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Abbreviations

AD  Alzheimer’s disease
ALS  Amyotrophic Lateral Sclerosis
Aß  Amyloid-beta
CCCP  Carbonyl Cyanide m-Chlorophenylhydrazone
Ctl  Control

FACS  Fluorescence activated cell sorting
FI  Fluorescence intensity

FlucDM  Fluc double mutant
FlucSM  Fluc single mutant
FXP  Fragile X protein
FXPOI  Fragile X–associated premature ovarian 

FXS  Fragile X syndrome

ICC  Immunocytochemistry
kd  knockdown
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ko  knockout

MMP  Mitochondrial membrane potential

PCA  Principal component analysis
PD  Parkinson's disease

TPE-MI  Tetraphenylethene maleimide

Introduction

-

-

-

-

1–3
The best-known disease genetically linked to the FXPs 

is the neurodevelopmental disorder Fragile X syndrome 

-
FMR1 leads to its hypermethylation 

predominantly synaptic transcripts and impaired synaptic 
4 FMR1 

FMR1

5 FXR1 and FMR1 have been 
-
-

1 6 7
FXR1

-

Fxr2 knockout 
mice partly overlap with Fmr1

-
-

-
APP)

11
Lewy body pathology in the substantia nigra pars compacta 

12
Most data about the FXPs in neurodegeneration are avail-

-

3 13 14 Drosophila 

15 post mortem spinal 

mutations in FUS -

14
-
-

teins also to the almost universal TDP-43 pathology in ALS 
16

In a Drosophila

-

15
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13

-
logue futsch in Drosophila

-

17 ] has been linked to 

-

–23
22 24–27 -

1
-

-

-
-

Materials and methods

Cell lines and cell culture

FMR1 FXR1 or FXR2 were purchased 

Supplementary Table S1

-

Transfection and plasmids

-

S2

S3

Preparation of total and insoluble proteins for 
proteomics

-

g

g

Label-free proteomic analysis of HAP1 total and 
insoluble protein

-

-

-

-
4

-
-

-
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Microscopy

disk microscope equipped with a DS-Qi2 high-sensitivity 

-

-

Image and video analyses

36

-

‘Analyze Particles’ or ‘Find Maxima’

37
-

Antibodies

-
ting and ICC are listed in Supplementary Table S4

-

-

Proteomic data analyses

-

-
p

31 post hoc
p

-
32 33

34

Immunocytochemistry and Lipofuscin 
autofluorescence

14 -

35

Live cell imaging

-

-

-
-
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RNA isolation and quantitative real-time PCR (qRT-
PCR)

S6

41] 
t-values 

were converted to Linear comparisons relative to the con-
-

42

Statistical analysis

post hoc
t

P -

Results

The FXPs are involved in diverse cellular processes

-
17

3 4

-
43

Additional kits and dyes

Table S5

Nanoluciferase assay for translational fidelity of 
ribosomes

Fractionation of soluble and insoluble proteins for 
Western blotting

-
g

-

g

Flow cytometry

-
-

-
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47

proteins revealed enrichment in proteasomal components as 
well as autophagic and lysosomal vesicles that may indi-

-

-

1

Loss of FXR1 or FXR2 impairs ribosome biogenesis in 
HAP1 cells

Proteomics indicated impaired ribosome biogenesis in all 
1 -

-

-
51

2

2
2 -

-

2

2

44–46 -

S1

S2
-

1 3
-

S7

p

-
S3

all analyses to 4656 proteins that were reliably detected in 

1

-
padjusted 

post hoc

S7 -
1

-
-

were enriched in proteins related to ribosomes and ribo-
-

1 S7

3

g

-
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Fig. 1

a -

b
c

padjusted 
d-f

n
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-

1

Loss of FXPs does not lead to increased protein 
aggregation

1 -

Fig. 2 -
a  b

a -
b n

c-e c
d -

e n

f g  h -
g h

n
p p

post hoc
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FXP loss impairs autophagy but not proteasomal 
protein degradation

-

-

S6 -

56–

S7 -

SQSTM1
ko cell lines while decreased LC3II/I ratios were detected 

3

3
-

gic vesicles in HAP1 cells using an optimized dye based on 
monodansylcadaverine that largely overlaps with LC3 anti-

-

3
-

-

61 62
63

-

3
3 3

-

-

52 53

-

-

-
-

54
-
-

55

we detected the well-known decrease in TDP-43 solubility 

related to increased protein aggregation under basal condi-
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-

67–

-
64–66 -

Fig. 3 a-d
SQSTM1 a

b c
d n e-j -

e-g
h-j -

sylcadaverine-based dye largely overlapping with LC3 antibody stain-
n

p p p p
post hoc
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Loss of FMR1 leads to accumulation of damaged 
mitochondria while FXR1 and FXR2 may function in 
mitochondrial fission

Considering that proteomics revealed various metabolic 
1

-

S7 -

-

S12 -
4

-

-

-

S11

Fig. 4

a

n b  c
b -

c
n

d  e d

e f 
d g g 

n
p

p p p -
lowed by post hoc -
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73 74 75–77
-

–

5 -
S16

5 S17

-

5

CDKN1A
p16

TP53

the host gene CDKN2A – -

TP53 and CDKN1A
host gene CDKN2A and the splice variant p16  in the 

5
-

CDKN1A
CDKN1A

TP53
-

cence-associated splice variant p16

S13 -

-
4

-

71

-
-

4
4

72

-

 Loss of individual FXPs induces a senescence-like 
phenotype

Fig. 5 a

n b -
a c-e -

c d
e n

f-h f -
g

h 2O2

n i
j-m
TP53 j CDKN1A k

l -
CDKN2A m

n p p
p p post 

hoc
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Discussion

-

TP53
-

1 pro-

Table 1

HAP1 knockout

Mature ribosome abundance

Protein aggregation
Proteostat intensity

Protein synthesis
TDP-43 solubility upon stress
Protein degradation
Proteasomal activity

SQSTM1
LC3II/LC3I ratio

Autophagic vesicles
Lysotracker intensity

Damaged lysosomes

Mitochondria
Membrane potential
ATP level

Mitophagy
Mitochondrial motility
Damaged mitochondria

Cellular senescence

TP53
CDKN1A

p16 CDKN2A
p16 CDKN2A
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-

-
CDKN1A -

CDKN2A
p16

 by causing dysregulation 
-

–

-

enlarged nucleoli assessed by Fibrillarin were reported 

-
brane potentials were reported in primary cortical neurons 

-

-

72

-

has been repeatedly correlated with pathogenic protein 
3

HAP1 proteomes did not indicate increased aggregation/
-
-

-

-

-

-
] used an alternative pro-

-

padjusted
-

-

-

linked to senescence induction in smooth muscle cells 

22 24–27

–
-

some biogenesis including enlarged nucleoli and accumula-

– -

-
75–77

evasion is involved in tumorgenesis and cancer progression 
73 74

an important role in cellular pathways leading to senes-
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Supplementary Information The online version contains 
supplementary material available at 

Acknowledgements -
-
-

-

-

Author contributions All authors contributed to the study concep-

Funding

Data availability The datasets generated and/or analysed during this 
-

Declarations

Ethics approval

Consent to participate

15

-

-
where largely overlap with converging disease mechanisms 

13 15

–

-

17 -

-
-

-
-

-

-

17 ] as well as in neurodegenerative 

1 3

  358  Page 16 of 20



Comparing loss of individual fragile X proteins suggests strong links to cellular senescence and aging

and heteronuclear ribonucleoprotein C protein associates with 

-
tal retardation protein precedes lewy pathology in parkinson’s 

-

-

-

retardation protein regulates tumor invasiveness-related path-

-

-

Consent to publish

Competing interests

-

Open Access  This article is licensed under a Creative Commons 

included in the article’s Creative Commons licence and your intended 

References

-

 

-

 h t t p  s 

-

-
-

1 3

Page 17 of 20   358 



S. Menge et al.

-

-

-

-

 h 

1 4

-

-

-
-

 

-
 h t t p  s 

-

 

-

-

 h t t p  s 

cultures reveal TDP-43 abnormalities in amyotrophic lateral 
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Targeting the nucleolus as a therapeutic strategy in human dis-
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to control Mycobacterium tuberculosis

causes autophagolysosomal and motoneuron pathology without 
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ing method to measure in vitro and in vivo mitophagy using mt-
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