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Desensitization, which involves the downregulation of cell surface
receptors, is a common negative regulatory process for cell signalings. Amino acid signaling
mediated by the activation of mechanistic target of rapamycin complex 1 (mTORC1) is fundamental to
cell growth and metabolism. However, how cells desensitize to amino acid signaling is unknown. Here,

we show that interaction between 4F2 heavy chain (4F2hc), a subunit of multiple amino acid
transporters, and the multifunctional hub protein Girdin downregulates mTORC1 activity. 4F2hc
interacts with Girdin in mitogen-activated protein kinase- and amino acid signaling-dependent
manners to translocate to the lysosome. The resultant decrease in cell-surface 4F2hc leads to
lowered cytoplasmic glutamine content, which desensitizes cells to amino acid signaling. These
findings uncovered the mechanism underlying desensitization of amino acid signaling, which may play
a role in tightly regulated cell growth and metabolism.
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Cells respond to extracellular stimuli through
multiple signaling pathways, which govern and
coordinate various cellular activities. Because of
their vital roles, these signaling pathways need to
be precisely controlled so that cells can respond
appropriately to the external cues and maintain
cell homeostasis. Signaling pathways mediated
by receptor tyrosine kinases (RTKs) and
G-protein coupled receptors (GPCRs) have a
similar negative regulatory mechanism called
“adaptation” or “desensitization” to adjust their
sensitivity to signals, in which cells endocytose
the receptors, which leads to their destruction in
the lysosomes.

In recent years, mechanisms by which
amino acids function to control several cellular
processes have attracted considerable attention.
Amino acids activate the mechanistic target of
rapamycin complex 1 (mTORC1), which is a
signaling complex composed of a conserved
serine-threonine kinase mTOR, Raptor,
mammalian lethal with SEC13 protein 8
(mLST8), Deptor, and the proline-rich Akt
substrate of 40 kDa (PRAS40). mTORCI1 is
essential for multiple biological processes such
as cell growth, anabolism, and autophagy.
Notably, mTORCI1 signaling is frequently
deregulated in several diseases, including cancer
and diabetes, which makes it an attractive target
for drug discovery.

The mTORCI1 pathway integrates both
amino acid and growth factor signaling by
distinct mechanisms in which several small
guanosine triphosphatases (GTPases) play
important roles. For example, growth factor
stimulation activates mMTORCI via the GTPase
Rheb, whereas amino acids activate mTORC1
through the heterodimeric Rag, adenosine
diphosphate ribosylation factor-1 (Arfl), and
Rabl GTPases. Among these, Rag GTPases,
which are tightly regulated by the Guanine
nucleotide exchange factor (GEF) Ragulator and
the GTPase-activating protein (GAP) GATOR
downstream of amino acid sensors including
Castor or sestrin 2, are the most studied. The
activated Rag GTPases induce the translocation
of mTORCI to the lysosomes and its activation.

We previously identified Girdin as a
substrate for the Akt kinase and an actin-binding
protein, which is a multifunctional protein that
interacts with several proteins and is involved in
cell migration and neuroblast differentiation.
Recently, we found that Girdin regulates
endocytosis via its function as a GAP for
dynamin 2. Intriguingly, Girdin has also been
reported to be involved in cell-size control and
the regulation of the phosphatidilinositol-3
kinase/Akt pathway, both of which are closely

related to mTORCI] activity, suggesting that it
may participate in the mTORCI signaling
pathway.
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Although the mechanisms by which cells
transmit amino acid signaling to mTORC1 have
been elucidated, it remains unknown whether
cells possess a desensitization mechanism for
amino acid signaling as observed for the RTK
and GPCR signaling pathways.
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To investigate the role of Girdin in mTORC1
signaling, we employed affinity column
chromatography to isolate Girdin-interacting
proteins. To this end, glutathione sepharose
beads coated with purified glutathione
S-transferase (GST) protein or fused with Girdin
amino-terminal (NT) domain (GST-NT) were
incubated with whole cell lysate from HeLa cells.
The interacting proteins eluted by high-salt
solutions were analysed by mass spectrometry,
which identified 4F2hc as a Girdin-interacting
protein. The interaction of 4F2hc with the Girdin
NT domain was confirmed by
co-immunoprecipitation (co-IP) and western blot
analysis.

Next, we investigated the mechanism
underlying the 4F2hc/Girdin interaction
downstream of serum and amino acid
stimulation. An in vitro kinase assay was
performed to check on whether Girdin is
phosphorylated by MAPK. IP and Ni-NTA
beads pulldown were employed to test the
ubiquitination of 4F2hc. Girdin phosphorylation
sites mutants and 4F2hc ubiquitination sites
mutants were generated to confirm the effect of
MAPK-induced phosphorylation and amino
acids-induced ubiquitination of 4F2hc on
Girdin/4F2hc interaction.

To see the effect of Girdin and 4F2hc on
mTORCI signaling, RNAi and CRISPR/Cas9
were used to deplete Girdin expression. Amino
acids-induced mTORC]1 activation was checked
by Western blot analysis. GFP-LC3 was
transfected into the cells to monitor the effect of
Girdin and 4F2hc on autophagy.

Immunofluorescence analysis was used to
further test the effect of Girdin on 4F2hc
internalization. In addition, cell surface proteins
were isolated to verify the role of Girdin in the
translocation of 4F2hc to lysosome. Finally, we
isolated cell cytosolic and lysosomal fraction to
detect the amino acids contents by amino acids
analyzer.



By affinity column chromatography and mass
spectrometry analysis, we identified 4F2hc as a
Girdin interacting protein (Figure 1). Girdin
amino-terminal (NT) domain was responsible for
the association with 4F2hc. Furthermore, 4F2hc
interacted with Girdin in mitogen-activated
protein kinase (MAPK)- and amino acid
signaling-dependent manners. MAPK-mediated
phosphorylation of Girdin Ser233 and Ser237,
which occured downstream of several growth
factors, was critical for its interaction with 4F2hc.
In addition, amino acids-induced ubiquitination
of 4F2hc also played an important role in its
interaction with Girdin. Mutation either Girdin
phosphorylation sites or 4F2hc ubiquitination
sites abolished their interaction.
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Figure 1. Girdin interaction with 4F2hc.
Immunoprecipitation data indicated the interaction of
endogenous Girdin and 4F2hc proteins in HeLa and
293FT cells.

Unfortunately, we failed to develop
anti-Girdin pSer233/237 antibody, which was
probably due to the complicated conformation of
Girdin-NT domain. Therefore, we could not
check the localization of pGirdin Ser233/237 in
cells.

Considering that 4F2hc is a component of
multiple heterodimeric amino acid transporters,
we next asked whether the 4F2hc/Girdin
complex regulates mTORC1 activity (Figure 2) .
We found Girdin negatively regulated amino
acid signaling through 4F2hc in several different
cell lines, including 293FT cells, HeLa cells and
MEFs. Consistently, Girdin depletion augmented
amino acid-induced mTORC] activation and
inhibits amino acid deprivation-induced
autophagy.
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Figure 2. Girdin and 4F2hc regulated the activity of
mTORC1 complex. Lysates from cells transduced with
the indicated siRNA or shRNA were subjected to
Western blot analysis. Note that pS6 representes the
activity of mTORC1.

To further investigate the mechanism
underlying the involvement of Girdin/4F2hc in
amino acids signaling, we examined the effect of
Girdin on 4F2hc internalization. The expression
of WT Girdin, but not the AA mutant, promoted
4F2hc translocation to the lysosomes after amino
acid stimulation (Figure 3). Consistently, cell
fractionation showed that Girdin overexpression
and depletion decreased and increased the
cell-surface level of 4F2hc, respectively.
Together, these results suggested that the
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Figure 3. The effect of Girdin WT (wild type) and its
unphosphorylatable mutant (AA) on the internalization
of 4F2hc was shown. Arrowheads indicate the
colocalization of 4F2hc and Lamp1 that is a maker of
the lysosome.



4F2hc/Girdin interaction promotes the
translocation of 4F2hc from the plasma
membrane to the lysosome.

Considering that Girdin downregulated the
cell-surface level of 4F2hc via internalization
and previous reports showing that amino acids in
both the cytosol and the lysosomes are crucial
for mTORCI activation, we next asked whether
the 4F2hc/Girdin complex regulates mTORC1
activity through the modulation of intracellular
amino acids contents. To this end, we
comprehensively measured amino acids in the
cytosol and in lysosomes. The overexpression of
Girdin and 4F2hc led to a significant decrease in
Gln, but not Leu or Arg, in the cytosol, whereas
the lysosomal contents of Gln were comparable
between the groups. These data suggested that
Girdin and 4F2hc modulate amino acid signaling
through the regulation of cytosolic Gln uptake.
Supporting this notion, Girdin depletion
significantly up-regulated mTORC] activation in
cells stimulated with Gln.
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Figure 4. Schematic illustration showing the negative
regulation of MTORC1 activity by Girdin/4F2hc protein
complex.

In summary, this study, for the first time,
showed that amino acid signaling has its own
desensitization process, which is required for the
cooperation between 4F2hc and Girdin. Girdin
down-regulates the cell surface level of 4F2hc
via endocytosis, which subsequently decreases
cytosolic Gln content to desensitize cells to
amino acid stimulation. The study also showed a
crosstalk between the MAPK and amino acid
signalling pathways, which extends our
understanding on amino acid signaling. In
addition, our work revealed that cytosolic
glutamine content is the most critical driver
factor for mTORCI1 activation.
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