistic target of rapamycin (mTOR) signal pathway plays a critical regulating role in the
occurrence and development of cataract. However, the role of mTORC1 downstream proteins, including ribosomal
protein S6K (RP-S6K), eukaryotic initiation factor 4E-binding protein (EIF4EBP), eukaryotic initiation factor 4G (EIF-4G),
eukaryotic initiation factor 4E (EIF-4E), and eukaryotic initiation factor 4A (EIF-4A), in regulating cataract development
is still unknown. Herein, we conducted a mendelian randomization (MR) study to understand the function of mTORC
signaling in the process of cataract development.

Results The causal estimate was evaluated with inverse-variance weighted (IVW) estimate, weighted median
estimator, MR-Egger and MR robust adjusted profile score (MR. RAPS). The single-nucleotide polymorphisms (SNPs),
P<5x%107% and r’<0.05, were selected to genetically predict the RP-S6K, EIFAEBP, EIF-4E, EIF-4A, and EIF-4G. We
included a total of 26,758 cases and 189,604 controls in this MR study. The study revealed causal association between
circulating EIF4EBP (OR 1.09, 95% confidence interval 1.03,1.16, P=0.004), RP-S6K (OR 1.04, 95% confidence interval
1.01,1.08, P=0.02) and cataract formation with IVW estimate. Whereas after correcting outliers, MR robust adjusted
profile score (MR. RAPS) shows consistent result with VW for EIF4EBP (OR=1.08, 95%Cl:1.05-1.11, P=0.007). The
observation strengthened the confidence in the true causal associations. However, no association was found for
circulating EIF-4E (OR 1.03, 95% confidence interval 0.97, 1.09, P=0.31), EIF-4A (OR 1.02, 95% confidence interval 0.98,
1.07, P=0.34), and EIF-4G (OR 1.02, 95% confidence interval 0.94, 1.01, P=0.64) levels with cataract formation. No
evidence of heterogeneity and unbalanced horizontal pleiotropy was detected.

Conclusion The MR study suggests that EIF4EBP is a high-risk factor for cataract development. There may be a
potential causal association between the mTORC1/EIFAEBP axis and cataract. This research highlights the potential
mechanism for cataract development and a genetic target to prevent as well as treat cataracts.
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Introduction

Cataract is one of the common causes of visual impair-
ment and blindness in developing and developed coun-
tries [1-3]. Although the phacoemulsification application
is available worldwide, over 12 million people are blind
because of cataract until 2010 [1, 4]. Moreover, no effec-
tive pharmacological strategy exists to prevent the devel-
opment of cataract. Several signaling molecules and
pathways take part in modulating the development of
cataract, including the mechanistic target of rapamy-
cin (mTOR) [5], endoplasmic reticulum stress[6], and
advanced glycation end products [7] et al. Of note, the
mTOR signal pathway plays a critical regulating role in
the occurrence and development of cataract by regulat-
ing cellar processes such as cell growth, autophagy, and
epithelial-mesenchymal transition (EMT) [8-10].

In mammals, mTOR can combine with different pro-
teins and generate different complexes, including the
mechanistic target of rapamycin complexl (mTORCI)
and the mechanistic target of rapamycin complex2
(mTORC2) [11]. mTORC1 plays an important role in
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Fig. 1 Main protein of mTORC1 signal pathway (mTORC1 is comprised
by mTOR, Deptor, mLST8, Raptor, PRAS40. mTORC1 regulates cell function
almost through phosphorylating the downstream protein of mTORCT,
including PR-S6K and EIF4EBP. After getting phosphorylated by mTORCT,
PR-S6K activates EIF-4B, which positively regulates EIF-4F. RP-S6K also
phosphorylates and promotes the degradation of PDCD4, which is the
inhibitor of EIF-4B. EIF4EBP is a repressor of EIF-4E, once phosphorylated
by mTORC1, it dissociate with EIF-4E, and then promotes the assembly of
EIF-4F complex. The EIF-4F complex is composed by EIF-4E, EIF-4G, and
EIF-4A. The specificity repressor of mTORC1-rapamycin can combine with
mTOR, and induce conformational change in mTORC1. RP-S6K, ribosomal
protein S6K kinase; EIF4AEBP, eukaryotic initiation factor 4E-binding protein;
EIF-4G, translation initiation factor 4G; EIF-4E, translation initiation factor
4E; EIF-4A, translation initiation factor 4A)
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cellular senescence and anabolic processes, such as inhib-
iting autophagy, inducing apoptosis, regulating trans-
lational regulators, promoting secreting or restraining
proinflammatory mediators, and displaying high meta-
bolic rate or caloric restriction [5, 12—17]. The regulation
of mTORCI functions is primarily through phosphory-
lating the downstream targets, including ribosomal pro-
tein S6K kinase 1 (PR-S6K1) and eukaryotic initiation
factor 4E-binding proteins (EIF4EBPs) (Fig. 1) [14]. After
getting phosphorylated, PR-S6K1 activates eukaryotic
initiation factor 4B (EIF-4B), which positively regulates
the 5'cap binging translation eukaryotic initiation fac-
tor 4 F (EIF-4 F) [18]. RP-S6K1 also phosphorylates and
promotes the degradation of PDCD4, which is the inhibi-
tor of EIF-4B [19]. EIF4EBP is a repressor of eukaryotic
translation initiation factor 4E (EIF-4E). Once phosphor-
ylated by mTORC1 in multiple sites, it dissociates with
EIF-4E, then promotes the 5'cap-dependent translation
and assembling of the EIF-4F complex. The EIF-4F com-
plex is composed of EIF-4E, EIF-4G, and eukaryotic ini-
tiation factor 4A (EIF-4A) (Fig. 1) [12].

Rapamycin binds with FKBP12, a part of mTOR, and
forms a FKBP12-rapamycin complex (Fig. 1). Subse-
quently, the complex induces mTOR conformational
change[20]. mTORCI1 is sensitive to the nanomolar con-
centration of rapamycin within one hour of exposure,
whereas mTORC2 requires a more prolonged exposure
and a higher dose [21]. The change of conformation in
mTOR causes the disruption between mTOR and Raptor
in mTORCI1 [21]. Meng et al. [8] observed that rapamy-
cin can effectively impair EMT in lens epithelial cells,
thus inhibiting the process of cataract. At the same time,
Ping et al. [9] treated cataract zebrafish with rapamycin
and discovered the mitigation effect of cataract. Consid-
ering the special role of rapamycin in regulating cataract,
we speculated that mTORC]1 signaling might affect cata-
ract formation.

Mendelian randomization (MR) is an analytic approach
for assessing the causal association between poten-
tially modifiable exposures, defined as single-nucleotide
polymorphisms (SNPs), and the clinically relevant out-
come [22]. Compared with randomized controlled trials
(RCTs)-the gold standard to establish the causal associa-
tion, MR utilizes the data from large-scale genome-wide
association studies (GWAS). Thus, MR study is more
time-effective and contains a larger sample size. More-
over, sometimes RCTs cannot be conducted as they are
costly, impartial, and even unethical[23]. In our study, we
conducted a MR study by leveraging the extensive Euro-
pean population-based GWAS summary statistic data of
mTORC1-related protein in plasma, including the con-
centration of RP-S6K, EIFAEBP, and the EIF-4F compo-
nents, like EIF-4E, EIF-4A, EIF-4G. In addition, we also



Cai et al. BMC Genomics (2022) 23:719

studied the causal effect of mMTORCI-related circulating
protein levels on cataract formation.

Method

Study design and participant flowchart

We conducted a two-sample MR study that relied on two
different GWAS summary statistics. For the definition of
exposures, we applied downstream targets of mTORC1
in plasma, like RP-S6K, EIF4EBP, and three compo-
nents of EIF-4 F, like EIF-4E, EIF-4A, and EIF-4G. We
also obtained related SNPs from the proteomics-GWAS
INTEVAL study [24].We defined cataract as outcome,
and for the outcome-associated SNPs, we leveraged the
data from the FinnGen study. The flowchart and the
incorporated sample size are shown in Fig. 2.

Ethics

This study used published or publicly available summary
data that did not involve primary study participants. Eth-
ical approval of each study can be found in the original
publications. These studies were conducted with the ethi-
cal guidelines of the 1975 Declaration of Helsinki.

Data sources for MR analyses

Data sources for exposure

The genetic variants of mTORCI-dependent pro-
tein in plasma were obtained from the publicly avail-
able proteomics-GWAS INTEVAL study (https://www.
phpc.cam.ac.uk/ceu/proteins/), which included 3622
plasma proteins from 3301 healthy volunteers [24]. The
INTEVAL study lasted from mid-2012 to mid-2014 and
recruited blood donors over 18 years old from 25 centers
of England’s National Health Service Blood and Trans-
plant (NHSBT) [25]. The protein concentration was mea-
sured by a multiplexed, aptamer-based approach-Slow
Off-rate Modified Aptamers (SOMAscan assay). This
approach helps analyze lower detectable protein con-
centrations than traditional methods [26, 27]. It uses the
modified single standard DNA SOMAmers to bind with
protein targets quantified through DNA microarray [28].
The protein abundances were quantified as relative fluo-
rescent units [24].

The genome-wide associations were obtained from
the relative protein abundances after natural log-trans-
formed, then adjusted for age, sex, time costing on blood
collection, multi-dimensional scale according to popula-
tion structural with linear regression, and genetic asso-
ciation[24]. To obtain sufficient SNPs and estimate the
accurate result, we obtained genome-wide significantly
(P<5%107°%) and independently (R?><0.05) SNPs to pre-
dict mTORC1-dependent protein in plasma [29-32],
including RP-S6K, EIF4EBP, EIF-4G, EIF-4E, and EIF-4A,
from the proteomics-GWAS INTEVAL study. To ensure
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the reliability of MR results, we removed SNPs with
palindromes.

Data sources for the outcome

The association of outcome relative SNPs with cataract
were obtained from the FinnGen study [33] (https://
r5.finngen.fi/). This study defined cataract by H25 of the
International Classification of Disease-10 (ICD-10). The
genotype data of the FinnGen research project was from
Finnish biobanks and digital health record data from
Finnish health registries. The 5th data was released in the
first quarter of 2020 with a total sample size of 260,405.
The individuals with ambiguous gender, high genotype
missingness (>5%), excess heterozygosity (+4SD), and
non-Finnish ancestry were excluded. Finally, 26,758 cases
and 189,604 controls of Finnish descent were included in
this study.

Assessment of assumptions

The MR study fulfilled the three core assumptions (Fig. 2)
[34] :(1) The IVs must be associated with RP-S6K, EIF-
4EBP, EIF-4G, EIF-4E and EIF-4A. (2) The genetic
instrument must not be associated with confounders,
conditional on the exposure-outcome relationship. (3)
There should be no association between genetic instru-
ments and cataracts except through EIF-4E, EIF-4A, EIF-
4G, EIF4EBP, and RP-S6K. We tested assumptions (2) (3)
by the heterogeneity and pleiotropy test. We tested het-
erogeneity with Cochrane’s Q value. The pleiotropy was
divided into vertical and horizontal pleiotropy accord-
ing to the pathways which SNPs influence the traits[35].
Considering vertical pleiotropy never violates the MR
assumption and does not cause bias[36], we only tested
the horizontal pleiotropy with the MR Egger regression
intercept and MR-PRESSO.

Sensitivity analysis

To test and correct for horizontal pleiotropy and examine
the robustness of the MR estimates, we applied the value of
intercept in MR-Egger regression and mendelian random-
ization pleiotropy residual sum and outlier (MR-PRESSO)
[37]. The intercept value in the MR-Egger regression was
equivalent to the magnitude of unbalanced pleiotropic[38].
We also applied the MR-PRESSO to test and correct for the
outlier in the inverse-variance weighted (IVW) estimate
[37]. This approach included three components: global test,
outlier test, and distortion test [37]. MR-PRESSO removes
SNPs that were questioned and refitted other SNPs in the
IVW regression, and then estimates the causal effect again
[37]. The result of the causal estimate is unbiased even
if outliers are up to 50% [37]. To test for the heterogene-
ity, we used Cochrane’s Q value. For the robustness of the
MR estimate, we applied the leave-one-out approach to
test whether any single SNPs drove the estimate. In the
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MR analysis:

(1) inverse-variance weighted estimate;
(2) MR-Egger;

(3) weighted median estimator;

(4) Robust Adjusted Profile Score

Sensitivity analysis:

(1) MR-Egger intercept;
(2) MR-PRESSO;

(3) Cochrane’s Q test

Fig. 2 Key assumptions and flow chat of Mendelian randomization study (This MR study fulfilled the three core assumptions: (1) IVs must be associated
with exposure, (2) genetic instrument must not be associated with confounders, (3) must be no association between genetic instruments and cataract
except through exposure. SNP, single nucleotide polymorphism; RP-S6K, ribosomal protein S6K kinase; EIF4EBP, eukaryotic initiation factor 4E-binding
protein; EIF-4G, translation initiation factor 4G; EIF-4E, translation initiation factor 4E; EIF-4A, translation initiation factor 4A.)

leave-one-out approach, all SNPs but one was calculated by  IVW regression. If there is sufficient evidence for the causal
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Table 1 Mendelian Randomization (MR) estimate for the
association between mTORC1/RP-S6K, mTORC1/EIF4EBP
pathway, and cataract

Exposure Method OR (95% Cl) P-value
RP-S6K A% 1.04(1,01-1.08)  0.021
WM 1.04(0.99-1.09)  0.103
MREgger  1.0000.94-107) 0974
MR. RAPS 1.03(1.01-1.04)  0.113
EIF4EBP VW 1.09(1.03-1.16)  0.004
WM 1.09(1.00-1.18)  0.038
MR Egger 1.06(0.93-1 22) 0.391
MR. RAPS 1.08(1.05-1.11)  0.007
EIF-4G A% 1.02(0.94-1.10)  0.643
WM 1.02(0.94-1.13) 0548
MREgger  1.07(0.88-129) 0541
MR. RAPS 1.04(1.00-1.08) 0333
EIF-4E VW 1.03(0.97-1 09) 0.308
WM 1.05(0.99-1.11)  0.107
MR Egger 1.01(0.90-1.15) 0816
MR. RAPS 1.04(1.02-1.06)  0.066
EIF-4A VW 1.03(0.98-1.07) 0338
WM 1.03(0.97-1.08) 0315
MR Egger 1.03(0.95-1.12)  0.506
MR. RAPS 1.02(1.00-1.05)  0.291

Abbreviations: OR odds ratio; RP-S6K, ribosomal protein S6K kinase; EIFAEBP,
eukaryotic initiation factor 4E-binding protein; EIF-4G, translation initiation
factor 4G; EIF-4E, translation initiation factor 4E; EIF-4A, translation initiation
factor 4A; IVW, inverse-variance weighted estimate; WM, weighted median
estimator

association, the excluded SNP did not drive the MR results.

Statistical method

“TwoSampleMR” packages were used to obtain the MR
estimate in the R software (version1.4.1717). The SNPs
were aligned by the allele letter and frequency. We used
IVW to obtain the MR estimates. In case of no evidence
for horizontal pleiotropy, and weak instruments, the IVW
was used to obtain an overall estimate using a formula
with the meta-analysis method of Wald estimates. The
formula is the ratio of the gene - outcome association
and the gene - exposure association of each exposure.
[39] Weight median (WM) estimator[40] and MR-Egger
[38, 41] were used to further analyze MR results. The
WM estimator provided a consistent estimate when over
50% of the weight came from valid IVs [40]. Unlike IVW,
the MR-Egger allows for little evidence of a violation of
the IV3 assumption (instrumental variable assumption
3), which means permitting a low degree of evidence of
the pleiotropic effects and still obtaining an unbiased
causal estimate. However, it consumes statistical power
[41]. Therefore, it is generally believed that the results of
IVVW are the most meaningful when passing the sensitiv-
ity analysis [42—44]. Robust Adjusted Profile Score (MR.
RAPS) was calculated for the causal estimate to provide
higher statistical power, despite the existence of many
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weak instrumental variables [45]. A circle map was used
to visualize the result, which combined the MR estimate
of all valid SNPs and the meta-analysis of MR estimate.
The MR results were described by odds ratio (OR) and
confidence interval (CI). P values<0.05 were considered
statistically significant.

Results

MR estimate of RP-S6K

After excluding SNPs having linkage disequilibrium, out-
line, or palindromic sequence, 15 SNPs were included
to predict RP-S6K genetically (Supplementary Table 1).
The overall estimate calculated with IVW revealed the
higher genetically predicted RP-S6K significance causal
association with cataract. However, after correcting out-
liers, MR. RAPS results showed no significant causal
association. Additionally, MR-Egger and weight median
showed no association between the RP-S6K and cataract
(Table 1). All the SNPs which were genetically predicting
RP-S6K are shown on Fig. 3.

MR estimate of EIF4EBP

After quality control, 10 SNPs were obtained to predict
EIF4EBP (Supplementary Table 1). IVW showed that
EIF4EBP was positively associated with cataract, and
the result of MR. RAPS was similar (Table 1), which
strengthened the confidence of the true causal associa-
tions[46]. Meanwhile, the association remained direc-
tionally consistent in weight median, whereas MR-Egger
showed no association between mTORCI1-dependent
protein level of EIFAEBP with cataract (Table 1). All SNPs
influenced by the causal-effect with MR are shown with a
circle map (Fig. 3).

MR estimate of EIF-4G, EIF-4E and EIF-4A

Similarly, we obtained 14 SNPs for EIF-4E, 9 SNPs for
EIF-4A, and 7 SNPs for EIF-4G (Supplementary Table
1). The EIF-4F components, including EIF-4E, EIF-4A,
and EIF-4G were not associated with cataract (Table 1).
The result of MR. RAPS was also similar. The influence of
EIF-4E, EIF-4A, and EIF-4G related SNPs on cataract are
shown in Fig. 3.

Sensitivity analyses result

All the sensitivity analyses result are presented in Table 2.
The MR-Egger regression intercept showed insufficient
evidence of unbalanced pleiotropy (all 2>0.05). All the
funnel plots were almost symmetrical confirming no
sufficient evidence existed for pleiotropy (Supplemen-
tary Fig. 1). MR-PRESSO was further applied to test for
the horizontal pleiotropy, which was not corrected by
MR-Egger regression. The MP-PRESSO results of RP-
S6K, EIF4EBP, EIF-4E, EIF-4A, and EIF-4G were simi-
lar (Table 2). Cochrane’s Q value tested the substantial
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Fig. 3 SNPs influence the causal-effect with MR estimate. (Each dots represents the causal effect on the result of each IV, and each region corresponds
to a different mTORC1 downstream protein, including RP-S6K, EIF4EBP, EIF-4G, EIF-4E, and EIF-4A. The outer annular layer represents the P-value of MR, “P-
value of MR"represent the P-value of the corresponding “beta value of each SNP”. The inner layer is the beta value of each SNP, beta coefficients are shown
as per 1 standard deviation increase in the trait, and 3=log(or). The gray dotted line between inner layer means beta equals zero. SNP, single nucleotide
polymorphism; RP-SéK, ribosomal protein S6K kinase; EIF4EBP, eukaryotic initiation factor 4E-binding protein; EIF-4G, translation initiation factor 4G; EIF-4E,
translation initiation factor 4E; EIF-4A, translation initiation factor 4A; MR, Mendelian randomization.)

Table 2 Sensitivity analysis for the association between mTORCI related protein and cataract

Exposure Cochrane’s Q Cochrane’sQ  MR-Egger MR-Egger inter- MR-
P-value Intercept cept P-value PRES-
SO
P-value
RP-S6K 9.529 0.80 0.013 0.184 0.38
EIFAEBP 8.643 047 0.006 0.696 043
EIF-4G 6.378 0.38 -0.010 0.626 0.37
EIF-4E 21.201 0.07 0.004 0.806 049
EIF-4A 7400 049 -0.002 0.838 049

Abbreviations: RP-S6K, ribosomal protein S6K kinase; EIF4EBP, eukaryotic initiation factor 4E-binding protein; EIF-4G, translation initiation factor 4G; EIF-4E,
translation initiation factor 4E; EIF-4A, translation initiation factor 4A

heterogeneity statistics. Table 2 shows no heterogene- of RP-S6K, EIF4EBP, EIF-4E, EIF-4A and EIF-4G. The
ity for the SNPs that genetically predict circulating level leave-one-out method further verified the robustness of
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Fig. 4 Leave-one-out analysis for the estimates of EIF4EBP on cataract. Leave-one-out result of EIF4EBP. The leave-one-out result shows that after exclud-
ing one SNP, the result of the MR estimate was almost stable, which was further verified by the robustness of MR results. EIF4EBP, eukaryotic initiation

factor 4E-binding protein; MR, Mendelian randomization

MR results (Fig. 4 and Supplementary Fig. 2). Consider-
ing there was no obvious evidence of unbalanced plei-
otropy and heterogeneity with sensitivity analyses, [IVW
and MR. RAPS can be regarded as the main results of
this study. Whereas after correcting the outlier with MR.
RAPS, we deemed only EIF4EBP causally associated with
cataract.

Discussion

This is the first study to assess the causal association of
mTORC1-dependent plasma protein levels with cataract
using the MR approach. With data from the large-scale
GWAS of Finnish descent, our MR research is concerned
with the causal association between mTORCI1-related
proteins, including RP-S6K, EIF4EBP, EIF-4E, EIF-4A,
and EIF-4G and cataract. The MR study suggests the
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positive direct association between plasma protein level
of EIF4EBP (OR=1.09, 95% CI 1.03-1.16, P=0.004) and
the risk of cataract in a combined sample of 26,758 cases
and 189,604 controls. However, this study provided no
evidence for the association of genetically determined
RP-S6K, EIF-4E, EIF-4A, and EIF-4G with the onset of
cataract. Moreover, sensitivity analyses did not show suf-
ficient evidence of unbalanced pleiotropy and heteroge-
neity, which indicates the MR estimate was independent
and robust.

With aging, LECs undergo numerous biochemical and
biophysical changes, which induces structural and func-
tional impairment, leading to EMT development and
autophagy activation[47]. Previous studies have indicated
that mTORC1 possibly promotes the development of
cataract through controlling cellular EMT and inhibiting
the level of autophagy through related signaling proteins.
However, the involvement of the downstream protein in
the mTORCI1 signal pathway is not proven. As a critical
process in cataract development, EMT is responsible for
the trans-differentiation of lens epithelial cells (LECs)
into mesenchymal cells. Its occurrence activates the
mesenchymal phenotypes, which is related to enhanced
migratory capacity, invasiveness, and the process
increases the production of extracellular matrix compo-
nents [16, 48]. As a result, LECs lose their normal struc-
ture, transdifferentiate into elongated spindle-shaped
myofibroblasts, and migrate across the lens capsule, caus-
ing cataract formation [48]. Zhang et al. [10] observed
decreased cell proliferation and mobility upon specifi-
cally inhibiting mTOR in LECs with siRNA. Besides, the
function of mMTORC1 was decreased, while the EMT level
on LECs was inhibited significantly. Furthermore, Meng
et al. pointed out that activation of the PI3K/Akt/mTOR
axis initiates the process of EMT in human lens epithelial
B-3 cells [49]. The study demonstrated that activation of
the mTOR pathway with the phosphorylation EIF4EBP
promotes the development of cataract, which was consis-
tent with our results. [49].

On the other hand, autophagy is an important factor in
regulating cataract evolution. Autophagy is a highly con-
served process that involves the degradation of senescent
macromolecules and organelles of LECs to maintain lens
transparency [49]. Autophagy is the early response to the
internal environment disturbance induced by oxidative
stress, like starvation, hypoxia, deficiency of growth fac-
tors and over-activation. When encountered with stress,
autophagy gets up-regulated, making LECs adapt to a
new balance. After achieving homeostasis, the autophagy
level decreases [9]. Similarly, a previous study observed
that amino acid deprivation induces the activation of
autophagy, and the process is regulated by mTORC1[50].
Ping and collages[9] reported that ablation of Gja8b in
zebrafish causes severe defects in organelle degradation,
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inducing defective autophagy in LECs and inhibiting the
degradation of senescent macromolecules, leading to
cataract formation. After being treated with rapamycin,
autophagy was promoted in LECs in a dose-dependent
manner causing mitigation of cataract. Several conjec-
tures exist for regulating proteins related to EIF4EBP and
mTORCI1 to control autophagy. The transcription factor
FOXO activates EIF4EBP to active autophagy/lysosome
system in reducing muscle aging in Drosophila. This sys-
tem can degrade damaged protein to reduce the accumu-
lation of metabolic stressors [51].

Except autophagy and EMT respective functions in the
formation of cataract, they are also reported to interact
with each other. For instance, autophagy induction could
promote EMT in cardiac fibrotic disease [52], whereas
autophagy could contribute to the attenuation of EMT in
chronic renal fibrosis[53]. Sun et al. [54] discovered that
autophagy inhibition attenuates the EMT process in New
Zealand white rabbit LECs, triggered by the TGF-2/
Smad signaling pathway. Therefore, part from autophagy
and EMT respective functions in formation of cataract,
their interaction may play a critical role in the formation
process of cataract. Therefore, their interactions need to
be studied further.

In the current study, we observed that EIF4AEBP was
positively associated with cataract. Whereas RP-S6K,
EIF-4E, EIF-4G, and EIF-4A were not significantly associ-
ated with cataract. Similar to our study, Zhang et al. [55]
compared RNA from age-related cataracts and normal
lens epithelia using the semiquantitative RT-PCR method
and observed no difference between cataract and normal
LECs on EIF-4E levels. We speculate that these proteins
may be involved in other signaling pathways. RP-S6k
exists in different signal pathways, while SOK/PP1a/B-Raf
can activate MAPK in PI3K/AKT signaling in regulating
prostate cancer cell migration and invasion[56]. Besides,
the EIF-4F complex can also be regulated by protein,
except for the classical mTOR related molecule, like
PDCDA4[57]. PDCD4 is a tumor suppressor and can bind
with EIF-4A to limit the available content to form EIF-
4F. EIF-4F components can be regulated apart from EIF-
4EBP, promyelocytic leukemia protein (PML) has been
associated with inhibiting the mRNA nuclear export role
of EIF-4E [58]; EIF4A3 can combine with RNA-binding
motif 8A (RBM8A), Mago homolog (MAGOH), and
other auxiliary proteins, and form an exon junction com-
plex (EJC) to regulate gene expression, including mRNA
splicing, translation, and degradation [59]; EIF4G can ini-
tiate cap-independent translation with the presence of an
internal ribosomal entry site (IRES) instead of depend-
ing on cap-binding protein eIF4E [60]. In conclusion,
according to this MR study, the plasma concentration
of mTORC1-depended EIF4EBP promotes the onsetting
of cataract on genetic level. Its regulating function may
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be governed through the mTORC1/EIF4EBP axis. How-
ever, we speculate that other potential signaling pathways
may regulate these proteins and affect the concentration
of RP-S6K, EIFAF components in plasma. Of note, we
could not detect the association between cataract and
RP-S6K, EIF4F components. Therefore, our study shows
that the EIF4EBP is a vital protein associated with cata-
ract. However, further research is required to explore the
mTORCI1/EIF4EBP axis, the downstream protein of this
signaling including RP-S6K and EIF4F components, in
the process of cataract formation.

There were some limitations to this present study.
Firstly, considering the data source from the GWAS meta-
analyses statistic data of mTOR-dependent circulating
protein and cataract were restricted in individuals with
European ancestry, we are unclear whether this finding
can be applied to other populations. Thus, more sources
of data are required to detect the effect on another eth-
nicity. Secondly, although sensitivity analysis results
showed no evidence of unbalanced pleiotropy, part of
balanced pleiotropy may exist. Thirdly, more detailed
information on the subtype of cataracts has not been
available until now. Therefore, further research on the
association between mTOR-dependent protein level and
subtype of cataracts is required. Fourthly, some research-
ers indicated that the GWAS only incorporated 3301
individuals because of the expensive measuring technol-
ogy of plasma protein[31]. Thus, the database cannot
detect as many genome-wide significant genetic variants
as possible. A more relaxed IV selection threshold might
balance between feasibility of the study and statistical
power. Additionally, some scholars chose the IV selection
threshold to be P<5e °® rather than the commonly used
GWAS significance level P<5e™® to obtain sufficient SNPs
and to estimate more accurate results [29-31]. Therefore,
we set a more relaxed IV selection threshold to be P<5e®
rather than the commonly used GWAS significance level
of P<5e8. Fifthly, there are three isoforms for EIF4EBP,
including EIF4EBP1, EIF4EBP2 and EIF4EBP3[61]. EIF-
4EBP1 is abundant in adipose tissue, pancreas, and skel-
etal muscle, EIFAEBP2 is ubiquitously expressed[62], and
EIF4EBP3 distributes highest in skeletal muscle, heart,
kidney, and pancreas[63]. Compared with EIF4EBPI,
EIF4EBP2 gets phosphorylated at lesser residues[61],
has a binding preference with EIF4F [61], and has a more
effective blockade by rapamycin[64]. Considering the
wide distribution and function of EIF4AEBP2, it might play
a more critical role in the cataract formation than other
two isoforms. At the same time, due to the limitation of
the database, we could only incorporate EIF4EBP?2 in this
study. Further research is needed to test the interaction
and regulation between these isoforms. Lastly, although
this study provided a credible signaling pathway in the
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pathogenesis of cataracts, more experimental laboratory
data is warranted to verify its feasibility.

Conclusion

This unbiased two-sample MR study supports the causal
positivity association between circulating EIFAEBP levels
and cataract formation. Furthermore, using the in-vitro
and in-vivo data of the previous studies, our results sug-
gested the critical role of the mTORC1/EIF4EBP axis in
the mechanism of cataract, regardless of cataract sub-
types. However, further studies are required to verify this
pathway to explore the detailed functional relevance and
downstream proteins of the axis and to further investi-
gate its clinical utility. Nevertheless, the finding of this
study will provide the basis for a more efficient phar-
macological target in the prevention and treatment of
cataracts.

Abbreviations

mTOR mechanistic target of rapamycin
EMT epithelial-mesenchymal transition

mTORCT  mechanistic target of rapamycin complex1
mTORC2  mechanistic target of rapamycin complex2
PR-S6K ribosomal protein S6K kinase

EIF4EBP  eukaryotic initiation factor 4E-binding protein
EIF-4G eukaryotic initiation factor 4G

EIF-4F eukaryotic initiation factor 4F

EIF-4B eukaryotic initiation factor 4B

EIF-4A eukaryotic translation factor 4A

EIF-4A eukaryotic translation factor 4A

SNP single-nucleotide polymorphisms

GWAS genome-wide association studies

LEC lens epithelial cell

PI3K phosphatidylinositol 3-kinase

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512864-022-08925-7.

Supplementary Material 1
Supplementary Material 2

Supplementary Material 3

Acknowledgements
We want to acknowledge the participants and investigators of the FinnGen
study.

Author contributions

J. Z.: conceptualization; K-C. L, P-F. W and F. H.: methodology; K-C. L, P-F W
and F. H.: software; J. Z.: validation; Y.-J.C. and R-L.Y.: writing—original draft
preparation; J. Z.: writing—review and editing; K-C. L and Y-J.C.: visualization; J.
Z.: supervision; All authors reviewed the manuscript.

Funding
This study was supported by a grant from the Natural Science Foundation of
Hunan Province, China (NO. 2022JJ40855) to Jing Zou.

Data availability

All data used for this study are publicly available and their original studies are
cited from (https://www.phpc.cam.ac.uk/ceu/proteins/ and https://r5.finngen.
fi/).


http://dx.doi.org/10.1186/s12864-022-08925-7
http://dx.doi.org/10.1186/s12864-022-08925-7
https://www.phpc.cam.ac.uk/ceu/proteins/
https://r5.finngen.fi/
https://r5.finngen.fi/

Cai et al. BMC Genomics (2022) 23:719

Declarations

Ethics approval and consent to participate
All methods were carried out in accordance with relevant guidelines and
regulations.

Consent for publication
Not applicable.

Competing interests
No potential conflicts of interest were disclosed by the authors.

Received: 30 May 2022 / Accepted: 28 September 2022
Published online: 21 October 2022

References

1. HashemiH, Pakzad R, Yekta A, Aghamirsalim M, Pakbin M, Ramin S, Khabaz-
khoob M. Global and regional prevalence of age-related cataract: a compre-
hensive systematic review and meta-analysis. Eye (Lond). 2020;34:1357-70.
doi:https://doi.org/10.1038/541433-020-0806-3.

2. Lee CM, Afshari NA. The global state of cataract blindness. CURRENT OPINION
IN OPHTHALMOLOGY 2017, 28.

3. Khairallah M, Kahloun R, Bourne R, Limburg H, Flaxman SR, Jonas JB, Keeffe
J, Leasher J, Naidoo K, Pesudovs K, et al. Number of People Blind or Visu-
ally Impaired by Cataract Worldwide and in World Regions, 1990 to 2010.
Investig Ophthalmol Vis Sci. 2015;56:6762-9. doi:https://doi.org/10.1167/
jovs.15-17201.

4. Flaxman SR, Bourne RRA, Resnikoff S, Ackland P, Braithwaite T, Cicinelli MV,
Das A, Jonas JB, Keeffe J, Kempen JH, et al. Global causes of blindness and
distance vision impairment 1990-2020: a systematic review and meta-
analysis. Lancet Glob Health. 2017;5:1221-34. doi:https://doi.org/10.1016/
$2214-109X(17)30393-5.

5. Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing and
disease. Nat Rev Mol Cell Biol. 2020;21:183-203. doi:https://doi.org/10.1038/
s41580-019-0199-y.

6.  Periyasamy P, Shinohara T. Age-related cataracts: Role of unfolded protein
response, Ca mobilization, epigenetic DNA modifications, and loss of Nrf2/
Keap1 dependent cytoprotection. Prog Retin Eye Res 2017, 60, doi:https://
doi.org/10.1016/j.preteyeres.2017.08.003.

7. Saxena P, Saxena AK, Cui XL, Obrenovich M, Gudipaty K, Monnier VM. Transi-
tion metal-catalyzed oxidation of ascorbate in human cataract extracts:
possible role of advanced glycation end products. Investig Ophthalmol Vis
Sci. 2000,41:1473-81.

8. MengQ GuoH, Xiao L, Cui Y, Guo R, Xiao D, Huang Y. mTOR regulates
TGF-B2-induced epithelial-mesenchymal transition in cultured human lens
epithelial cells. Graefe’s Archive for Clinical and Experimental Ophthalmology.
2013;251:2363-70. doi:https://doi.org/10.1007/500417-013-2435-z.

9. Ping X, Liang J, Shi K, Bao J, Wu J, Yu X, Tang X, Zou J, Shentu X. Rapamycin
relieves the cataract caused by ablation of Gja8b through stimulating
autophagy in zebrafish. Autophagy. 2021;17:3323-37. doi:https://doi.org/10.1
080/15548627.2021.1872188.

10. Zhang C, LiuJ, Jin N, Zhang G, XiY, Liu H. SIRNA Targeting mTOR Effectively
Prevents the Proliferation and Migration of Human Lens Epithelial Cells. PLoS
ONE. 2016;11:€0167349. doi:https://doi.org/10.1371/journal.pone.0167349.

11. Benjamin D, Colombi M, Moroni C, Hall MN. Rapamycin passes the torch: a
new generation of mTOR inhibitors. Nat Rev Drug Discov. 2011;10:868-80.
doi:https://doi.org/10.1038/nrd3531.

12. Weichhart T. mTOR as Regulator of Lifespan, Aging, and Cellular Senes-
cence: A Mini-Review. GERONTOLOGY. 2018;64:127-34. doi:https://doi.
0rg/10.1159/000484629.

13. Nacarelli T, Sell C. Targeting metabolism in cellular senescence, a role
for intervention. Mol Cell Endocrinol. 2017;455:83-92. doi:https://doi.
0rg/10.1016/jmce.2016.08.049.

14.  Saxton RA, Sabatini DM mTOR Signaling in Growth, Metabolism, and Disease.
CELL 2017, 168, 960-976, doi:https://doi.org/10.1016/j.cell.2017.02.004.

15.  Laberge R-M, Sun, Orjalo AV, Patil CK, Freund A, Zhou L, Curran SC, Davalos
AR, Wilson-Edell KA, Liu S, et al. MTOR regulates the pro-tumorigenic
senescence-associated secretory phenotype by promoting ILTA translation.
Nat Cell Biol. 2015;17:1049-61. doi:https://doi.org/10.1038/ncb3195.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32,

33.

Page 10 of 11

Karimi Roshan M, Soltani A, Soleimani A, Rezaie Kahkhaie K, Afshari AR,
Soukhtanloo M Role of AKT and mTOR signaling pathways in the induction
of epithelial-mesenchymal transition (EMT) process. BIOCHIMIE 2019, 165,
229-234, doi:https://doi.org/10.1016/j.biochi.2019.08.003.

Villar VH, Nguyen TL, Delcroix V, Terés S, Bouchecareilh M, Salin B, Bodineau
C, Vacher P, Priault M, Soubeyran P, et al. mTORC1 inhibition in cancer cells
protects from glutaminolysis-mediated apoptosis during nutrient limitation.
Nat Commun. 2017,8:14124. doi:https://doi.org/10.1038/ncomms14124.
Holz MK, Ballif BA, Gygi SP, Blenis J, mTOR. and S6K1 mediate assembly of the
translation preinitiation complex through dynamic protein interchange and
ordered phosphorylation events. Cell. 2005;123:569-80.

Dorrello NV, Peschiaroli A, Guardavaccaro D, Colburn NH, Sherman NE,
Pagano M. S6K1- and betaTRCP-mediated degradation of PDCD4 promotes
protein translation and cell growth. Sci (New York NY). 2006;314:467-71.
Bierer BE, Somers PK, Wandless TJ, Burakoff SJ, Schreiber SL. Probing immuno-
suppressant action with a nonnatural immunophilin ligand. Sci (New York N'Y
). 1990;250:556-9.

Mukhopadhyay S, Frias MA, Chatterjee A, Yellen P, Foster DA. The Enigma

of Rapamycin Dosage. Mol Cancer Ther. 2016;15:347-53. doi:https://doi.
0rg/10.1158/1535-7163.MCT-15-0720.

Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J, Davies NM, Swan-
son SA, VanderWeele TJ, Higgins JPT, Timpson NJ, Dimou N, et al. Strengthen-
ing the Reporting of Observational Studies in Epidemiology Using Mendelian
Randomization: The STROBE-MR Statement. JAMA. 2021;326:1614-21.
doi:https://doi.org/10.1001/jama.2021.18236.

Swanson SA, Tiemeier H, lkram MA, Hernan MA. Nature as a Trialist?:
Deconstructing the Analogy Between Mendelian Randomization and
Randomized Trials. Epidemiology. 2017,28:653-9. doi:https://doi.org/10.1097/
EDE.0000000000000699.

Sun BB, Maranville JC, Peters JE, Stacey D, Staley JR, Blackshaw J, Bur-

gess S, Jiang T, Paige E, Surendran P, et al. Genomic atlas of the human
plasma proteome. Nature. 2018;558:73-9. doi:https://doi.org/10.1038/
$41586-018-0175-2.

Di Angelantonio E, Thompson SG, Kaptoge S, Moore C, Walker M, Armitage
J,Ouwehand WH, Roberts DJ, Danesh J. Efficiency and safety of varying

the frequency of whole blood donation (INTERVAL): a randomised trial of
45000 donors. Lancet (London England). 2017;390:2360-71. doi:https://doi.
0rg/10.1016/50140-6736(17)31928-1.

Gold L, Ayers D, Bertino J, Bock C, Bock A, Brody EN, Carter J, Dalby AB, Eaton
BE, Fitzwater T, et al. Aptamer-based multiplexed proteomic technology for
biomarker discovery. PLoS ONE. 2010;5:15004. doi:https://doi.org/10.1371/
journal.pone.0015004.

Rohloff JC, Gelinas AD, Jarvis TC, Ochsner UA, Schneider DJ, Gold L, Janjic N.
Nucleic Acid Ligands With Protein-like Side Chains: Modified Aptamers and
Their Use as Diagnostic and Therapeutic Agents. Mol Ther Nucleic Acids.
2014;3:201. doi:https://doi.org/10.1038/mtna.2014.49.

Davies DR, Gelinas AD, Zhang C, Rohloff JC, Carter JD, O'Connell D, Waugh
SM, Wolk SK, Mayfield WS, Burgin AB, et al. Unique motifs and hydrophobic
interactions shape the binding of modified DNA ligands to protein targets.
PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED
STATES OF AMERICA 2012, 109, 1997119976, doi:https://doi.org/10.1073/
pnas.1213933109.

Ye Z, Sharp SJ, Burgess S, Scott RA, Imamura F, Langenberg C, Wareham

NJ, Forouhi NG. Association between circulating 25-hydroxyvitamin D

and incident type 2 diabetes: a mendelian randomisation study. Lan-

cet Diabetes Endocrinol. 2015;3:35-42. doi:https://doi.org/10.1016/
$2213-8587(14)70184-6.

Schooling CM, Ng JCM. Reproduction and longevity: A Mendelian ran-
domization study of gonadotropin-releasing hormone and ischemic heart
disease. SSM Popul Health. 2019;8:100411. doi:https://doi.org/10.1016/j.
ssmph.2019.100411.

Luo J, le Cessie S, Blauw GJ, Franceschi C, Noordam R, van Heemst D. Systemic
inflammatory markers in relation to cognitive function and measures of brain
atrophy: a Mendelian randomization study. GeroScience. 2022. doi:https://
doi.org/10.1007/511357-022-00602-7.

Kwok MK, Schooling CM. Herpes simplex virus and Alzheimer’s disease: a
Mendelian randomization study. Neurobiol Aging. 2021;99:101.e111. https.//
doi.org/10.1016/j.neurobiolaging.2020.09.025.

Kurki MI, Karjalainen J, Palta P, Sipila TP, Kristiansson K, Donner K, Reeve MP,
Laivuori H, Aavikko M, Kaunisto MA, et al. FinnGen: Unique genetic insights
from combining isolated population and national health register data. 2022,
doi:https://doi.org/10.1101/2022.03.03.22271360.


http://dx.doi.org/10.1038/s41433-020-0806-3
http://dx.doi.org/10.1167/iovs.15-17201
http://dx.doi.org/10.1167/iovs.15-17201
http://dx.doi.org/10.1016/S2214-109X(17)30393-5
http://dx.doi.org/10.1016/S2214-109X(17)30393-5
http://dx.doi.org/10.1038/s41580-019-0199-y
http://dx.doi.org/10.1038/s41580-019-0199-y
http://dx.doi.org/10.1016/j.preteyeres.2017.08.003
http://dx.doi.org/10.1016/j.preteyeres.2017.08.003
http://dx.doi.org/10.1007/s00417-013-2435-z
http://dx.doi.org/10.1080/15548627.2021.1872188
http://dx.doi.org/10.1080/15548627.2021.1872188
http://dx.doi.org/10.1371/journal.pone.0167349
http://dx.doi.org/10.1038/nrd3531
http://dx.doi.org/10.1159/000484629
http://dx.doi.org/10.1159/000484629
http://dx.doi.org/10.1016/j.mce.2016.08.049
http://dx.doi.org/10.1016/j.mce.2016.08.049
http://dx.doi.org/10.1016/j.cell.2017.02.004
http://dx.doi.org/10.1038/ncb3195
http://dx.doi.org/10.1016/j.biochi.2019.08.003
http://dx.doi.org/10.1038/ncomms14124
http://dx.doi.org/10.1158/1535-7163.MCT-15-0720
http://dx.doi.org/10.1158/1535-7163.MCT-15-0720
http://dx.doi.org/10.1001/jama.2021.18236
http://dx.doi.org/10.1097/EDE.0000000000000699
http://dx.doi.org/10.1097/EDE.0000000000000699
http://dx.doi.org/10.1038/s41586-018-0175-2
http://dx.doi.org/10.1038/s41586-018-0175-2
http://dx.doi.org/10.1016/S0140-6736(17)31928-1
http://dx.doi.org/10.1016/S0140-6736(17)31928-1
http://dx.doi.org/10.1371/journal.pone.0015004
http://dx.doi.org/10.1371/journal.pone.0015004
http://dx.doi.org/10.1038/mtna.2014.49
http://dx.doi.org/10.1073/pnas.1213933109
http://dx.doi.org/10.1073/pnas.1213933109
http://dx.doi.org/10.1016/S2213-8587(14)70184-6
http://dx.doi.org/10.1016/S2213-8587(14)70184-6
http://dx.doi.org/10.1016/j.ssmph.2019.100411
http://dx.doi.org/10.1016/j.ssmph.2019.100411
http://dx.doi.org/10.1007/s11357-022-00602-7
http://dx.doi.org/10.1007/s11357-022-00602-7
http://dx.doi.org/10.1016/j.neurobiolaging.2020.09.025
http://dx.doi.org/10.1016/j.neurobiolaging.2020.09.025
http://dx.doi.org/10.1101/2022.03.03.22271360

Cai et al. BMC Genomics

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2022) 23:719

Konig IR, Greco FMD. Mendelian randomization: Progressing towards under-
standing causality. Ann Neurol. 2018;84:176-7. doi:https://doi.org/10.1002/
ana.25293.

Hemani G, Bowden J, Davey Smith G. Evaluating the potential role of pleiot-
ropy in Mendelian randomization studies. Hum Mol Genet. 2018,27:R195—
208. doi:https://doi.org/10.1093/hmg/ddy163.

Davies NM, Holmes MV, Davey Smith G. Reading Mendelian randomisa-
tion studies: a guide, glossary, and checklist for clinicians. BMJ 2018, k601,
doi:https://doi.org/10.1136/bmj.k601.

Verbanck M, Chen C-Y, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization
between complex traits and diseases. Nat Genet. 2018;50:693-8. doi:https://
doi.org/10.1038/541588-018-0099-7.

Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid
instruments: effect estimation and bias detection through Egger regression.
Int J Epidemiol. 2015;44:512-25. doi:https://doi.org/10.1093/ije/dyv080.
Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis
with multiple genetic variants using summarized data. Genet Epidemiol.
2013;37:658-65. doi:https://doi.org/10.1002/gepi.21758.

Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation in
Mendelian Randomization with Some Invalid Instruments Using a Weighted
Median Estimator. Genet Epidemiol. 2016;40:304-14. doi:https://doi.
0rg/10.1002/gepi.21965.

Bowden J, Del Greco M, Minelli F, Davey Smith C, Sheehan G, Thompson NA.
JR. Assessing the suitability of summary data for two-sample Mendelian

randomization analyses using MR-Egger regression: the role of the 12 statistic.

Int J Epidemiol. 2016;45:1961-74. doi:https://doi.org/10.1093/ije/dyw220.
Holmes MV, Ala-Korpela M, Smith GD. Mendelian randomization in car-
diometabolic disease: challenges in evaluating causality. Nat Rev Cardiol.
2017;14:577-90. doi:https://doi.org/10.1038/nrcardio.2017.78.

Liu K, Wu P, Chen B, Cai Y, Yuan R, Zou J. Implicating Causal Brain Magnetic
Resonance Imaging in Glaucoma Using Mendelian Randomization. Front
Med. 2022;9:956339. doi:https://doi.org/10.3389/fmed.2022.956339.

Liu K, Zou J, Fan H, Hu H, You Z. Causal effects of gut microbiota on diabetic
retinopathy: A Mendelian randomization study. Front Immunol 2022, 13,
doi:https://doi.org/10.3389/fimmu.2022.930318.

Zhao Q, Chen Y, Wang J, Small DS. Powerful three-sample genome-wide
design and robust statistical inference in summary-data Mendelian random-
ization. Int J Epidemiol. 2019;48:1478-92. doi:https://doi.org/10.1093/ije/
dyz142.

Xu Q, Ni J-J, Han B-X, Yan S-S, Wei X-T, Feng G-J, Zhang H, Zhang L, Li B,

Pei Y-F. Causal Relationship Between Gut Microbiota and Autoimmune
Diseases: A Two-Sample Mendelian Randomization Study. Front Immunol.
2021;12:746998. doi:https://doi.org/10.3389/fimmu.2021.746998.

Wishart TFL, Flokis M, Shu DY, Das SJ, Lovicu FJ. Hallmarks of lens aging and

cataractogenesis. Exp Eye Res. 2021;210:108709. doi:https://doi.org/10.1016/].

exer.2021.108709.

de longh RU, Wederell E, Lovicu FJ, McAvoy JW. Transforming growth
factor-beta-induced epithelial-mesenchymal transition in the lens: a model
for cataract formation. Cells Tissues Organs. 2005;179:43-55.

Meng Q, Guo H, Xiao L, Cui Y, Guo R, Xiao D, Huang Y. mTOR regulates
TGF-b,-induced epithelial-mesenchymal transition in cultured human

lens epithelial cells. Graefes Arch Clin Exp Ophthalmol. 2013;251:2363-70.
doi:https://doi.org/10.1007/500417-013-2435-z.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 11 of 11

Droge W. Autophagy and aging-importance of amino acid levels. Mech Age-
ing Dev. 2004;125:161-8.

Demontis F, Perrimon N. FOXO/4E-BP signaling in Drosophila muscles
regulates organism-wide proteostasis during aging. Cell. 2010;143:813-25.
doi:https://doi.org/10.1016/j.cell.2010.10.007.

Ghavami S, Cunnington RH, Gupta S, Yeganeh B, Filomeno KL, Freed DH,
Chen S, Klonisch T, Halayko AJ, Ambrose E, et al. Autophagy is a regulator of
TGF-B1-induced fibrogenesis in primary human atrial myofibroblasts. Cell
Death Dis. 2015;6:e1696. doi:https://doi.org/10.1038/cddis.2015.36.

HeY,Lu R, WuJ, Pang Y, Li J, Chen J, Liu B, Zhou Y, Zhou J. Salvianolic

acid B attenuates epithelial-mesenchymal transition in renal fibrosis rats
through activating Sirt1-mediated autophagy. Biomed Pharmacother.
2020;128:110241. doi:https://doi.org/10.1016/j.biopha.2020.110241.

Sun, Xiong L, Wang X, Wang L, Chen B, Huang J, Huang M, Chen J, Wu J,
Huang S, et al. Autophagy inhibition attenuates TGF-f2-induced epithelial-
mesenchymal transition in lens epithelial cells. Life Sci. 2021,265:118741.
doi:https://doi.org/10.1016/]fs.2020.118741.

Zhang W, Hawse J, Huang Q, Sheets N, Miller KM, Horwitz J, Kantorow M.
Decreased expression of ribosomal proteins in human age-related cataract.
Investig Ophthalmol Vis Sci. 2002;43:198-204.

Chen M, Wan L, Zhang J, Zhang J, Mendez L, Clohessy JG, Berry K, Victor J,
Yin Q, ZhuY, et al. Deregulated PP1a phosphatase activity towards MAPK
activation is antagonized by a tumor suppressive failsafe mechanism. Nat
Commun. 2018;9:159. doi:https://doi.org/10.1038/541467-017-02272-y.
Merrick WC. elF4F: a retrospective. J Biol Chem. 2015;290:24091-9. doi:https://
doi.org/10.1074/jbcR115.675280.

Batool A, Aashaq S, Andrabi K. Eukaryotic initiation factor 4E (elF4E): A recap
of the cap-binding protein. J Cell Biochem. 2019;120:14201-12. doi:https://
doi.org/10.1002/jcb.28851.

Asthana S, Martin H, Rupkey J, Patel S, Yoon J, Keegan A, Mao Y. The Physi-
ological Roles of the Exon Junction Complex in Development and Diseases.
Cells 2022, 11, doithttps://doi.org/10.3390/cells11071192.

Howard A, Rogers AN. Role of translation initiation factor 4G in lifespan regu-
lation and age-related health. Ageing Res Rev. 2014;13:115-24. doi:https//
doi.org/10.1016/j.ar1.2013.12.008.

Batool A, Aashaq S, Andrabi KI. Reappraisal to the study of 4E-BP1 as an mTOR
substrate - A normative critique. Eur J Cell Biol. 2017;96:325-36. doi:https://
doi.org/10.1016/j.ejcb.2017.03.013.

Tsukiyama-Kohara K, Vidal SM, Gingras AC, Glover TW, Hanash SM, Heng H,
Sonenberg N Tissue distribution, genomic structure, and chromosome map-
ping of mouse and human eukaryotic initiation factor 4E-binding proteins 1
and 2. GENOMICS 1996, 38, 353-363.

Poulin F, Gingras AC, Olsen H, Chevalier S, Sonenberg N. 4E-BP3, a new mem-
ber of the eukaryotic initiation factor 4E-binding protein family. J Biol Chem.
1998;273:14002-7.

Abraham RT. 4E-BP2 hardwires lymphocytes for rapamycin sensitivity. Sci
Signal. 2016;9:fs10. doi:https://doi.org/10.1126/scisignal.aaf8190.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


http://dx.doi.org/10.1002/ana.25293
http://dx.doi.org/10.1002/ana.25293
http://dx.doi.org/10.1093/hmg/ddy163
http://dx.doi.org/10.1136/bmj.k601
http://dx.doi.org/10.1038/s41588-018-0099-7
http://dx.doi.org/10.1038/s41588-018-0099-7
http://dx.doi.org/10.1093/ije/dyv080
http://dx.doi.org/10.1002/gepi.21758
http://dx.doi.org/10.1002/gepi.21965
http://dx.doi.org/10.1002/gepi.21965
http://dx.doi.org/10.1093/ije/dyw220
http://dx.doi.org/10.1038/nrcardio.2017.78
http://dx.doi.org/10.3389/fmed.2022.956339
http://dx.doi.org/10.3389/fimmu.2022.930318
http://dx.doi.org/10.1093/ije/dyz142
http://dx.doi.org/10.1093/ije/dyz142
http://dx.doi.org/10.3389/fimmu.2021.746998
http://dx.doi.org/10.1016/j.exer.2021.108709
http://dx.doi.org/10.1016/j.exer.2021.108709
http://dx.doi.org/10.1007/s00417-013-2435-z
http://dx.doi.org/10.1016/j.cell.2010.10.007
http://dx.doi.org/10.1038/cddis.2015.36
http://dx.doi.org/10.1016/j.biopha.2020.110241
http://dx.doi.org/10.1016/j.lfs.2020.118741
http://dx.doi.org/10.1038/s41467-017-02272-y
http://dx.doi.org/10.1074/jbc.R115.675280
http://dx.doi.org/10.1074/jbc.R115.675280
http://dx.doi.org/10.1002/jcb.28851
http://dx.doi.org/10.1002/jcb.28851
http://dx.doi.org/10.3390/cells11071192
http://dx.doi.org/10.1016/j.arr.2013.12.008
http://dx.doi.org/10.1016/j.arr.2013.12.008
http://dx.doi.org/10.1016/j.ejcb.2017.03.013
http://dx.doi.org/10.1016/j.ejcb.2017.03.013
http://dx.doi.org/10.1126/scisignal.aaf8190

	﻿Association of mTORC1‑dependent circulating protein levels with cataract formation: a mendelian randomization study
	﻿Abstract
	﻿Introduction
	﻿Method
	﻿Study design and participant flowchart
	﻿Ethics
	﻿Data sources for MR analyses
	﻿Data sources for exposure
	﻿Data sources for the outcome


	﻿Assessment of assumptions
	﻿Sensitivity analysis
	﻿Statistical method
	﻿Results
	﻿MR estimate of RP-S6K
	﻿MR estimate of EIF4EBP
	﻿MR estimate of EIF-4G, EIF-4E and EIF-4A
	﻿Sensitivity analyses result

	﻿Discussion
	﻿Conclusion
	﻿References


