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Introduction 
 
 Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disorder 
characterized by the development of benign hamartomas in many organs, such as the brain, 
kidney, heart, skin, and eyes1,2. Mutations in the tumor suppressor genes TSC1 and TSC2 are 
the major genetic causes for TSC. TSC1 and TSC2 gene products form a physical complex and 
mainly function to suppress the mechanistic target of rapamycin complex 1 (mTORC1)3.  
TSC1/TSC2 have GTPase-activating protein (GAP) activity to promote GTP hydrolysis and 
hence inactivation of the small GTPase Rheb4,5.  The GTP-bound Rheb can weakly associate 
with and potently activate mTORC1 on the lysosome6.   Thus, TSC1/TSC2 suppresses 
mTORC1 by inactivating the Rheb GTPase.  High mTORTC1 activity promotes cellular 
metabolism, cell growth, and tumorigenesis7.  Therefore, understanding mTORC1 regulation, 
both activation and inhibition, is the key to under TSC pathogenesis.  Inhibition of mTORC1 has 
been developed as therapeutic treatment for TSC and related diseases. 
 Multiple upstream signals act through TSC1/TSC2 to regulate mTORC1 activity and 
control cell growth7.  For example, mitogenic growth factors activate AKT to phosphorylate and 
dissociateTSC2 from the lysosome, where Rheb and mTORC1 are localized8.  TSC1/2 cannot 
inhibit Rheb when they are dissociated from the lysosome.  On the other hand, amino acids 
induce mTORC1 translocation to lysosome where it can be activated by the Rheb GTPase6.  
This proposal is based on the observations that elevation of cAMP leads to inhibition of 
mTORC1.  It is worth noting that cAMP displays growth inhibitory effects in most cell types9.  
Therefore, it is possible that cAMP may inhibit mTORC1 to express it cell growth inhibitory 
function.  The major downstream effect of cAMP is the protein kinase A (PKA).  Besides cAMP, 
other stress signals, such as hyperosmolarity, are known to inhibit mTORC1.  However, the 
molecular mechanism of stress-induced mTORC1 inhibition is largely unknown.  A major goal of 
this project is to understand the mechanism of mTORC1 inactivation by PKA and other cellular 
stress, such as osmotic stress.     
 
Keywords 
 
 Tuberous sclerosis complex, TSC, TSC1, TSC2, mTORC1, RAG GTPases, RagA/B, 
RagC/D, amino acid, osmotic stress, oxidative stress, cAMP, GPCR, NLK, Tumor, 
phosphorylation, kinase, PKA 
 
Overall Project Summary 
 
 The major goal of the proposal is to determine how mTORC1 is negatively regulated, 
particularly in response to elevating cAMP and stress conditions.  We have shown that cAMP 
acts via cAMP dependent kinase (PKA) to inhibit mTORC1 activation, particularly in response to 
amino acid stimulation.  Our data suggest a mechanism that Raptor phosphorylation by PKA 
may mediate the inhibitory effect of cAMP on mTORC1.  Serine residue 791 is a primary PKA 
phosphorylation site in Raptor and this phosphorylation may interfere the amino acid-induced 
mTORC1 recruitment to lysosome and activation.  Furthermore, we have discovered that 
different amino acids activate mTORC1 via different mechanism.  Specifically, leucine causes a 
rapid mTORC1 activation in a manner dependent on the Rag family GTPases.  In contrast, 
glutamine causes a slow mTORC1 activation.  Interestingly, the Rag GTPases are not required 
for glutamine to activate mTORC1.  Instead, the Arf1 GTPase plays a critical role of mTORC1 
activation in response to glutamine.  As a major cell growth regulator, mTORC1 is not only 
activated by growth stimulating signals, such as growth factors and nutrients, but also inhibited 
by growth inhibitory signals, such as osmotic stress.  We also investigated the mechanism of 
mTORC1 inhibition by osmotic stress.  We discovered that NLK, a MAP kinase family member 
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protein kinase, plays a key role in mTORC1 inhibition by osmotic stress10.  NLK is rapidly 
activated by osmotic stress and the active NLK phosphorylates Raptor to prevent mTORC1 
activation.  Deletion of NLK or mutation of the NLK phosphorylation sites in Raptor specifically 
compromised mTORC1 inhibition by osmotic stress but had no effect on mTORC1 regulation by 
amino acids.  Therefore, our study reveals a novel mechanism of mTORC1 regulation by stress 
signals and establishes a critical role of NLK in the process.   
 
Key Research Accomplishments 
 
PKA mediates the cAMP signal to mTORC1 inhibition by phosphorylating Raptor 
 We had previously showed that PKA is important for mTORC1 inhibition by cAMP.  To 
investigate mechanism of PKA in mTORC1 regulation, we examined whether mTORC1 could 
be phosphorylated by PKA.  We found that Raptor, which is an essential subunit of mTORC1, 
could be potently phosphorylated by PKA in vitro.  Next, we examined whether increasing cAMP 
can induced Raptor phosphorylation in vivo.  We treated HEK293 cells with forskolin, which can 
increases intracellular cAMP by activating adenylate cyclase.  To detect PKA dependent 
phosphorylation in Raptor, we used a PKA substrate specific phosphoantibody.  As shown in 
figure 1, forskolin treatment caused a dramatic increase of Raptor phosphorylation as detected 
by the PKA substrate phosphoantibody.  Sequence analysis revealed that Raptor has two 
putative PKA phosphorylation sites, S791 and S792.  Mutation of S792 to alanine had a minor 

effect on Raptor phosphorylation by forskolin 
treatment while double mutant of S791/792 
to alanines completely abolished Raptor 
phosphorylation (Fig.1).  These data suggest 
that Raptor S791 is the primary PKA 
phosphorylation site. 
 
Fig.1.  Forskolin induces Raptor 
phosphorylation.  HEK293 cells were 
transfected with indicated vector or Raptor 
plasmids.  Cells were treated with forskolin 
and Raptor was immunoprecipitated with 
anti-Flag antibody.  The immunoprecipitated 

Raptor was probed with a PKA substrate phosphoantibody. 
 
mTORC1 inhibition by osmotic stress 
 mTORC1 is the major cell growth regulator and when active it promotes biosynthesis 
and accumulation of cell mass.  However, cell growth is normally inhibited under stress 
condition.  We have observed that mTORC1 is rapidly inhibited upon osmotic stress, such as 
under treatment of sorbitol (Fig.2).  Sorbitol induced a dramatic and rapid inhibition of mTORC1 
as determined by the decreased phosphorylation of pS6K and 4EBP1, two known mTORC1 
substrates.  Both p38 and JNK, two MAP kinase family members, are known to be activated by 
osmotic stress.  We examined whether p38 and JNK may contribute to mTORC1 inhibition in 
response to sorbitol treatment.  However, Western blotting for p38 substrate MK2 and JNK 
substrate c-Jun showed that the activation of p38 and JNK was significantly slower than 
mTORC1 inhibition, indicating that p38 and JNK are unlikely to be responsible for mTORC1 
inhibition in response to osmotic stress.  Furthermore, treatment of cells with p38 inhibitor or 
JNK inhibitor had no effect on mTORC1 inhibition by sorbitol, further excluding the involvement 
of p38 and JNK.  These data indicate a novel mechanism of osmotic stress in mTORC1 
inhibition. 
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Fig.2. Sorbitol inhibits 
mTORC1HEK293 cells were 
treated with 0.2M sorbitol for the 
indicated time.  Phosphorylation 
of mTORC1 substrate S6K and 
4EBP1 were determined to 
indirectly measure mTORC1 
activity in vivo.  In parallel, 
phosphorylation of MK2 and c-
Jun, substrates of p38 and JNK, 
respectively, was also 
determined. 
 
 
 

NLK is involved mTORC1 inhibition by osmotic stress 
To search for kinases that may be involved in mTORC1 

regulation, we screened a human kinome library to search for new 
mTORC1 regulators. Individual kinase was co-transfected with HA-
S6K1 and phosphorylation of the mTORC1 site in S6K1 was 
detected by p-S6K antibody. We found that overexpression of NLK, 
but not its kinase negative (KN) mutant, significantly inhibited 
mTORC1 as indicated by the decreased phosphorylation S6K1 and 
4EBP1 (Fig. 3). NLK did not affect Akt phosphorylation on S473, 
the target of mTORC2 complex, suggesting the specificity of NLK 
on mTORC1 inhibition.  

 
Fig.3.  NLK inhibits mTORC1.  HEK293 cells were infected 

lentivirus expressing wild type (WT) or kinase inactive mutant (KN) 
NLK.  Protein levels and phosphorylation of endogenous proteins 
were determined by Western blotting with indicated antibodies. 

 
mTORC1 activation requires its localization on lysosomes. We found that sorbitol caused a 

strong mTORC1 dissociation from lysosomes.  We next examined whether mTOR localization 
was affected by NLK. As 
shown in figure 4, when NLK 
expressing or non-
expressing cells were 
compared in co-culture, the 
lysosomal localization of 
mTOR, as indicated by the 
lysosome marker LAMP2 co-
localization, was significantly 
reduced in the NLK 
expressing cells. In contrast, 
expression of the kinase 
inactive NLK-KN had no 
effect on mTOR localization. 
The above results suggest 
that NLK inhibits mTORC1 
possibly by interfering mTOR 
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lysosome localization. 
 

Fig.4. mTOR localization on lysosomes is impaired by NLK. EGFP tagged NLK-WT or NLK-KN 
was transfected by electroporation into MEF cells. Endogenous mTOR and LAMP2 were 
immunostained with specific antibodies. NLK expression was demonstrated by EGFP signal. In 
the field, the EGFP-NLK transfected cells were visualized by EGFP while the un-transfected 
cells were circled by dashed lines. The right panels with numbers were magnified from either 
EGFP negative (1) or positive cells (2).  

 
NLK deletion compromises mTORC1 inhibition by osmotic stress 

To confirm that NLK is involved in stress-induced mTORC1 inhibition, we generated Nlk 
knockout (KO) cells using the CRISPR/Cas9 genome editing system. Two Nlk KO cell lines (1-8 
and 2-12) were generated using two different CRISPR/CAS9 guide sequences and 
characterized.  The Nlk KO cells showed normal mTORC1 activity under normal culture 
condition (Fig. 5). However, both Nlk KO lines showed resistance to mildly hyperosmotic stress-
induced mTORC1 inhibition within 30 min as monitored by the phosphorylation of S6K and 

4EBP1. Similar results were observed 
when cells were treated with 
hyperosmotic stress induced by NaCl. 
These results suggest that NLK plays 
a role in stress-induced mTORC1 
inhibition.  

 
Fig.5. Nlk deletion compromises 

mTORC1 inhibition upon 
hyperosmotic stress. WT (293 and 1-

1 clone) or Nlk KO (1-8 and 2-12 clone) cells were cultured in normal condition (NC) or treated 
with sorbitol (0.1 M) for 10 min. Phosphorylation of S6K and 4EBP1 were detected with specific 
antibodies.  

  
We next tested the physiological outcomes of Nlk deletion. Upon mild osmotic stress, cell 

growth as well as the majority of anabolic processes are suppressed while osmoprotective 
genes are induced. Cells are able to adapt to hypertonic environment within 20 h and resume 
normal growth and functions. As expected, sorbitol reduced HEK293 cell growth. Surprisingly, 
Nlk KO cells only showed little difference in cell growth when compared to WT cells. We 
reasoned this could be due to the compensatory activation of p38 or JNK in the Nlk KO cells, 
which may protect cells from hyperosmotic stress. Therefore, we treated WT and Nlk KO cells 
with inhibitors of p38 and JNK. Notably, treatment of low concentration of p38 and JNK 
inhibitors preferentially inhibited the growth of Nlk KO cells over the WT cells (Fig. 6). This result 

suggests that NLK acts together with p38 and JNK in 
osmotic stress response. The immediate shutdown of 
mTORC1 signaling mediated by NLK does play a role 
in cell adaptation to mildly hypertonic condition. 
Consistent with a role of mTORC1 in translation 
regulation, we observed that sorbitol-induced 
translational inhibition was significantly compromised 
in the Nlk KO cells. Collectively, our results 
demonstrate a role of NLK in cellular osmotic stress 
response. 

 
Fig. 6.  NLK deletion sensitizes cells to growth 
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inhibition by osmotic stress.  Wilt type and NLK KO cells were cultured in the presence of 
inhibitors of p38 and JNK as well as sorbitol.   

 
NLK inhibits mTORC1 by phosphorylating Raptor at residue S863  

We examined in vitro phosphorylation of immunopurified mTORC1 complex and found that 
Raptor, but not other subunits of mTORC1 complex, was significantly phosphorylated by NLK in 
vitro. We performed deletion analyses and narrowed the phosphorylation site between residues 
741-912. Because NLK is a proline-directed kinase, we mutated the Thr-Pro or Ser-Pro motif in 
this region and identified D863 and S877 as the major phosphorylation sites.  

To confirm whether S863 and S877 are 
involved in NLK regulation on mTORC1, we tested 
the interaction between Rag and various Raptor 
mutants. Interestingly, Raptor mutant S863D, but 
not S877D, dramatically reduced its association with 
Rag (Fig. 7). Furthermore, the binding of Raptor 
S863A mutant to Rag complex was not effectively 
inhibited by NLK when compared to the Raptor WT. 
These data suggest that Raptor S863 is a major 
NLK phosphorylation site and its phosphorylation 
plays a key role in modulating the Raptor-Rag 
interaction.  

 
Fig.7. NLK disrupts Raptor and Rag interaction 

via S863 phosphorylation. Empty vector or NLK-WT 
was transfected together with Rag complex and WT 
Raptor, Raptor S863A, or Raptor S877D mutant as 
indicated. The interaction between Raptor and Rag 

complexes were examined by co-immunoprecipitation. 
 
To study the function of Raptor S863 phosphorylation by NLK, we generated HEK293 cell 

lines bearing Raptor-S863A mutation using the CRISPR/Cas9 genome editing system. The 
homozygous Raptor-S863A knockin was confirmed by DNA sequencing. No major defect in cell 
growth was observed in either cell line. Next, we tested the stress response of the Raptor 
phosphorylation mutant knockin cell lines. Notably, hyperosmotic stress-induced 
dephosphorylation of S6K and 4EBP1 was delayed in the Raptor-S863A cells when compared 
to the WT cells (Fig. 8). It should be noted that mTORC1 could still be inhibited by osmotic 
stress in the Raptor-S863A knockin cells though the response was retarded. As expected, 

hyperosmotic stress could not effectively disrupt the 
interaction between Raptor and Rag in the Raptor-
S863A knockin cells. These observations indicate 
that Raptor S863 is a critical physiological 
phosphorylation site for NLK in mTORC1 regulation.  

 
Fig.8. Raptor S863 phosphorylation is important for 
proper mTORC1 inhibition by osmotic stress. Cells 
containing WT or S863A Raptor knockin were 
treated with sorbitol (0.1 M) for the time indicated. 

Activity of mTORC1, p38 and JNK were detected with specific antibodies.  
 

 
Conclusion 
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 We have demonstrated that cAMP acts through PKA to block mTORC1 activation by amino 
acids.  This is likely mediated by PKA dependent phosphorylation of Raptor.  Furthermore, we 
discovered that different amino acids act through different mechanisms (Rag and Arf1) to 
activate mTORC111. We showed that NLK plays a major role in osmotic stress and oxidative 
stress induced mTORC1 regulation10.  NLK directly phosphorylates Raptor on S863 and this 
phosphorylation disrupts that interaction between Raptor and Rag GTPases, therefore 
preventing mTORC1 localization on lysosome.  The NLK dependent Raptor S863 
phosphorylation plays a role in the proper mTORC1 inhibition by osmotic stress.  Our studies 
have revealed the molecular mechanisms of signaling crosstalk between cAMP and mTORC1 
as well as mTORC1 inhibition by stress signals.  These results have advanced our 
understanding the pathogenesis of TSC and provided potential targets to inhibit mTORC1 
activity. 
 
 
Publications 
 
1. Jewell, J.L. and Guan, K-L. (2013) Nutrient signaling to mTOR and cell growth. TIBS. 38, 

233-242. 
2. Jewell, J.L. Russell, R.C., and Guan, K-L. (2013) Amino acid signaling upstream of mTOR.  

Nature Rev. Mol. Cell. Biol. 14, 133-139. 
3. Jewell, J.L., Kim, Y.C., Russell, R.C., Yu, F.X., Park, H.W., Plouffe, S.W., Tagliabracci, 

V.S., and Guan, K-L. (2015) Differential Regulation of mTORC1 by Leucine and 
Glutamine. Science 347, 194-198. 

4. Jewell, J.L., Flores, F., and Guan, K-L. (2015) Micro(RNA) managing by mTORC1.  Mol. 
Cell 57, 575-6. 

5. Yuan, H.X., Wang, Z., Yu, F-X., Li, F., Russell, RC, Jewell, J.L., Guan, K-L.  (2015) NLK 
phosphorylates Raptor to mediate stress-induced mTORC1 inhibition. Genes & Dev. 29, 
2362-76. 

6. Hansen, C.G., Ng, Y.L.D., Lam, W.M., Plouffe, S.L., and Guan, K-L. (2015) The Hippo 
pathway effector YAP and TAZ promote cell growth by modulating amino acid signaling to 
mTORC1.  Cell Res. 25, 1299-313. 

7. Fu, V., Moroishi, T., Guan, K-L. (2016) Glycoholics anonymous: Cancer sobers up with 
mTORC1.  Cancer Cell 29, 432-434. 

8. Jewell, J.L., Flores, F., and Guan, K-L. (2015) Micro(RNA) managing by mTORC1.  Mol. 
Cell 57, 575-6. 

 
Conclusion 
 
 This project has generated data that will have a major impact on the mTORC1 field, 
particularly about mTORC1 inhibition by stress signals and the signal integration between amino 
acids and other stress signals.  We established a molecular mechanism from cAMP, a major 
intracellular second message, to mTORC1 inhibition via the action of PKA.  We discovered that 
different amino acids act through different pathways to stimulate mTORC1.  Furthermore, we 
established the NLK plays a major role in mTORC1 inhibition by stress, such as osmotic and 
oxidative stress.  Mechanistically, NLK activation by stress leads to phosphorylation of Raptor 
and the phosphorylated Raptor cannot bind to Rag GTPase, therefore unable to recruit 
mTORC1 to lysosome for activation.  Our study has significantly advanced the understanding of 
mTORC1 regulation as well as provide new targets to inhibit mTORC1 for disease treatment.  
The major goals of the entire project have been achieved. 
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Inventions, Patents and Licenses 
 
 
Nothing to report 
 
 
Other Achievements 
 
Nothing to report 
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Ragulator-binding domain activates mTORC1 sig-
naling even in the absence of amino acids. The
activation ofmTORC1by amino acids, particularly
arginine, is defective in cells lacking SLC38A9.
Given these results and that arginine is highly
enriched in lysosomes from at least one mamma-
lian tissue (29), we propose that SLC38A9.1 is a
strong candidate for being a lysosome-based
arginine sensor for the mTORC1 pathway. To
substantiate this possibility, it will be necessary
to determine the actual concentrations of arginine
and other amino acids in the lysosomal lumen
and cytosol and compare them to the affinity of
SLC38A9.1 for amino acids. If high arginine levels
are a general feature of mammalian lysosomes, it
could explain why SLC38A9.1 appears to have a
relatively broad amino acid specificity; perhaps
no other amino acid besides arginine is in the
lysosomal lumen at levels that approach its Km.
The notion that proteins with sequence sim-

ilarity to transporters function as both transporters
and receptors (transceptors) is not unprecedented
(31, 32). The transmembrane region of SLC38A9.1
might undergo a conformational change upon
amino acid binding that is then transmitted
to Ragulator through its N-terminal domain.
What this domain does is unknown, but it could
regulate Ragulator nucleotide exchange activity
or access to the Rag GTPases by other components
of the pathway. To support a role as a sensor, it will
be necessary to show that amino acid binding
regulates the biochemical function of SLC38A9.1.
Even if SLC38A9.1 is an amino acid sensor,

additional sensors, even for arginine, are almost
certain to exist, as we already know that amino
acid–sensitive events exist upstream of Folliculin
(15, 33) and GATOR1 (34), which, like Ragulator,
also regulate the Rag GTPases. An attractive mod-
el is that distinct amino acid inputs to mTORC1
converge at the level of the Rag GTPases, with
some initiating at the lysosome through proteins
like SLC38A9.1 and others from cytosolic sensors
that remain to be defined (Fig. 5G). Indeed, such a
model would explain why the loss of SLC38A9.1
specifically affects arginine sensing but its over-
expressionmakes mTORC1 signaling resistant to
arginine or leucine starvation: Hyperactivation
of the Rag GTPases through the deregulation
of a single upstream regulator is likely sufficient
to overcome the lack of other positive inputs. A
similar situationmay occur upon loss of GATOR1,
which, like SLC38A9.1 overexpression, causes
mTORC1 signaling to be resistant to total amino
acid starvation (14).
Modulators of mTORC1 have clinical utility

in disease states associated with or caused by
mTORC1 deregulation. The allosteric mTOR
inhibitor rapamycin is used in cancer treatment
(35) and transplantation medicine (36). However,
to date, there have been few reports on small
molecules that activate mTORC1 by engaging
known components of the pathway. The identifi-
cation of SLC38A9.1—a protein that is a positive
regulator of the mTORC1 pathway and has an
amino acid binding site—provides an opportunity
to develop small-molecule agonists of mTORC1
signaling. Suchmolecules should promotemTORC1-

mediated protein synthesis and could have utili-
ty in combatting muscle atrophy secondary to
disuse or injury. Lastly, a selective mTORC1 path-
way inhibitor may have better clinical benefits
than rapamycin, which in long-term use inhibits
both mTORC1 andmTORC2 (37). SLC38A9.1 may
be an appropriate target to achieve this.
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METABOLISM

Differential regulation of mTORC1 by
leucine and glutamine
Jenna L. Jewell,1 Young Chul Kim,1* Ryan C. Russell,1* Fa-Xing Yu,2 Hyun Woo Park,1

Steven W. Plouffe,1 Vincent S. Tagliabracci,1 Kun-Liang Guan1†

Themechanistic target of rapamycin (mTOR) complex 1 (mTORC1) integrates environmental and
intracellular signals to regulate cell growth. Aminoacids stimulatemTORC1activationat the lysosome
in amanner thought to be dependent on the Rag small guanosine triphosphatases (GTPases), the
Ragulator complex, and the vacuolarH+–adenosine triphosphatase (v-ATPase).We report that leucine
and glutamine stimulate mTORC1 by Rag GTPase-dependent and -independent mechanisms,
respectively.GlutaminepromotedmTORC1 translocation to the lysosome inRagAandRagBknockout
cells and required the v-ATPase but not the Ragulator. Furthermore,we identified the adenosine
diphosphate ribosylation factor–1 GTPase to be required for mTORC1 activation and lysosomal
localization by glutamine.Our results uncover a signaling cascade tomTORC1 activation independent
of theRagGTPases and suggest thatmTORC1 is differentially regulated by specific amino acids.

C
ells sense environmental nutrient flux and
respond by tightly controlling anabolic and
catabolic processes to best coordinate cell
growth with nutritional status. The mech-
anistic target of rapamycin (mTOR), a con-

served serine-threonine kinase, is part of the
mTORcomplex 1 (mTORC1),whichhelps coordinate

cell growth with nutritional status. Dysregulation of
mTORC1 is common in human diseases, including
cancer and diabetes (1). Amino acids are essential
formTORC1 activation (2, 3); however, it remains
unclear how specific amino acids are sensed.
Leucine (Leu) (2, 4, 5), glutamine (Gln) (5–7), and
arginine (Arg) (2) have been implicated in
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mTORC1 activation. In one model, mTORC1
indirectly senses amino acids within the lyso-
somal lumen that requires the Rag guanosine
triphosphatases (GTPases), which are regulated
by the pentameric Ragulator complex, the vacu-
olar H+–adenosine triphosphatase (v-ATPase),
and the Gator complex (8, 9). When activated,
the Rag GTPases bind to and recruit mTORC1
to the lysosome, where the Rheb GTPase ac-
tivates mTORC1 (4). In mammals, there are four
Rag proteins: RagA and RagB, which are func-
tionally redundant; and RagC and RagD, which
are also functionally equivalent. The formation
of a heterodimer between RagA or RagB with
RagC or RagD, and the guanine nucleotide state
of the Rag proteins determines mTORC1 recruit-
ment to the lysosome and subsequent activation
(4, 10, 11). Under amino acid sufficiency, RagA
and RagB complexes are guanosine triphos-
phate (GTP)–loaded and capable of binding
Raptor. Somehow the v-ATPase detects the build-
up of lysosomal amino acids (12), stimulates

Ragulator guanine nucleotide exchange factor
(GEF) activity, and inhibits Gator GTPase-activating
protein (GAP) activity (9, 13). This loads RagA-
RagB complexes with GTP and recruits mTORC1
to the lysosome, where it encounters Rheb, a
potent mTORC1 activator that mediates growth
factor signals. The tuberous sclerosis complex
(TSC) tumor suppressor is also localized at the
lysosome, and it negatively regulates mTORC1 by
acting as a GAP for Rheb (14).
We generated mouse embryonic fibroblasts

that lack both RagA and RagB [RagA/B knock-
out (KO) MEFs] (Fig. 1A and fig. S1). RagA-RagB
complexes bind directly to mTORC1 (15), and
overexpression of a constitutively active version
of one of the two proteins renders mTORC1 insen-
sitive to amino acid starvation (fig. S2) (4, 10).
Deletion of RagA/B diminished the abundance of
RagC, consistent with RagA and RagB stabilizing
RagC and RagD by forming heterodimers (Fig. 1A)
(4, 16). Unexpectedly, deletion of RagA and RagB
reduced (~30%), but did not abolish, mTORC1
activity, as judged by the phosphorylation state
of its substrates ribosomal S6 kinase 1 (S6K1)
and eukaryotic translation initiation factor 4E–
binding protein 1 (4EBP1). Phosphorylation of
S6K1 and 4EBP1was abolishedwhen the RagA/B
KO cells were treated with the mTOR inhibitors
Torin1 and Rapamycin or were depleted of the

mTORC1 subunit Raptor with short hairpin RNA
(shRNA) (fig. S3). Thus, mTORC1 is active in the
absence of RagA and RagB.
To investigate the amino acid response of

the RagA/B KOMEFs, we stimulated cells with
amino acids and analyzed the kinetics of mTORC1
activation. Both themagnitude and rate at which
mTORC1 was activated by amino acids were re-
duced in cells lacking RagA and RagB (Fig. 1B
and fig. S4). Likewise, mTORC1 activity was re-
duced in RagA/B KO MEFs upon amino acid
withdrawal (fig. S5). To exclude the possibility
that some cells lacking RagA and RagB spon-
taneously mutated to compensate for decreased
mTORC1 activity, we analyzed individual clones
derived from the RagA/B KO MEF population.
Single clones displayed an increase in mTORC1
activity in response to amino acids (fig. S6). To
determine which amino acids activate mTORC1
in the absence of RagA and RagB, we individ-
ually stimulated RagA/B KOMEFs with each of
the 20 standard amino acids (fig. S7). Leu and
Arg stimulated mTORC1 activation in control,
but not RagA/B KO cells (Fig. 1C and figs. S7
and S8). Gln-stimulated activation of mTORC1
in RagA/B KO cells displayed kinetics similar
to that of control cells and when RagA/B KO
cells were stimulated with the 20 standard amino
acids (Fig. 1, B andC, and fig. S4). Stable reexpression

SCIENCE sciencemag.org 9 JANUARY 2015 • VOL 347 ISSUE 6218 195

Fig. 1. Gln, but not Leu, activates mTORC1 in-
dependently of RagA and RagB.mTORC1 activity
was analyzed by the phosphorylation of S6K1 (pS6K1),
S6 (pS6), and 4EBP1 (p4EBP1) and the mobility
shift of 4EBP1. AA, amino acids. (A) mTORC1 acti-
vity was analyzed in control (CON) and RagA/B
KO MEFs under normal conditions (NC). mTOR,
Raptor, RagA, RagB, and RagC protein were also
analyzed. (B) mTORC1 activity was analyzed in CON
and RagA/B KO MEFs under NC, in the absence of
amino acids (–AA) and at the indicated times after
the addition of amino acids (+AA) (left). Relative
abundance of pS6K1 is plotted (right). (C) mTORC1
activity after stimulation with Leu (top) or Gln (bottom)
in CON and RagA/B KO MEFs. (D) mTORC1 activity
was analyzed after stimulation with Leu or Gln in
RagA/B KO MEFs stably expressing Flag-tagged
RagA at the indicated times. (E) mTORC1 activity
was analyzed in CON, RagA KO (A1) and RagA/B
KO (AB1) HEK293A cells that were starved of amino
acids or stimulated with Leu or Gln for 150 min.

1Department of Pharmacology and Moores Cancer Center,
University of California, San Diego, La Jolla, CA 92093, USA.
2Children's Hospital and Institute of Biomedical Sciences,
Fudan University, Shanghai 200032, China.
*These authors contributed equally to this work. †Corresponding
author. E-mail: kuguan@ucsd.edu
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of Flag-tagged RagA in the RagA/B KO MEFs
restoredmTORC1 activation in response to Leu
(Fig. 1D), which confirmed that RagA and RagB
are required for mTORC1 activation by Leu but
not Gln.
We performed genome editing by means of

clustered regularly interspaced short palindromic
repeats (CRISPR/Cas9) to inactivate theRagA and
RagB genes in human embryonic kidney 293A
(HEK293A) cells (17, 18) (fig. S9). In HEK293A
cells and in MEFs, RagA is more abundant than
RagB (Fig. 1A and fig. S9E). Loss of RagA alone or
both RagA and RagB in these cells prevented
Leu-, but not Gln-induced, activation ofmTORC1

(Fig. 1E and fig S9F). Thus, Gln can stimulate
mTORC1 activation independently of RagA and
RagB or cell type.
The lysosome is essential in the amino acid–

sensing pathway to mTORC1 and is thought to
be a platform for optimalmTORC1 activation that
integrates effects of growth factors, such as in-
sulin, through Rheb and those of amino acids
through the Rags (19). Because Gln can activate
mTORC1 in the absence of RagA and RagB (Fig.
1, C and E, fig. S7, and fig. S9F), we investigated
whether lysosomal localization of mTORC1 was
required for Gln-induced activation of mTORC1
in cells lacking RagA and RagB. In control cells,

mTOR translocated to lysosomal membranes
identified by the presence of the marker protein
lysosome-associatedmembraneprotein 2 (LAMP2)
as early as 50 min and remained at the lysosome
150 min after amino acid stimulation (fig. S10A)
(4, 11). In contrast, mTOR did not localize to ly-
sosomal membranes in RagA/B KO cells after
50min of amino acid stimulation (fig. S10B). How-
ever, by 150 min, we observed lysosomal local-
ization of mTOR in a subset of cells that also
showed activation of mTORC1 (Fig. 2A and fig.
S10B). Gln, but not Leu, induced lysosomal lo-
calization of mTOR in RagA/B KO MEFs (Fig. 2,
B and C). Furthermore, synergistic activation of

196 9 JANUARY 2015 • VOL 347 ISSUE 6218 sciencemag.org SCIENCE

Fig. 2. Gln-induced mTORC1 lysosomal localization in the absence of
RagA and RagB. (A) Immunofluorescence (IF) analysis depicting mTORC1
activation by phosphorylation of S6 (pS6; orange) in RagA/B KO MEFs.
mTOR (green) and LAMP2 (red) are also shown. Quantification of the per-
centage of pS6 cells withmTOR and LAMP2 colocalization (top right) and the
percentage of cells with mTOR not at lysosome that also contain S6 phos-

phorylation (bottom right). (B and C) IF analysis depicting mTOR and LAMP2
in CON (B) or RagA/B KO MEFs (C), without amino acids or stimulated with
Leu or Gln for 150min (top).Quantification of the percent of cells withmTOR at
the lysosome without amino acids or stimulated with Leu or Gln (bottom).
Higher-magnification images (A) to (C) of the area depicted by the inset and
their overlays are shown on the right.

RESEARCH | REPORTS



mTOR by amino acids and insulin was observed
in RagA/B KO cells (fig. S11). Thus, Gln appears to
induce mTORC1 activation through translocation
to the lysosome in a manner independent of
RagA and RagB.
Amino acid transporters (5, 12) and the Ragulator

complex (11, 13) have been implicated in mTORC1
activation. We analyzed mTORC1 activity in cells
depleted of several amino acid transporters and
inMEFs lacking p14 (p14 KOMEFs), an essential
subunit of the Ragulator complex. Gln activated
mTORC1 in cells depleted of some amino acid
transporters and in p14 KO MEFs, which indi-
cated that these transporters and the Ragulator
are not required for Gln-induced activation of
mTORC1 (fig. S12 and Fig. 3A).
The v-ATPase is essential for the acidification

of the lysosome and interacts with the Rags and
Ragulator to stimulate mTORC1 activation in re-
sponse to amino acids (12). We treated control
and RagA/B KO cells with the v-ATPase inhibi-
tor bafilomycin A (Baf A) (20). Baf A inhibited
mTORC1 activation in both control and RagA/B
KOcellswhen the cellswere stimulated eitherwith
all amino acids (Fig. 3B and fig. S13A) or with Leu
or Gln individually (Fig. 3C). Baf A also inhibited
lysosomal localization of mTORC1 in RagA/B
KO cells (fig. S13, B and C). Furthermore, inhibi-
tion of the v-ATPase by concanamycin A or inhibi-
tion of the lysosomal pH gradient by chloroquine
also blocked Gln-induced lysosomal localization
and activation ofmTORC1 in RagA/B KO cells (fig.
S13, D to H). Moreover, depletion of the v-ATPase
V0c subunit, which interacts with the Ragulator
and controls mTORC1 activity (12), largely pre-
vented amino acid–induced activation of mTORC1
in control and RagA/B KO MEFs (Fig. 3D and
fig. S13I). Furthermore, depletion of several ly-
sosomal proteins had no effect on Gln-induced
activation of mTORC1 and localization in the
absence of RagA and RagB, which indicated that

modification of the v-ATPase was not secondary
to a general disruption in lysosomal structure
and function (fig. S13, K and L). Taken to-
gether, Gln-induced activation of mTORC1
appears to require the v-ATPase and lysosomal
function.
In Drosophila S2 cells, TORC1 activity is in-

hibited in cells depleted of the Drosophila ADP
ribosylation factor–Arf1 (dArf1) (21), and we ob-
served a further decrease in amino acid–induced
TORC1 activation when both dRagA and dArf1
were depleted (Fig. 4A). We used small interfer-
ing RNA (siRNA) to deplete Arf1 from HEK293A
RagA/B KO cells. Gln stimulated mTORC1 acti-
vation in RagA/B KO cells treated with a control
siRNA; however, it failed to induce mTORC1
activation in RagA/B KO cells depleted of Arf1
(Fig. 4B). Depletion of other Arf family mem-
bers failed to inhibit Gln-induced activation of
mTORC1 in RagA/B KO cells (fig. S14A). Treat-
ment of RagA/B KO cells with brefeldin A (BFA),
an Arf1 GEF inhibitor (22), at high doses blocked
amino acid signaling to mTORC1, whereas BFA
caused only a small decrease inmTORC1 activation
in response to amino acids in control cells (Fig. 4C
and fig. S14, B and C). Consistently, BFA blocked
Gln-induced activation ofmTORC1 in RagA/B KO
cells (Fig. 4D and fig. S14D). In addition, de-
pletion of Arf1 or BFA treatment did not inhibit
Leu-induced activation of mTORC1 in control
cells, nor did they affect lysosomal pH (fig. S14,
E to G).
Leu or Gln stimulation did not appear to af-

fect the guanine nucleotide state of Arf1 (fig.
S14H). Overexpression of a constitutively active
Arf1-GTP failed to restore mTORC1 activation
under amino acid deficiency (fig. S14I). Further,
green fluorescent protein–tagged Arf1 (Arf1-GFP)
localization was unaffected by amino acid star-
vation or stimulation (fig. S15). These results
indicate that GTP hydrolysis or nucleotide

cycling of Arf1, or both, is required for mTORC1
activation.
Arf1 regulates vesicular trafficking, so we tested

whether bidirectional inhibition of trafficking be-
tween the endoplasmic reticulum (ER) and Golgi
would affect Gln-induced activation of mTORC1
(23). We depleted proteins involved in antero-
grade trafficking and treated RagA/B KO cells
withGolgicide A (24), yet did not observe an effect
on Gln-induced activation of mTORC1 (fig. S16).
These results support that Arf1 signaling to
mTORC1 is specific and independent of ER-Golgi
vesicular transport.
RagA/B KO MEFs treated with BFA were an-

alyzed for mTOR localization in response to Gln
stimulation. Gln-induced mTOR localization to
the lysosome (Fig. 4E and Fig. 2C); however, pre-
treatment of cells with BFA inhibited the effect of
Gln (Fig. 4E). Artificially targeting mTORC1 to
the lysosomal surface by adding the C-terminal
lysosomal targeting motif of Rheb to Raptor (11)
activated mTORC1 in RagA/B KO cells, even in
the presence of BFA (Fig. 4F). Thus, BFA inhibits
mTORC1 by interfering with its lysosomal local-
ization, which implicates Arf1 in the signaling
pathway that links Gln to mTORC1 localization
and activation at the lysosome.
In conclusion, we show that mTORC1 is dif-

ferentially regulated by Gln and Leu (fig. S17).
Our results demonstrate that RagA and RagB
are essential for mTORC1 activation by Leu, but
not by Gln, and this appears to be evolutionarily
conserved in Saccharomyces cerevisiae (25). We
identified the Arf1 GTPase to be involved in a
signaling pathway that connects Gln to mTORC1
activation at the lysosome in the absence of the
Rag GTPases. Many cancer cell lines have in-
creased mTORC1 activity and show a high depen-
dence on Gln for growth. Therefore, Gln-induced
mTORC1 activation may be important for the
growth of both normal and tumor cells.
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Fig. 3. Gln-induced mTORC1 activation requires
the v-ATPase but not the Ragulator. mTORC1
activity was analyzed by the phosphorylation of
S6K1 (pS6K) and the mobility shift of 4EBP1. (A)
mTORC1 activity was analyzed in CON and p14 KO
MEFs that were starved of amino acids, then stim-
ulated with Leu (top) or Gln (bottom) at the indi-
cated times. (B andC) Analysis of mTORC1 activity
in CON and RagA/B KO cells that were starved of
amino acids; pretreated with or without 1 mM Baf A;
followed by amino acid, Leu, or Gln stimulation for
150min. (D)CONandRagA/BKOMEFswere treated
with shRNACON (shCON) or shRNA targeting the
v-ATPase V0c subunit (shV0c). CON and RagA/B
KO MEFs were starved of amino acids, followed by
amino acid stimulation, and mTORC1 activity was
assessed.
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Fig. 4. Arf1 is required for Gln signaling to mTORC1 in the
absence of RagA and RagB. (A) TORC1 activity was analyzed for
the phosphorylation of Drosophila S6K1 (pdS6K1) in Drosophila S2
cells treated with double-stranded RNA (dsRNA) targeting GFP, RagA,
or Arf1. Cells were starved of amino acids for 1 hour, then stimulated
with or without amino acids for 30 min. (B) mTORC1 activity was
analyzed by the phosphorylation of S6K1 (pS6K1) or mobility shift of

4EBP1 in RagA/B KO HEK293A cells treated with control (siCON) or Arf1 siRNA (siArf1). Cells were starved of amino acids then stimulated with Gln for 150 min.
(C) mTORC1 activity was analyzed as in (B) in CON and RagA/B KOMEFs starved of amino acids, then pretreated with the indicated concentrations of BFA, and
stimulatedwith amino acids for 150min. Labels s.e. and l.e. denote shorterexposure and longerexposure, respectively. (D)mTORC1 activitywas analyzed as in (B)
in RagA/BKOHEK293Acells starved of amino acids, then pretreatedwith orwithout 1 mMBFA, and stimulatedwith Leu orGln for 150min. (E) IFanalysis depicting
mTORC1 activation (pS6; orange) and lysosomal localization (LAMP2; red, mTOR; green) in RagA/B KOMEFs. Cells were starved of amino acids, pretreated with
or without 1 mMBFA, followed by stimulation with Gln for 150 min. Higher magnification images of the area depicted by the inset and their overlays are shown on
the right of the images.Quantification of the percentage of cells withmTOR at the lysosome under different conditions and correspondingWestern blot (right). (F)
mTORC1 activity was analyzed as in (B) in RagA/B KO HEK293A cells transfected with HA-Raptor or HA-Raptor containing the C-terminal CAAX motif of Rheb
(HA-Raptor-C-Rheb). Cells were starved of amino acids, pretreated with or without 1 mM BFA, and stimulated with Gln for 150 min.
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NLK phosphorylates Raptor
to mediate stress-induced mTORC1
inhibition
Hai-Xin Yuan,1,3 Zhen Wang,1 Fa-Xing Yu,2,3 Fulong Li,1 Ryan C. Russell,3 Jenna L. Jewell,3

and Kun-Liang Guan3

1Key Laboratory of Molecular Medicine of Ministry of Education, Institutes of Biomedical Sciences, Shanghai Medical College,
Fudan University, Shanghai 20032, China; 2Children’s Hospital, Institutes of Biomedical Sciences, Fudan University, Shanghai
20032, China; 3Department of Pharmacology andMoores Cancer Center, University of California at San Diego, La Jolla, California
92130, USA

The mechanistic target of rapamycin (mTOR) is a central cell growth controller and forms two distinct complexes:
mTORC1 and mTORC2. mTORC1 integrates a wide range of upstream signals, both positive and negative, to
regulate cell growth. Although mTORC1 activation by positive signals, such as growth factors and nutrients, has
been extensively investigated, the mechanism of mTORC1 regulation by stress signals is less understood. In this
study, we identified the Nemo-like kinase (NLK) as an mTORC1 regulator in mediating the osmotic and oxidative
stress signals. NLK inhibits mTORC1 lysosomal localization and thereby suppresses mTORC1 activation. Mech-
anistically, NLK phosphorylates Raptor on S863 to disrupt its interaction with the Rag GTPase, which is important
for mTORC1 lysosomal recruitment. Cells with Nlk deletion or knock-in of the Raptor S863 phosphorylation
mutants are defective in the rapid mTORC1 inhibition upon osmotic stress. Our study reveals a function of NLK in
stress-inducedmTORC1modulation and the underlying biochemical mechanism of NLK inmTORC1 inhibition in
stress response.

[Keywords: NLK; mTOR; Raptor; stress response; cancer]
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Themechanistic target of rapamycin (mTOR; also known
as mammalian TOR) is a highly conserved serine/threo-
nine kinase. mTOR exists in two different complexes,
mTORC1 andmTORC2, which are distinguished by their
unique subunits, Raptor and Rictor, respectively (Lap-
lante and Sabatini 2012). mTORC1 is a master regulator
of cell growth and metabolism. Accordingly, it is modu-
lated by a wide range of signals, including growth factors,
nutrients, and stress (Sengupta et al. 2010). Growth factors
andnutrients activatemTORC1topromote cell growthby
stimulating transcription, translation, and anabolism as
well as inhibiting autophagy. Growth factors activate
mTORC1through theAKT–TSC1/TSC2–Rhebaxis (Inoki
et al. 2002), in which the Rheb GTPase binds to and acti-
vates mTORC1 (Inoki et al. 2003a; Saucedo et al. 2003;
Stocker et al. 2003). Amino acids signal through the lyso-
somal Rag GTPases to stimulate mTORC1 (Kim et al.
2008; Sancak et al. 2008). Upon amino acid stimulation,
the active Rag heterodimers physically bind to the Raptor
subunit of mTORC1 and thus recruit mTORC1 to lyso-

somes (Sancak et al. 2008), where it is activated by the
lysosomally localized Rheb. The Rag GTPases are activat-
ed by amino acids via the Ragulator (Sancak et al. 2010;
Bar-Peled et al. 2012) and GATOR1 (Bar-Peled et al.
2013) complex, which function as activator (GEF) and in-
hibitor (GAP) for Rag GTPases, respectively. Although
Rag GTPases have been considered as the major factors
mediating amino acid signaling to mTORC1, glutamine,
but not leucine, could activate mTORC1 through the
Arf1 GTPase in cells when Rag GTPases are deleted,
thus suggesting differential regulation ofmTORC1 by dis-
tinct amino acids (Jewell et al. 2015).

As a central cell growth controller, mTORC1 is potent-
ly inhibited by stress conditions such as hypoxia, oxida-
tive stress, and hyperosmotic stress. Under physiological
condition, ∼1%–3% of the oxygen consumed by cells is
metabolized to reactive oxygen species (ROS), which
generates oxidative stress in the cell. Oxidative stress
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potently and rapidly inhibits mTORC1, possibly through
activating AMPK kinase (Chen et al. 2010). Osmotic bal-
ance is another essential factor for cell survival and
growth. In mammals, normal tonicity in most tissues is
300 mOsm/kg. However, in renal medulla, local tonicity
can reach as high as 600–1700 mOsm/kg. Hyperosmotic
stress rapidly inhibits mTORC1. One possible mecha-
nism is through activating a calyculin A-sensitive phos-
phatase (Parrott and Templeton 1999). Hyperosmotic
stress may also inhibit mTORC1 activity through its up-
stream regulator (Akt) (Chen et al. 1999) or AMPK (Barnes
et al. 2002; Hawley et al. 2010). It has been suggested that
the low mTOR activity retained under moderate hyper-
tonic conditions facilitates the expression of some osmo-
responsive genes (Ortells et al. 2012). A previous study
has implicated JNK in osmotic stress-induced mTORC1
regulation. Perplexingly, JNK was reported to enhance
mTORC1 activity in response to osmotic stress, although
hyperosmotic conditions strongly inhibited the phosphor-
ylation of mTORC1 substrates (Kwak et al. 2012). It is
thus not clear how mTORC1 is regulated under hyperos-
motic condition if JNK activates mTORC1 and mediates
the osmotic signal.
The Nemo-like kinase (NLK) was originally identified

as a regulator in Drosophila photoreceptor development
(Choi and Benzer 1994). NLK is a distinct member of
the MAP kinase (MAPK) subfamily. It is notable that
the activation loop ofNLK protein possesses the sequence
Thr–Gln–Glu (TQE) motif instead of a TXY motif that is
usually seen in other MAPK members (Brott et al. 1998).
Glutamate (E), a negatively charged amino acid, canmim-
ic the effect of phosphorylation. A recent study showed
that NLK could be activated by homodimerization and
autophosphorylation on the Thr residue in the TQEmotif
(Ishitani et al. 2011). Thus, NLK can be activated without
being phosphorylated in the activation loop by upstream
kinases. Moreover, high levels of ectopic expression could
also result in artificial NLK activation. Like other mem-
bers of MAPK family, NLK is a proline-directed kinase
that preferentially phosphorylates a Ser–Pro or Thr–Pro
motif. The best-known function of NLK is in the regula-
tion of Wnt signaling by phosphorylating the mammalian
T-cell factor (TCF)/lymphoid enhancer factor (LEF) (Ishi-
tani et al. 1999, 2003b; Thorpe and Moon 2004; Ota
et al. 2012). NLK is also implicated in mediating signaling
events such as IL-6 (Kojima et al. 2005), TGF-β (Ohkawara
et al. 2004; Kojima et al. 2005), NGF (Ishitani et al. 2009),
and Notch1 (Ishitani et al. 2010).
In a screen for new regulators of themTORC1 pathway,

we identified NLK as a negative modulator of mTORC1
signaling. We found that NLK is activated by stress condi-
tions such as hyperosmotic stress and oxidative stress. Se-
quence analysis shows thatNLK ismost closely similar to
the Hog1 protein in the yeast proteome. Hog1 is also a
member of the MAPK family and is the major osmores-
ponsive regulator in yeast (Hohmann et al. 2007). Hog1
is highly homologous to the mammalian p38 MAPK
(Han et al. 1994), which is one of the major stress-respon-
sive kinases in mammalian cells (Han et al. 1994; Whit-
marsh 2010). This study reveals the cellular function

and molecular mechanism of NLK in stress-induced
mTORC1 inhibition.

Results

NLK mediates stress-induced mTORC1 inhibition

We screened a human kinome library to search for
new mTORC1 regulators. An individual kinase was co-
transfected with HA-S6K1, and phosphorylation of the
mTORC1 site in S6K1 was detected by p-S6K antibody
(Supplemental Fig. S1A). We found that overexpression
of NLK, but not its kinase-negative (KN) mutant, signifi-
cantly inhibited mTORC1, as indicated by the decreased
S6K1 and 4EBP1 phosphorylation (Fig. 1A; Supplemental
Fig. S1B,C). NLK did not affect Akt phosphorylation on
S473, the target of mTORC2 complex (Fig. 1A; Supple-
mental Fig. S1D; Sarbassov et al. 2005), suggesting the spe-
cificity of NLK on mTORC1 inhibition. Previous studies
have suggested that TAK1 is an upstream activating ki-
nase of NLK (Ishitani et al. 1999, 2003a; Kanei-Ishii
et al. 2004; Ohkawara et al. 2004; Smit et al. 2004). How-
ever, in our experiments, overexpression of TAK1 had no
effect on mTORC1 signaling (Supplemental Fig. S1E).
mTORC1 activation requires localization on lyso-

somes. We next examined whether mTOR localization
was affected by NLK. As shown in Figure 1, B and C,
when NLK-expressing or NLK-nonexpressing cells were
compared in coculture, the lysosomal localization of
mTOR, as indicated by the lysosome marker LAMP2,
was significantly reduced in the NLK-expressing cells. In
contrast, expression of the kinase-inactive NLK-KN had
no effect onmTOR localization. The above results suggest
that NLK inhibits mTORC1, possibly by interfering with
mTOR lysosome localization.
mTORC1 is inhibited by various stress conditions, in-

cluding amino acid starvation, glucose starvation, hyper-
osmolarity, and oxidative stress (Supplemental Fig.
S1G). Our previous studies have shown that amino acids
and glucose act through the Rag GTPase and AMPK, re-
spectively, to regulate mTORC1 (Inoki et al. 2003b; Kim
et al. 2008). In this study, we focused on stress signals to
mTORC1 inhibition.We further found that hyperosmotic
stress (treatment with sorbitol or NaCl) and oxidative
stress (treatment with H2O2 or menadione) rapidly inhib-
ited mTORC1 in HCT116, HeLa, and NIH3T3 cells, ex-
cept that menadione did not inhibit mTORC1 in HeLa
cells (Supplemental Fig. S2), indicating cell type-indepen-
dent mTORC1 inhibition by these stress conditions.
To investigate the biological relevance of NLK in

mTORC1 regulation, we determined NLK activation in
response to multiple conditions that are known to inhibit
mTORC1.Hyperosmotic stress, oxidative stress, and ami-
no acid starvation all potently inhibit mTORC1. Because
high levels of NLK expression lead to autoactivation,
we characterized stable lines with low levels of NLK ex-
pression and low basal kinase activity. Notably, NLK
was activated by hyperosmotic stress induced by sorbitol
and oxidative stress induced by H2O2, but not amino acid
starvation, in both HEK293 cells (Fig. 1D) and mouse
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Figure 1. NLK inhibitsmTORC1. (A) mTORC1 is inhibited byNLK overexpression. Cells were infectedwith lentivirus expressing emp-
ty vector,NLKwild type (NLK-WT), orNLK-KN. Phosphorylated or total amount of proteinswere detectedwith corresponding antibodies
as indicated. (B) mTOR localization on lysosomes is impaired by NLK. EGFP-tagged NLK wild type or NLK-KN was transfected by elec-
troporation into mouse embryonic fibroblast (MEF) cells. Endogenous mTOR and LAMP2 were immunostained with specific antibodies.
NLK expression was demonstrated by EGFP signal. In the field, the EGFP-NLK transfected cells were visualized by EGFP, while the
untransfected cells were circled by dashed lines. The right panels with numbers aremagnified from either EGFP-negative (1) or EGFP-pos-
itive (2) cells. Inhibition of mTORC1 by EGFP-NLK was confirmed byWestern blot (Supplemental Fig. S1F). Bars, 10 μm. (C ) Quantifica-
tion of mTOR and LAMP2 colocalization. Fifteen to 20 cells with or without EGFP signal were randomly selected and counted. An
asterisk indicates a statistically significant difference (P < 0.05). Statistical analysis is described in the Materials and Methods. (D) NLK
is activated by stress conditions in HEK293 cells. HEK293 cells stably expressing HA-tagged NLK were treated with 0.1 M sorbitol for
the indicated times, 0.25 mM H2O2 for 30 min, 2 mM DTT for 1 h, or amino acid starvation for 1 h. HA-NLK was immunoprecipitated
from cell lysates and subjected to in vitro kinase assay using purified GST-LEF1-51-210 as substrate. Phosphorylation of LEF1 and auto-
phosphorylation of NLK were detected by 32P-autoradiography. The bottom panel shows Commassie Brilliant Blue staining of the mem-
brane. Cells stably expressing NLK-KN were used as a control. (E) Hyperosmotic stress disrupts mTORC1 lysosomal localization. MEF
cells were treated with 0.2 M sorbitol for 15 min followed by immunostaining with mTOR and LAMP2 antibody. Magnified view fields
are shown at the right. Bars, 10 μm. (F ) mTORC1 inhibition occurs prior to the activation of p38 or JNKupon hyperosmotic stress. HEK293
cells were treated with 0.2 M sorbitol for the times indicated. Phosphorylation of S6K, 4EBP1, MK2 (p38 substrate), and c-jun (JNK sub-
strate) was detected with specific antibodies. See also Supplemental Figures S1 and S2.
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embryonic fibroblasts (MEFs) (Supplemental Fig. S1H).
Our observations suggest that NLKmay selectively medi-
ate stress-induced mTORC1 inhibition. To further test
this possibility, we analyzed mTORC1 localization upon
stress conditions. Similar to the results from NLK over-
expression, hyperosmotic or oxidative stress impaired
mTOR colocalization with lysosomes (Fig. 1E; Supple-
mental Fig. S1I). We did observe a small fraction of
mTOR that was still colocalized with lysosomes, proba-
bly because of the short treatment time (15min). Notably,
although it did not condense in large speckles as lyso-
somes, mTOR still existed in smaller granules, which
were likely stress granules as described previously (Taka-
hara andMaeda 2012; Thedieck et al. 2013; Wippich et al.
2013).
Since p38 and JNK MAPK are two major regulators in

hyperosmotic stress (Han et al. 1994; Whitmarsh 2010),
we investigated whether they might be involved in
stress-induced mTORC1 inhibition. Phosphorylation of
MK2 and c-Jun was used as an indicator for activation of
p38 and JNK, respectively. A time course of sorbitol treat-
ment clearly showed that mTORC1 inhibition (7.5 min)
occurred much earlier than a significant activation of
p38 or JNK (60 min) (Fig. 1F), thus arguing that mTORC1

inhibition by hyperosmotic stress is not mediated by p38
or JNK. Consistently, treatment of cells with p38 or JNK
inhibitors did not affect mTOR inhibition upon hyperos-
motic stress (Supplemental Fig. S1J). Furthermore, amino
acid-stimulated or glucose-stimulatedmTORC1 reactiva-
tion was blocked in the presence of hyperosmotic stress
(Supplemental Fig. S1K), suggesting that hyperosmotic
stress inhibits mTORC1 at a node downstream from ami-
no acid and glucose signaling.

Loss of NLK compromises stress-induced mTORC1
inhibition and impairs physiological response to stress

To confirm that NLK is involved in stress-induced
mTORC1 inhibition, we generated Nlk knockout cells
using the CRISPR/Cas9 genome-editing system. Two dif-
ferent Nlk knockout lines were generated with different
guide sequences (Supplemental Fig. S3A–C). The Nlk
knockout cells showed normal mTORC1 activity under
normal culture condition (Fig. 2A). However, both Nlk
knockout lines showed resistance tomildly hyperosmotic
stress-induced mTORC1 inhibition within 30 min, as
monitored by the phosphorylation of S6K and 4EBP1
(Fig. 2A; Supplemental Fig. S4A). Similar results were

Figure 2. Loss of NLK compromises stress-induced mTORC1 inhibition and physiological response. (A) Nlk deletion compromises
mTORC1 inhibition upon mild hyperosmotic stress. Wild-type (293 and 1-1 clone) or Nlk knockout (1–8 and 2–12 clone) cells were cul-
tured in normal conditions (NC) or treated with 0.1 M sorbitol for 10 min. Phosphorylation of S6K and 4EBP1 was detected with specific
antibodies. (B) NLK deficiency compromises oxidative stress-induced mTORC1 inhibition. Wild-type orNlk knockout cells were in nor-
mal culture (NC) or treated with 0.25mMH2O2 for 15 min. Phosphorylation of S6K and 4EBP1 was detected with specific antibodies. (C )
NLK signaling to mTORC1 is independent of p38 and JNK MAPK. Wild-type or Nlk knockout cells were pretreated with DMSO, 10 μM
SB203580, or 20 μM SP600125 for 30 min. Cells were then kept in normal culture (NC) or treated with 0.1 M sorbitol for 10 min in the
presence of inhibitors. Activity of mTORC1, p38, and JNK was detected with specific antibodies. (D) Nlk deletion synergizes with inhi-
bition of p38 and JNK to suppress cell growth under hyperosmotic condition. The data represent results from three independent experi-
ments. (E) NLK deficiency compromises translation inhibition in response to hyperosmotic stress. 35S labeling of newly synthesized
protein was detected by autoradiography. (F ) Quantification of the results in E. Experiments were repeated three times. Data shown
are relative protein synthesis normalized to the control without sorbitol treatment (see also Supplemental Figs. S3, S4).
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observed when cells were treated with hyperosmotic
stress induced by NaCl (Supplemental Fig. S4B). Inhibi-
tion of mTORC1 by H2O2-induced oxidative stress was
also compromised in the Nlk knockout cells, although
to a lesser degree (Fig. 2B). To further confirm the biolog-
ical effect ofNlk deletion, we knocked out theNlk gene in
Neuro-2a cells and observed that Nlk knockout cells also
exhibited resistance to hyperosmotic stress-induced or ox-
idative stress-induced mTORC1 inhibition (Supplemen-
tal Fig. S4C,D). These results suggest that NLK plays a
role in stress-induced mTORC1 inhibition in a cell type-
independent manner.

Phosphatase activation by hyperosmotic stress has been
suggested to be responsible for S6K suppression (Parrott
and Templeton 1999; Kwak et al. 2012). However, the
time course of S6K dephosphorylation by Torin1, a specif-
ic inhibitor of mTOR, was similar between wild-type and
Nlk knockout cells (Supplemental Fig. S4E), suggest-
ing that S6K phosphatase activity was not altered in
the Nlk knockout cell. Our data indicate that loss of
NLK may directly affect mTORC1 regulation by osmotic
stress. In addition, treatment of cells with p38 inhibitor
(SB203580) or JNK inhibitor (SP600125 or JNK-IN-8) did
not affect mTORC1 response to mild hyperosmotic stress
in either wild-type orNlk knockout cells (Fig. 2C; Supple-
mental Fig. S4F), consistent with the notion that p38
and JNK are not involved in the osmotic stress-induced
mTORC1 inhibition. Interestingly, we noted that p38
and JNK activity showed a compensatory increase in
Nlk knockout cells upon stress. Since p38 and JNK are
both MAPKs involved in stress response, the up-regula-
tion of p38 and JNK indicates a compensatory response
in cells when Nlk is deleted. These observations are con-
sistent with the notion that NLKmay function in parallel
to p38 and JNK in mediating stress responses.

We next tested the physiological outcomes of Nlk
deletion. Upon mild osmotic stress, cell growth and the
majority of anabolic processes are suppressed, while
osmoprotective genes are induced (Burg et al. 2007). Cells
are able to adapt to a hypertonic environment within 20 h
and resume normal growth and functions (Burg et al.
2007). As expected, sorbitol reduced HEK293 cell growth
(Fig. 2D). Surprisingly, Nlk knockout cells showed only
little difference in cell growth when compared with
wild-type cells. We reasoned this could be due to the com-
pensatory activation of p38 or JNK in the Nlk knockout
cells, as discussed above (Fig. 2C), whichmay protect cells
from hyperosmotic stress. Therefore, we treatedwild-type
and Nlk knockout cells with inhibitors of p38 and JNK.
Notably, treatment with a low concentration of p38 and
JNK inhibitors preferentially inhibited the growth of
Nlk knockout cells over the wild-type cells (Fig. 2D).
This result suggests that NLK acts together with p38
and JNK in the osmotic stress response. The immediate
shutdown of mTORC1 signaling mediated by NLK does
play a role in cell adaptation to mildly hypertonic condi-
tion. It is conceivable that the ineffectiveness ofmTORC1
inhibition in the Nlk knockout cells by osmotic stress
may fail to suppress consumption of building materials
and energy that are essential for synthesis of osmoprotec-

tive factors. Consistent with a role of mTORC1 in trans-
lation regulation, we observed that sorbitol-induced
translation inhibition was significantly compromised in
the Nlk knockout cells (Fig. 2E,F). Collectively, our re-
sults demonstrate a role of NLK in cellular osmotic stress
response.

NLK inhibits mTORC1 through Rag
GTPases-dependent signaling

We investigated the mechanism of NLK in inhibiting
mTORC1 signaling. Amino acids potently stimulate
mTORC1 by promoting lysosomal translocation (Sancak
et al. 2008). We found that amino acid-induced mTORC1
activation was inhibited by NLK overexpression (Fig.
3A). TheRagGTPases play a key role in amino acid signal-
ing to mTORC1. Overexpression of the constitutively ac-
tive Rag complex (RagA-Q66L/RagC-S75N) activated
mTORC1evenunderaminoacid starvation (Fig. 3B). Inter-
estingly, NLK could suppress the Rag-induced mTORC1
activation (Fig. 3B), suggesting that NLKmay act between
RagGTPases andmTORC1. It has beenwell demonstrated
that amino acids are required for full mTORC1 activation
by insulin and serum (Kim et al. 2008; Sancak et al. 2008).
If NLK blocks Rag signaling to mTORC1, then it should
also suppress mTORC1 activation by insulin and serum.
Overexpression of NLK indeed reduced mTORC1 activa-
tion by either insulin or FBS (Supplemental Fig. S5A).

To further test the relationship between Rag and NLK,
we examined the RagA knockout HEK293A cells, which
have reduced but still substantial mTORC1 activity due
to Rag-independent mTORC1 activation (Jewell et al.
2015). Empty vector or NLK was transfected together
with S6K into wild-type and RagA knockout cells. Nota-
bly, NLK expression dramatically decreased S6K phos-
phorylation in wild-type cells but not in RagA knockout
cells (Fig. 3C). Consistently, hyperosmotic stress could
not effectively inhibit mTORC1 in the RagA knockout
cells (Fig. 3D). However, the S6K phosphorylation in the
RagAknockout cellswas dependent onmTORC1, as rapa-
mycin treatment inhibited S6K phosphorylation (Fig. 3C).
The above results show that RagA is required for NLK to
inhibitmTORC1 and further suggest thatNLKmay inhib-
it mTORC1 through the Rag-dependent pathway.

Considering the fact thatRagGTPases recruitmTORC1
to lysosome and NLK blocks mTOR lysosomal localiza-
tion (Fig. 1B), we proposed the following two possibilities:
(1) NLK inhibits mTORC1 through disrupting lysosomal
localization of the Rag complex, or (2) NLK impairs the in-
teraction between Rag and mTORC1. We tested the first
possibility by checkingRag localizationwithNLKoverex-
pression.UnlikemTORC1, Rag localization on lysosomes
wasnot affectedbyNLKoverexpression (Fig. 3E,F), thus ar-
guing against a role ofNLK in interferingRag lysosomal lo-
calization. It has been reported that the constitutively
active Rag complex cannot rescue osmotic stress-induced
mTORC1 inhibition (Kim et al. 2008). Consistently, we
found that, in the cells that express the constitutively ac-
tive Rag complex, hyperosmotic stress or oxidative stress
still impaired mTOR localization on the lysosomes
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(Supplemental Fig. S5B,C). These results indicate that
stress may disrupt the interaction between Rag and
mTORC1.

NLK inhibits mTORC1 by disrupting Raptor–Rag
interaction

We examined the interaction between the Rag complex
and Raptor, which is the mTORC1 subunit directly inter-

acting with Rag, and found that the interaction between
Raptor and the Rag complex (either the wild-type or con-
stitutively active form) was reduced by NLK (Fig. 4A). It is
of interest that an upshift band of Raptor appeared when
NLK was cotransfected. This upshift of Raptor is likely
due to NLK-induced phosphorylation because λ phospha-
tase treatment abolished the upshift band of Raptor (Fig.
4B). Reloading of cell lysate and immunoprecipitation
samples together clearly showed that the Raptor protein

Figure 3. NLKinhibitsmTORC1throughRagGTPase-dependentsignaling. (A)NLKdampensmTORC1activationbyaminoacids.Empty
vector,NLKwild type (NLK-WT), orNLK-KNwastransfected togetherwithS6KintoHEK293cells.Cellswerestarvedwithaminoacid-free
mediumfor1handstimulatedwithaminoacids for15min.mTORC1activitywasexaminedbyS6Kphosphorylation. (B)NLKblocksamino
acid-stimulated or Rag-stimulatedmTORC1 activation. Empty vector,NLKwild type, orNLK-KNwas transfected togetherwith S6K into
HEK293 cells. Cells were starved with amino acid-free medium for 1 h and replenished with amino acids for 15 min. HA-RagA-QL/C-SN
denotes the cotransfection of the constitutively active RagGTPase complex, which activatesmTORC1 in the absence of amino acids. Ac-
tivityofmTORC1wasexaminedbyS6Kphosphorylation. (C )RagAis required forNLKto inhibitmTORC1.EmptyvectororNLKwild type
and S6Kwere cotransfected into wild-type orRagA knockout HEK293A cells (clones 3A1 and 4A1). Rapamycin (20 nM) was included as a
positive control to inhibitmTORC1 activity. (S.E.) Short exposure; (L.E.) long exposure. (D) RagA deficiency compromisesmTORC1 inhi-
bition by hyperosmotic stress. Wild-type or RagA knockout cells were in normal culture (NC) or treated with 0.1M sorbitol for the times
indicated. Phosphorylation of S6K, 4EBP1, and p38 and JNK substrateswas detectedwith specific antibodies. (E) RagC localization on lyso-
somes isnotaffectedbyNLK.EGFP-taggedNLKwild-typewastransfectedbyelectroporation intoMEFcells.EndogenousRagCandLAMP2
were immunostained with specific antibodies. NLK expression was demonstrated by EGFP signal. In the field, the EGFP-NLK transfected
cellswerevisualizedbyEGFP; theuntransfectedcells arecircledbydashed lines.The rightpanelswithnumbersweremagnified fromeither
EGFP-negative (1) or EGFP-positive (2) cells. Bars, 10 μm. (F ) Quantification ofmTORdots that show colocalizationwith lysosomemarker
LAMP2. Fifteen to 20 cells with or without EGFP signal were randomly selected and counted (see also Supplemental Fig. S5).
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coprecipitated with Rag contained little of the upshifted
species (Supplemental Fig. S6A), indicating that only the
unphosphorylated Raptor was in complex with Rag. We
further tested the effect of osmotic stress and oxidative
stress on the Raptor–Rag interaction in an HEK293 cell
line stably expressing Flag-RagA. Hyperosmotic stress or
oxidative stress treatment reduced association of Rag
with endogenous Raptor (Fig. 4C; Supplemental Fig.
S6B). Importantly, hyperosmotic stress failed to disrupt
Rag–Raptor interaction in Nlk knockout cells (Fig. 4D).
These data are consistent with amodel in whichNLKme-

diates the osmotic stress and oxidative stress signals to in-
hibit Rag–Raptor interaction.

If themainmechanismofNLK to inhibitmTORC1 is to
block Rag–Raptor interaction andmTORC1 lysosomal lo-
calization, then artificial targeting of Raptor to lysosomes
would make mTORC1 resistant to NLK inhibition. To
test this model, we used a Raptor construct (Raptor-
Rheb) that had fusion of the Rheb C-terminal 15 amino
acid residues, which constitute the lysosomal localization
signal (Sancak et al. 2010). Expression of Raptor-Rheb ren-
dered S6K resistant to amino acid starvation as well as

Figure 4. NLK inhibits mTORC1 by disrupting Raptor–Rag interaction. (A) NLK disrupts Raptor–Rag interaction. Empty vector, NLK
wild type (NLK-WT), or NKL-KNwas transfected together with Raptor andwild-type, constitutively active (RagA-QL/RagC-SN), or dom-
inant-negative (RagA-TN/RagC-QL) Rag complexes. The interactions between Raptor and Rag complexes were examined by coimmuno-
precipitation (co-IP). Asterisks denote lanes where Raptor shows an upshift due to NLK cotransfection. (B) NLK induces Raptor
phosphorylation. Empty vector, NLK wild type, or NLK-KNwas transfected together with Raptor. Cell lysate of the NLK wild-type sam-
plewas incubated with or without λ phosphatase (λPPase) as indicated. Raptormobility was examined byWestern blot. (C ) Hyperosmotic
stress disrupts Raptor–Rag interaction. HEK293T cells stably expressing Flag-tagged RagAwere treated with sorbitol at different concen-
trations for 15min or starvedwith amino acid-freemedium (AA−) for 1 h. The interaction between endogenous Raptor and transfectedRag
complexwas examined by co-IPwith Flag-RagA. (D) NLK is required for hyperosmotic stress to disrupt Raptor–Rag interaction.Wild-type
or Nlk knockout cells stably expressing Flag-tagged RagA were treated with 0.2 M sorbitol for the indicated times. The interaction be-
tween endogenous Raptor and ectopic RagAwas examined by co-IP with Flag-RagA. (E) Anchoring Raptor on lysosomesmakesmTORC1
resistant to inhibition byNLK. Empty vector, NLKwild type, or NLK-KNwas transfected into HEK293 cells together with S6K and wild-
type Raptor or Raptor fused with C-terminal 15 amino acid residues of Rheb (Raptor-Rheb). Cells were in normal culture or starved with
amino acid-free medium for 1 h. The activity of mTORC1was examined by S6K phosphorylation. (F ) NLK induces Raptor mobility shift.
Empty vector, NLK wild type, or NLK-KNwas transfected into HEK293 cells together with Raptor. NLK wild-type-expressing cells were
in normal culture or treated with 10 μM p38, 20 μM JNK, 10 μMMEK1/2, or 0.3 μMTAK1 inhibitors for 30 min before harvest. The mo-
bility of Raptor was examined by SDS-PAGE (see also Supplemental Fig. S6).
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sorbitol treatment (Fig. 4E; Supplemental Fig. S6C).
Moreover, NLK inhibition on S6K was also abolished
by Raptor-Rheb. Notably, NLK expression still induced
an upshift of Raptor-Rheb fusion (Fig. 4E), indicating a
decoupling between the phosphorylation of Raptor and
mTORC1 inhibition in the Raptor-Rheb-expressing cells.
These results show that constitutive lysosomal localiza-
tion of mTORC1 could escape from inhibition by osmotic
stress and NLK and that NLK does not directly inhibit
mTORC1 activity. Treatment with various inhibitors
showed that the NLK-induced Raptor mobility shift was
not affected by inhibition of p38, JNK, MEK1/2, or
TAK1 (Fig. 4F), again suggesting that NLK functions in a
mechanism independent of these kinases.

NLK is required for stress-induced Raptor
phosphorylation

NLK is a MAPK family member and phosphorylates the
Thr–Pro or Ser–Pro motif. We used an antibody recogniz-
ing the p-Thr–Pro motif to characterize the phosphoryla-
tion of Raptor by NLK. This antibody, according to the
manufacturer’s instruction, may also detect the p-Ser–
Promotif. Overexpression ofNLK, but not its KNmutant,
led to a strong phosphorylation signal of Raptor, as detect-
ed by the p-Thr–Pro antibody (Fig. 5A). To study the rela-
tionship of Raptor phosphorylation and its association
with the Rag complex, we performed a sequential immu-
noprecipitation as described in the legend for Figure
5B. The results showed that the phosphorylated Raptor
did not interact with the Rag complex and remained in
the supernatant after Rag immunoprecipitation (Fig. 5B).
In contrast, the unphosphorylated Raptor was found in
the Rag immunoprecipitation. These data are consistent
with a model in which NLK disrupts Raptor–Rag associa-
tion through inducing Raptor phosphorylation.
Weexamined endogenousRaptor phosphorylation in re-

sponse to stress. Hyperosmotic stress, but not amino acid
starvation, rapidly induced Raptor phosphorylation at the
p-Thr–Pro (or p-Ser–Pro) motif (Fig. 5C; Supplemental Fig.
S6D). Importantly, hyperosmotic stress failed to induce
Raptor phosphorylation in Nlk knockout cells (Fig. 5D),
demonstrating the essential in vivo role of NLK in Raptor
phosphorylationuponosmotic stress.Moreover, oxidative
stress also induced Raptor phosphorylation (Fig. 5D).

NLK phosphorylates Raptor at residue S863

A straightforward model for the above observation is that
NLK directly phosphorylates Raptor at the Thr–Pro or
Ser–Pro site. We examined in vitro phosphorylation of
immunopurified mTORC1 complex and found that Rap-
tor, but not other subunits of the mTORC1 complex,
was significantly phosphorylated byNLK in vitro (Supple-
mental Fig. S7A). To search for the phosphorylation sites
on Raptor, different Raptor fragmentsweremade and used
as substrates for the in vitro kinase assay with purified
NLK. The fragments containing residues 741–912 and
741–1000 showed strong phosphorylation signals (Supple-
mental Fig. S7B). We further narrowed down the region

and mutated threonine and serine residues in the Thr–
Pro or Ser–Promotif. Interestingly,mutation of S877 to al-
anine significantly decreased phosphorylation of the 741–
912 fragment, while additional mutation of S863A largely
abolished the phosphorylation by NLK (Fig. 5E).
To confirmwhether S863 and S877 are involved inNLK

regulation on mTORC1, we tested the interaction be-
tween Rag and various Raptor mutants. Interestingly,
Raptor mutant S863D, but not S877D, dramatically re-
duced its association with Rag (Fig. 5F). Moreover, the
NLK-induced upshift of Raptor was abolished in the Rap-
tor S863D mutant (Fig. 5F). Furthermore, the binding of
Raptor S863A mutant to the Rag complex was not effec-
tively inhibited by NLK when compared with the Raptor
wild type (Fig. 5G). It is worth noting that S863 in Raptor
is conserved fromDrosophila to mammals (Supplemental
Fig. S7C,D). These data suggest that Raptor S863 is a ma-
jor NLK phosphorylation site, and its phosphorylation
plays a key role inmodulating theRaptor–Rag interaction.

NLK inhibits mTORC1 by phosphorylating Raptor
S863 residue

To investigate the physiological significance ofNLK phos-
phorylation on the Raptor S863 residue, we used an anti-
body specifically recognizing phospho-Raptor-S863 to
examine endogenous Raptor phosphorylation. Similar to
the results obtained with the p-Thr–Pro antibody (Fig.
5C,D), both hyperosmotic stress and oxidative stress in-
duced Raptor-S863 phosphorylation in wild-type cells
but not inNlk knockout cells (Fig. 6A,B). JNK is suggested
to induce Raptor-S863 phosphorylation under strong
hyperosmotic stress (Kwak et al. 2012). Consistently, we
observed that, inNlk knockout cells, a high concentration
of sorbitol could still increase Raptor-S863 phosphoryla-
tion, which was blocked by JNK inhibitor (Fig. 6C). These
results show that Raptor-S863 can be phosphorylated by
multiple kinases in response to different stress conditions,
whereas NLK has a prominent role under mild osmotic
stress.
To further study the function of Raptor S863 phosphor-

ylation by NLK, we generated HEK293 cell lines bearing
the Raptor-S863A or Raptor-S863D mutation using the
CRISPR/Cas9 genome-editing system. The homozygous
Raptor-S863A and Raptor-S863D knock-ins were con-
firmed by DNA sequencing (Supplemental Fig. S8A). No
major defect in cell growth was observed in either cell
line. Under normal culture conditions, cells with Rap-
tor-S863A mutation showed as normal mTORC1 signal-
ing (Fig. 6D). In contrast, the Raptor-S863D cells showed
lower levels of S6K and 4EBP1 phosphorylation. However,
the levels of Raptor-S863D protein as well as mTOR pro-
tein were reduced when compared with the wild-type
cells (Fig. 6D). Since the mTOR protein was decreased,
it was difficult to conclude whether the reduced phos-
phorylation of S6K and 4EBP1 was due to a decreased
mTORC1 activation in the Raptor-S863D knock-in cells.
It is worth noting that the Rag knockout cells also show a
modest reduction, but not a complete loss, of mTORC1
activity (Jewell et al. 2015), results similar to the Raptor-
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S863D cells, suggesting that cells have high plasticity in
maintaining mTORC1 activity.

We examined the integrity of mTORC1 and mTORC2
by immunoprecipitation of endogenous mTOR. When
mTORwas normalized to similar levels, compatible Rap-
tor and Rictor were detected in the mTOR immunopre-
cipitation from both wild-type and S863A cells. A mild
decrease of the Raptor-S863D protein was found in

mTOR immunoprecipitation (Fig. 6E), correlating with
the level of Raptor-S863D in cell lysate. These data indi-
cate that mutation of Raptor S863, particularly S863A,
does not significantly impair the integrity of mTORC1
or mTORC2.

Next, we tested the stress response of the Raptor phos-
phorylation mutant knock-in cell lines. Consistent with
S863 being a major stress-inducible phosphorylation

Figure 5. NLK phosphorylates Raptor at S863 in response to stress. (A) NLK induces Raptor phosphorylation on Thr–Pro and Ser–Pro
motifs. Empty vector, NLKwild type (NLK-WT), orNLK-KNwas transfected intoHEK293 cells together withRaptor. NLK-induced phos-
phorylation of Raptor was detected with the antibody recognizing the p-Thr–Promotif. (B) The Raptor in complex with Rag is hypophos-
phorylated, while the Raptor not in complex with Rag is hyperphosphorylated. Empty vector or Myc-tagged NLK wild type was
transfected together with Flag-tagged Raptor and HA-tagged RagA wild type/RagC wild type or RagA-QL/RagC-SN. Cell lysate was first
subjected to immunoprecipitation with HA antibody to precipitate Rag complexes. The supernatant after HA antibody immunoprecip-
itationwas then subjected to a secondary immunoprecipitationwith Flag antibody to precipitate the remainingRaptor in the supernatant.
To facilitate comparison of Raptor phosphorylation, Raptor from Flag immunoprecipitation was loaded at a level similar to that fromHA
co-IP. The right panel shows expression of Raptor, Rag, and NLK in the whole-cell lysate. (C ) Osmotic stress induces Raptor phosphor-
ylation. HEK293 cells were treated with sorbitol at different concentrations for 15 min or starved with amino acid-free medium for 1
h. Endogenous Raptor was immunoprecipitated, and phosphorylation of Raptor at the p-Thr-Pro motif was detected with a specific anti-
body. (D) NLK is required for Raptor phosphorylation by osmotic stress. Wild-type orNlk knockout cells were in normal culture or were
treated with 0.2 M sorbitol or 0.25 mM H2O2 for 15 min. Pretreatments with 10 μM SB203580 (p38 inhibitor) or 20 μM SP600125 (JNK
inhibitor) are indicated. Following immunoprecipitation, phosphorylation of Raptor at the p-Thr–Pro motif was detected with a specific
antibody. (E) S863 is amajorNLK phosphorylation site in vitro. His-tagged Raptor fragmentswere purified and subjected to in vitro kinase
assay with purified NLK kinase. Phosphorylation was detected by 32P-autoradiography. (F ) The Raptor S863Dmutant is defective in Rag
interaction. Empty vector or NLK wild type was transfected with the Rag complex and wild-type Raptor or the Raptor S863D, Raptor
S877D, or Raptor S863/877D mutant as indicated. The interaction between Raptor and Rag complexes was examined by co-IP. (G)
The interaction between Raptor S863A and Rag is insensitive to inhibition by NLK. Empty vector or NLK wild type was transfected to-
gether with the Rag complex and wild-type Raptor or the Raptor S863A or Raptor S877D mutant as indicated. The interaction between
Raptor and Rag complexes were examined by co-IP (see also Supplemental Fig. S7).
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site, phosphorylation of Raptor-S863A was not induced
by hyperosmotic stress or oxidative stress, as detected
by the p-Thr–Pro antibody (Supplemental Fig. S8B). Fur-
thermore, hyperosmotic stress-induced dephosphoryla-

tion of S6K and 4EBP1 was delayed in the Raptor-S863A
cells when compared with the wild-type cells (Fig. 6F). A
similar defect in mTORC1 inhibition by oxidative stress
was also observed in the Raptor-S863A cells (Fig. 6G). It

Figure 6. NLK inhibits mTORC1 by phosphorylating S863 in Raptor. (A) NLK is required for hyperosmotic stress-induced Raptor S863
phosphorylation.Wild-type orNlk knockout cells were treatedwith 0.2M sorbitol at the indicated times. Endogenous Raptor was immu-
noprecipitated, and Raptor-S863 phosphorylation was detected with a specific antibody. (B) NLK is required for oxidative stress-induced
Raptor S863 phosphorylation. Experiments were similar toA except cells were treated with 0.25mMH2O2. (C ) JNK is involved in Raptor
S863 phosphorylation under severe hyperosmotic stress. As indicated, wild-type orNlk knockout cells were treated with 0.2 M or 0.5 M
sorbitolwith orwithout pretreatmentwith JNK inhibitor (SP600125) for 30min. Phosphorylation of endogenousRaptorwas determined as
inA. (D) Characterization of Raptor S863Aand S863Dmutant cells. Cellswere culture under nonstress conditions, and phosphorylation of
mTORC1 substrates and other proteins was determined. (E) The mTORC1 andmTORC2 complex was not impaired in Raptor-S863 mu-
tant cells. mTORwas immunoprecipitated fromwild-type, S863A, or S863D cells. Raptor and Rictor levels in immunoprecipitation were
examinedwith specific antibodies. (F ) Raptor S863A knock-in cells show compromisedmTORC1 inhibition by osmotic stress. Cells con-
taining wild-type or S863A Raptor were treated with 0.1 M sorbitol for the times indicated. The activity of mTORC1, p38, and JNK was
detectedwith specific antibodies. (G) Raptor S863A knock-in cells show compromisedmTORC1 inhibition by oxidative stress. Cells con-
taining wild-type or S863A Raptor were treated with 0.25 mMH2O2 for the times indicated. The activity of mTORC1, p38, and JNK was
detectedwith specific antibodies. (H) Hyperosmotic stress fails to disrupt Raptor–Rag interaction inRaptor-S863Acells.Wild-type or Rap-
tor-S863A cells stably expressing Flag-tagged RagAwere treated with 0.2 M sorbitol for the indicated times. The interaction between en-
dogenous Raptor and ectoptically expressed Rag was examined by co-IP with Flag-RagA (see also Supplemental Fig. S8).
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should be noted that mTORC1 could still be inhibited by
both osmotic stress and oxidative stress in the Raptor-
S863Aknock-in cells, although the responsewas retarded.
As expected, hyperosmotic stress could not effectively
disrupt the interaction between Raptor and Rag in the
Raptor-S863A knock-in cells (Fig. 6H). The above observa-
tions are similar to those found in theNlk knockout cells
(Fig. 2; Supplemental Fig. S3), indicating that Raptor S863
is a critical physiological phosphorylation site for NLK in
mTORC1 regulation.

We tested whether S863 phosphorylation might play a
role in modulating mTOR lysosomal localization in re-
sponse to stress conditions. Both wild-type and Raptor-
S863A cells had normal mTOR speckles that were colo-
calized with lysosomes under normal culture (Fig. 7A–

C). Hyperosmotic stress rapidly abolished mTOR lyso-
somal localization in wild-type cells (Fig. 7A,C). In con-
trast, the osmotic stress-induced mTOR dissociation
from lysosomes was significantly delayed in the Raptor-
S863A cells (Fig. 7B,C). These observations are consistent

with the delayed mTORC1 inactivation in the Raptor-
S863A cells aswell as in theNlk knockout cells. These ob-
servations can be explained by the followingmodel. In the
absence of osmotic stress, amino acids activate Rag
GTPases, which then bind to Raptor to recruit mTORC1
to lysosomes for activation. Hyperosmotic stress activates
NLK, which phosphorylates Raptor S863, thereby inhibit-
ing the Raptor–Rag interaction. Taken together, our re-
sults suggest that NLK mediates stress signals to inhibit
mTORC1 through phosphorylating Raptor S863 residue
and disrupting Rag–Raptor interaction (Fig. 7D). It should
be noted that NLK is mainly responsible for the rapid os-
motic effect on mTORC1, whereas other signaling path-
ways, such as JNK and p38, may be involved in the
delayed osmotic response.

Discussion

As a central cell growth controller, mTORC1 has to inte-
grate a wide range of both extracellular and intracellular

Figure 7. Raptor S863A mutation compromises stress-induced mTOR dissociation from lysosomes. (A) Hyperosmotic stress rapidly in-
ducesmTORdissociation from lysosomes.Wild-type cellswere treatedwith sorbitol for the indicated times, followed by immunostaining
with mTOR and LAMP2 antibodies. Magnified views are shown at the right. Bars, 10 μm. (B) Raptor-S863A cells show a delayed mTOR
dissociation from lysosomes. Experimentswere similar toA except Raptor-S863A cells were tested. (C ) Quantification ofmTORdots that
show colocalization with lysosome marker LAMP2 in A and B. Twenty to 25 cells were randomly selected and counted. The asterisk in-
dicates a statistically significant difference (P < 0.05). (D) A proposedmodel of mTORC1 regulation byNLK. (Panel a) Under nutrient-rich
condition, the Rag complex is active and recruits mTORC1 to lysosomes through interaction with Raptor. mTORC1 is then activated by
lysosomally localized Rheb GTPase. (Panel b) When cells are under stress, NLK is activated and phosphorylates Raptor at the S863 site,
which disrupts its interaction with the Rag complex. Therefore, mTORC1 dissociates with lysosome and is inactive.
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signals to regulate cell growth. The mechanisms of
mTORC1 activation by growth factors and nutrients
have been extensively investigated. How mTORC1 re-
ceives and integrates diverse signals, particularly inhibito-
ry signals, to modulate cellular activity is a key question
that has not be fully elucidated. In the present study, we
discovered a new signaling mechanism involving NLK, a
member of the atypical MAPK family. This study shows
that NLK is important for the rapid mTORC1 inhibition
by osmotic stress. Because NLK is capable of being acti-
vated through autophosphorylation (Ishitani et al. 2011),
it is possible that NLK may be activated directly by stress
conditions. NLK contains a unique N-terminal Ala–His–
Gln-rich domain and a C-terminal conserved Cys-rich
domain (Brott et al. 1998); both domains are absent in oth-
er MAPKs. Further studies are needed to elucidate the
mechanism of stress-induced NLK activation and wheth-
er these NLK-unique domains are involved.
We propose that NLK inhibits mTORC1 by disrupting

its localization on lysosomes (Figs. 1B, 7D). mTORC1
was reported to be sequestered in stress granules upon
stress, which served as a protective mechanism for cells
under stress conditions (Takahara and Maeda 2012; The-
dieck et al. 2013; Wippich et al. 2013). Based on previous
reports and our data, onemay speculate that phosphoryla-
tion of Raptor by NLK dissociates mTORC1 from lyso-
somes as well as facilitates mTORC1 translocation to
stress granules in response to stress signals. Future study
is needed to address this possibility.
Nlk knockout cells show normal mTORC1 activity un-

der normal culture condition, suggesting that NLK takes
part in mTORC1 regulation only when activated by
stress. Nlk deletion affects the rapid, but not the delayed,
mTORC1 inhibition by osmotic stress. This indicates
that, besides NLK, there are other mechanisms involved
in mTORC1 inhibition at a late time point, indicating the
complexity of cellular stress response. Onemay speculate
a number of candidates that are involved in mTORC1 reg-
ulation by osmotic stress. For example, AMPK might be
activated under stress to inhibit mTORC1 (Chen et al.
2010). Phosphatase activation upon hyperosmotic stress
might also contribute to S6K dephosphorylation (Parrott
and Templeton 1999; Kwak et al. 2012). Nevertheless,
our result indicates that the compromisedmTORC1 inhi-
bition, not activation of phosphatase, is responsible for
the altered S6K phosphorylation in theNlk knockout cells
(Supplemental Fig. S4E).
Loss of NLK impairs cellular adaptation to mildly hy-

pertonic conditions. It is notable that NLK-mediated
mTORC1 inhibition is independent of the two well-
known stress-activated MAPKs p38 and JNK. Interesting-
ly, p38 and JNK kinase show a compensatory activation
when Nlk is deleted, supporting the notion that NLK,
p38, and JNK collectively modulate cell stress response.
Consistent with this notion, partial inhibition of p38
and JNK enhanced the growth-inhibitory phenotype of
the Nlk knockout cells by osmotic stress (Fig. 2D). Fur-
thermore, inhibition of JNK abolished the residual Raptor
S863 phosphorylation in theNlk knockout cells (Fig. 6C).
We reason that the Nlk knockout cells are defective in

mTORC1 inhibition and thus are unable to conserve ener-
gy and metabolites that are needed for proper stress re-
sponse. Accordingly, Nlk knockout cells showed higher
protein synthesis than the control cells in the presence
of sorbitol treatment (Fig. 2E,F). Although Nlk deletion
only results in a short-term defect inmTORC1 regulation
by osmotic stress, the Nlk knockout cells display a long-
term effect, such as elevated p38 and JNK activation as
well as reduced cell growth in response to stress. This sug-
gests that a rapid stress response is critical for proper cel-
lular adaptation.
Mechanistically, NLK inhibits mTORC1 through phos-

phorylating Raptor and disrupting its interaction with the
Rag complex. Our results show that S863 of Raptor is the
major site phosphorylated by NLK, and this phosphory-
lation mediates the NLK inhibition on mTORC1. The
importance of S863 phosphorylation is demonstrated in
the Raptor-S863A knock-in cells (Fig. 6F,G). Raptor-
S863D cells have a mild reduction in Raptor protein and
mTORC1 activity (Fig. 6D). It is worth noting that the
RagA/B knockout cells also have a modest reduction of
mTORC1 activity (Jewell et al. 2015). These observations
indicate strong plasticity/dynamics of cellular mTORC1
regulation. Cells find multiple ways to maintain a proper
mTORC1 regulation.
Raptor S863 has been reported to be a common phos-

phorylation site by multiple kinases (Wang et al. 2009;
Foster et al. 2010; Carriere et al. 2011; Wu et al. 2011;
Kwak et al. 2012), including ERK1/2, JNK, p38β, and
mTOR. Therefore, Raptor S863 phosphorylation can oc-
cur in response to a number of stimuli. However, the func-
tional significance of S863 phosphorylation is less clear.
Expression of the Raptor S863A mutant is reported to
cause a mild decrease of mTORC1 activity, indicating
that phosphorylation of S863 might positively contribute
to mTORC1 activity (Foster et al. 2010; Wu et al. 2011). A
caveat of previous studies is that these functional assays
were performed with ectopic expression of Raptor. It is
worth noting that overexpression of wild-type Raptor in-
hibits mTORC1 activity (Kim et al. 2002), possibly by in-
terfering with themTORC1 complex or blocking the Rag-
dependent recruitment of mTORC1 to lysosomes due to
the excessive free Raptor protein. Therefore, previous
studies performed with the Raptor S863A overexpression
should be interpreted with caution.
We addressed the functional significance of Raptor S863

phosphorylation by creating Raptor S863A and S863D
knock-in cells. The expression level of Ratpor-S863A is in-
distinguishable from that of wild-type Raptor, while the
expression of Raptor-S863D is slightly lower. Our data
clearly show that Raptor-S863A does not reduce basal
mTORC1 activity. Instead, the Raptor S863A knock-in
cells show a delayed mTORC1 inhibition in response to
osmotic stress and oxidative stress. Consistently, the Rap-
tor-S863A cells also show a delay of mTOR dissociation
from lysosomes under hyperosmotic stress. Consistent
with the functional data, our biochemical data show
that Raptor S863 phosphorylation disrupts its interaction
with Rag but not mTOR. Collectively, our study provides
a molecular model explaining how stress inhibits
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mTORC1 via NLK (Fig. 7D). Our study also explains why
the effect of osmotic stress on mTORC1 is dominant over
the positive signals of growth factors or nutrients because
NLK acts directly on Raptor, while both growth factors
and nutrients act upstream of mTORC1. In summary,
this study reveals NLK as a novel stress sensor kinase
that mediates mTORC1 inhibition and therefore address-
es a key missing step in mTORC1 regulation: how
mTORC1 integrates stress signals with growth-stimulat-
ing signals to produce a coordinated cellular response.

Materials and methods

Purification of NLK kinase from mammalian cells

pLVX-GST-NLK-Flag was transiently transfected into HEK293
cells. After 44 h, cells were treated with 0.2 M sorbitol for
15min and lysed in Triton lysis buffer as described above. Cell ly-
sate was sonicated at mild power for 15 sec and cleared by centri-
fugation. NLK kinase was purified by a two-step protocol. First,
cell lysate was incubated with anti-Flag M2 affinity gel (Sigma,
A2220) for 3 h at 4°C. Beads were washed three times for 5 min
with lysis buffer (0.5 M NaCl was added for the last wash). Flag-
tagged protein was eluted with 200 μg/mL 3xFlag peptide (diluted
in lysis buffer) for 60 min at 4°C. For the secondary purifica-
tion, glutathione (GSH)-Sepharose beads (GE, 17-0756-01) were
added to the eluted Flag protein solution and incubatedwith rota-
tion for 1.5 h at 4°C. Beads were then washed three times
with lysis buffer and once with elution buffer (20 mM Tris at pH
8.0, 100mMNaCl). GST-tagged proteinwas eluted by incubation
with elution buffer containing 20mM reduced GSH for 30min at
4°C. Eluted protein was dialyzed in the kinase stocking buffer
(20 mM MOPS-NaOH at pH 7.0, 1 mM EDTA, 0.01% Brij-35,
5% glycerol, 0.1% 2-mercaptoethanol, 1 mg/ml BSA) overnight.

In vitro kinase assay

The in vitro kinase assay for NLK activation or its phosphoryla-
tion on Raptor fragments was described previously (Ishitani
et al. 2009). Briefly, for the NLK activation assay, HEK293 cells
stably expressing HA-tagged NLK were treated as indicated in
the figures. HA-NLK was then immunoprecipitated from cells
and subjected to in vitro kinase assay using GST-LEF1-51-210
as a substrate. Reactions were performed in kinase buffer
(10 mM Hepes at pH 7.4, 1 mM DTT, 5 mM MgCl2, 5 μCi [32P]
ATP) for 2.5 min at room temperature. For the Raptor phosphor-
ylation assay, purifiedNLK kinasewasmixedwith 300 ng of Rap-
tor fragment proteins in kinase buffer supplemented with 50 μM
ATPand incubated for 30min at 30°C. The sampleswere resolved
by SDS-PAGE, and phosphorylated proteins were visualized by
autoradiography.

Cell growth assay

Equal amounts of wild-type or Nlk knockout cells (6 × 105) were
plated in 60-mmdishes. One set of plateswas treatedwith trypsin
after 2 h when cells just attached to plates. Cells were counted,
and the numbers were set for zero point. Cells in other dishes
were incubated in normal medium or medium containing
0.1 M sorbitol, 2 μM SB203580/4 μM SP600125, or both sorbitol
and SB203580/SP600125. Media and supplements were replen-
ished every 24 h. Cells were trypsinized at different time points
and counted by using Countstar IC1000. Experiments were
repeated three times.

Protein synthesis assay

Wild-type orNlk knockout cells werewashed with PBS and incu-
bated in methionine and cysteine-free DMEM with or without
0.1M sorbitol for 5min. 35S-labeled L-methionine and L-cysteine
mix (75 μCi in a 35-mm dish) (PerkinElmer, NEG772014MC) was
then added to the medium, and cells were incubated for an addi-
tional 10min. Cells were quicklywashedwith cold PBS and lysed
with sample buffer. Proteins were resolved by SDS-PAGE, and
new synthesized proteins were detected by autoradiography.
Densitometric analysis of each lane as well as vinculin was per-
formed with Quantity One software (Bio-Rad). Experiments
were repeated three times, and data were shown as the ratio of
the densitometric level with sorbitol treatment to that without
sorbitol treatment after normalization to vinculin.

Generation of RagA and Nlk knockout cells using
CRISPR/Cas9 genome editing

Generation of RagA knockout HEK293A cells was described be-
fore (Jewell et al. 2015), and the protocol was followed for the gen-
eration of Nlk knockout HEK293 cells. The two 20-nucleotide
(nt) guide sequences targeting exon 1 of the human Nlk gene
were sequence 1, 5′-AAAATGATGGCGGCTTACAA-3′ (clones
1–8), and sequence 2, 5′-ACACCATCTTCATCCGGGGT-3′

(clones 2–12). To generate Nlk knockout Neuro-2a cells, the fol-
lowing guide sequence targeting exon 1 of mouse Nlk gene was
used: 5′-AAAATGATGGCGGCTTACAA-3′.
Guide sequences were cloned into a bicistronic expression vec-

tor (pX330) containing human codon-optimized Cas9 and the
RNA components (Hsu et al. 2013). HEK293 cell lines with Nlk
knockout were screened and verified by both Western blot for
whole-cell lysate and Sanger sequencing of genomic DNA (Sup-
plemental Fig. S2).

Generation of HEK293 cell lines bearing a Raptor
S863A or S863D mutation using CRISPR/Cas9 genome
editing

The protocol to generate Raptor mutant cells was similar to the
one for generating Nlk knockout cells except a donor plasmid
containing Raptor genomic sequence bearing the S863A or
S863D mutation was cotransfected with the Cas9 construct.
The 20-nt guide sequences targeting the genomic sequence near
the S863 site of the human Raptor gene (shown below) were
cloned into pX459 vector (5′-TGGCGGGGGCCGACTGCG
TG-3′). The donor plasmids were made in three steps: (1) A
1705-base-pair (bp) genomic sequence from the human Raptor
gene was amplified with the following primers and subcloned
into pRK7 vector (forward, 5′-GTGGGAAAGGATGACCACA
G-3′; reverse, 5′-GAACTGGTGGGAGTGAGGG-3′). (2) We in-
troduced a synonymous mutation of the last “G” in the PAM
(NGG) to “C” to prevent recognition and digestion of the donor
by Cas9. Primers for mutation were forward, 5′-GGA
CACCTCCTCGCTCACGCAGTCG -3′, and reverse, 5′-CGACT
GCGTGAGCGAGGAGGTGTCC-3′. (3) The S863 site was mu-
tated to either alanine (A) or aspartic acid (D). Primers for the
S863A mutation were forward, 5′-GTCGGCCCCCGCCGCC
CCCACCAACAAG-3′, and reverse, 5′-CTTGTTGGTGGGGG
CGGCGGGGGCCGAC-3′. Primers for the S863D mutation
were forward, 5′-GTCGGCCCCCGCCGACCCCACCAACA
AG-3′, and reverse, 5′-CTTGTTGGTGGGGTCGGCGGGGGC
CGAC-3′.
HEK293 cell lines with a Raptor S863A or S863D mutation

were screened and verified by Sanger sequencing of the genomic
DNA (Supplemental Fig. S5C).
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Statistical analysis

Statistical significance of differences between mean values
(P < 0.05) was evaluated using the unpaired Student’s t-test.
All data were expressed as the mean ± standard deviation.
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