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The pervasive (and over-simplified) view of signal transduction
Insulin receptor signaling

These models do not take into consideration cellular architecture

Cell Signaling cartoon of Insulin receptor signaling

Cytoplasm is very crowed

The cellular protein
concentration is ~ 200 mg/ml. 

That's a few 109 protein
molecules per human cell

Organelles are densly packed



Heinrich et al Nature 2021

Increasing understanding of cellular architecture

To gain biomass, cells scale protein synthesis and lipid synthesis to grow and enlarge organelles
How these processes are coordinated is becoming clear

in combination with AI (DeepMind) for structure 
prediction this will be powerfull  



Organelle signaling with two seeminlgy ‚antagonisitic‘ examples

1. Endoplasmic reticulum (ER): Anabolic organelle -> protein & lipid synthesis
2. Lysosomes: Catabolic organelles -> protein and lipid degradation



Sheets: translation (rER)
tubules: transport & lipid synthesis (smooth ER)

Biosynthetic organelle & a major site for protein and lipid synthesis

ER signaling as a paradigm for organelle signaling



How do cells monitor the integrity of the ER?

How do cells adapt the protein & lipid content at the ER? 

How do cells report the status of the ER to the nucleus?

The unfolded protein response (UPR) functionally links these processes

ER signaling as a paradigm for organelle signaling



Unfolded protein response - UPR

The UPR monitors the proteome and lipidome of the ER and prevents defects that jeoparidize ER integrity.

Therefore the UPR can send a signal from the lumen of the ER to 

(I) the nucleus to change the transcriptional program
(II) ribosomes to change/dampen translation (and in turn change transcription) 

Very generally speaking the UPR has two possible outcomes:

1. Homeostatic UPR activation implements adaptive programs that modulate, augment and finally resolve ER stress.
2. Maladaptive and/or chronic UPR outputs triggers pro-inflammatory and pro-death signals 

How can the UPR transmit a signal from the lumen of ER to other organelles? 



DOI: 10.1126/science.1209038

There are three distinict UPR branches in human cells
(1) ATF6, (2) PERK, (3) IRE1

ATF6  (Activating transcription factor 6)
PERK (Protein Kinase RNA-Like ER Kinase)

Ire1 (Inositol-requiring Enzyme 1)

https://doi.org/10.1126/science.1209038


The three UPR pathways

sensor component 

signal relay

effector activation

translational 
adaptation

transcriptional 
adaptation



UPR and its role in diseases



How do cells monitor the integrity of the lysosomes?

How do cells adapt the protein & lipid content of lysosomes and control the number of 
lysosomes? 

How do cells signal from the lysosomes into the nucleus?

Lysosome signaling



Lysosome function

doi.org/10.1038/s41580-019-0185-4



Lysosomes are major signaling organelles

major site of TOR (target of rapamycin) signaling & hence cell growth regulation



Rapa Nui

Georges Nógrády conducted bio-prospecting of soil: he wanted to 
understand why inhabitants of Rapa Nui did not get tetanus -> did 
not find an answer but gave the soil sample to a company called 
Ayerst Pharmaceuticals - now Pfizer. They isolated from a fungus,
Rapamycin (a macrolide) that was used as an immunosuppressant

Moai statues

Discovery of Rapamycin



mTOR structure + Rapamycin

1 MDa complex

Aylett et al., Science 2016 

FK506 binding protein (FKBP) and Rapamycin form a complex (an aduct)
This complex binds to the FKBP-rapamycin complex binding (FRB) domain 

at the N-terminus of the TOR Kinase domain

Sirolimus, Everolimus and other rapalogues
Immunosupressivants and anti-cancer drugs



Lysosomal mTORC1 signaling controls growth

https://doi.org/10.1083/jcb.200607025
https://doi.org/10.1038/nm1528

https://doi.org/10.1016/j.cell.2010.02.024

mutations in the 3‘UTR of LAMTOR2

Cell size of LAMTOR1 (p18) & 2 (p14) deficient MEFs

of individual cells

of organisms 

https://doi.org/10.1083/jcb.200607025
https://doi.org/10.1038/nm1528
https://doi.org/10.1016/j.cell.2010.02.024


How does mTORC1 signaling control cell growth?
Integration of cell intrinsic signals (amino acids) & extracellular signals (growth factors)

lysosome 
biogenesis

mTORC1 Ulk1 (autophagy regulator)

mTORC1 TFEB (transcription factor for lyso biogenesis)



How does mTORC1 signaling control cell growth?

Sabatini D 2012 Cell

TORC1 stimulates directly:
Protein translation
Ribosome biogenesis
Lipid biosynthesis

TORC1 inhibits directly:
Autophagy
Lysosome biogenesis

Integration of cell intrinsic signals (e.g.: amino acid) & extracellular signals (growth factors)



Activation of mTORC1 on the lysosomal surface

Kacper B. Rogala et al Science 10.10.2019

Rheb – GTP: under control of growth factor 
signaling recruits mTORC1 to lysosomes.

RagA(GTP)/C(GDP): under control of amino 
acids recruits mTORC1 to lysosomes.



off TSC1/2 -> GAP for Rheb

off GATOR1 -> GAP for RagA/B

on FLCN/FNIP2 -> GAP for RagC/D

on TSC1/2 -> GAP for Rheb

on GATOR1 -> GAP for RagA/B

off FLCN/FNIP2 -> GAP for RagC/D



Based on these models mTORC1 is either on or off

How is spatio-temporal substrate specificity of mTOR defined? Efeyan, A







Figure 1

TFEB phosphorylation requires RagA/C but not RHEB



Figure 2

Rag GTPases mediate mTORC1–TFEB interaction, but not S6K 
interaction

RagA-GTP / RagC-GDP
RagA-GDP / RagC-GTP

in vitro binding

What does that mean?

in vivo binding

IP from from RagA/B KO cells
What does that mean?



Rag GTPase are required for TFEB phosphorylation

Lys–RAPTOR (last 15 
amino acids of RHEB1) 
promotes constitutive 
lysosomal recruitment 
and Rag-independent 
activation of mTORC1



Figure 2

manipulating TFEB – mTORC1 interaction

This chimeric protein interacts with mTORC1 via Raptor

TOR signaling
(TOS) motif

able to interact with both mTOR and RAPTOR but not with Rag GTPases 



mTORC1 specificity towards TFEB is mediated by Rag‘s 



mTORC1 dependent TFEB phopshorylation is controlled by amino acids 
and not by growth factors

TFEB and S6K have different substrate recruitment to mTORC1

TFEB is recruited by active Rag-GTPases, and not by Rheb, 

S6K is recruited by Raptor, and active Rheb and active Rag-GTPases



Figure 3

TFEB phosphorylation requires active RagC (RagC-GDP)

RagC-GDP 

RagC-GTP

mTORC1 on lysosomes
regardless of RagC status

TFEB inhibition by lysosomal mTORC1
requires active RagC-GDP



Folliculin (FLCN, the GAP for RagC) is essential for TFEB 
phosphorylation

Extended Data Fig. 8 |

Together, these data suggest that a dimer of active RagA and inactive
RagC-GTP is unable to promote mTORC1 activity towards TFEB, whereas it
retains—to a large extent—its ability to promote mTORC1 lysosomal
recruitment and consequent phosphorylation of S6K and 4E-BP1.



Figure 4

TFEB drives the kidney phenotype of BHD mice

Birt–Hogg–Dubé syndrome is caused by  Flcn 
LOF mutations

These results suggest that the constitutive activation of TFEB as a result of the loss of function of 
FLCN is a crucial determinant of the kidney phenotype associated with BHD syndrome.

Kidney specific KO‘s

BHD rare inherited cancer-predisposing
syndrome characterized by skin lesions,
kidney tumors, and pulmonary cysts that
may be associated with pneumothorax.



The model



In the early 50s, Christian De Duve identified a new cellular structure, the lysosome, defined as
the cell’s “suicide bag” (de Duve, 2005). Sixty years later, it is clear that the lysosome greatly
exceeded the expectations of its discoverer. Over 50 different types of lysosomal storage
diseases have been identified, each due to the deficiency or malfunction of a specific lysosomal
protein. In addition, an important role of the lysosome has been unveiled in several common
human diseases, such as cancer, obesity, neurode- generative diseases, and infection. Recent
studies have led to the identification of a lysosome-to-nucleus signaling pathway and a
lysosomal gene network that regulate cellular clearance and energy metabolism. These
observations have opened a completely new field of research and changed our traditional view
of the lysosome from a dead-end organelle to a control center of cell metabolism.

DOI 10.15252/emmm.201505966


