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ULK1 (Unc51-like kinase, hATG1) is a Ser/Thr kinase that plays a key role in inducing autophagy in response to starvation.
ULK1 is phosphorylated and negatively regulated by the mammalian target of rapamycin complex 1 (mTORC1). Previous
studies have shown that ULK1 is not only a downstream effector of mMTORC1 but also a negative regulator of mTORCI1
signaling.”? Here, we investigated how ULK1 regulates mTORC1 signaling, and found that ULK1 inhibits the kinase activity
of mTORC1 and cell proliferation. Deficiency or knockdown of ULK1 or its homolog ULK2 enhanced mTORC1 signaling, cell
proliferation rates and accumulation of cell mass, whereas overexpression of ULK1 had the opposite effect. Knockdown
of Atg13, the binding partner of ULK1 and ULK2, mimicked the effects of ULK1 or ULK2 deficiency or knockdown. Both
insulin and leucine stimulated mTORC1 signaling to a greater extent when ULK1 or ULK2 was deficient or knocked down.
In contrast, Atg5 deficiency did not have a significant effect on mTORC1 signaling and cell proliferation. The stimulatory
effect of ULK1 knockdown on mTORC1 signaling occurred even in the absence of tuberous sclerosis complex 2 (TSC2),
the negative regulator of mMTORC1 signaling. In addition, ULK1 was found to bind raptor, induce its phosphorylation, and
inhibit the kinase activity of mTORC1. These results demonstrate that ULK1 negatively regulates the kinase activity of
mTORC1 and cell proliferation in a manner independent of Atg5 and TSC2. The inhibition of mMTORC1 by ULK1 may be

important to coordinately regulate cell growth and autophagy with optimized utilization of cellular energy.

Introduction

Unfavorable growth conditions such as nutrient starvation, cel-
lular stress and limited availability of growth factors induce mac-
roautophagy (hereafter autophagy) in eukaryotic cells. Through
degradation of cellular components, autophagy provides energy
for cell survival or for cellular restructuring during differentia-
tion.*® Autophagy is under the control of the mTORCI1 path-
way that regulates cell growth.”!! In favorable growth conditions,
mTORCI1 stimulates protein synthesis and cell growth and
suppresses autophagy. Under unfavorable growth conditions,
mTORCI is inhibited resulting in suppression of cell growth
and induction of autophagy.®'"" Although the dependence of
autophagy on mTORCI implies intimate crosstalk between
autophagy and cell growth, the exact mechanism and the func-
tional significance of the crosstalk remain unclear. Defining this
mechanism is important for understanding the role of autophagy
in cell growth and cancer, which will lead to the development of
better strategies to prevent or treat cancer.

mTORC1 inhibits autophagy via phosphorylation of
ULKI1.>#%!1¢ ULK1 and its homolog ULK2 are key molecules
involved in the induction of autophagy.>'*'#192 Although the
exact function of ULK in autophagy induction remains unre-
solved, it has been shown that ULK1 participates upstream of
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phosphatidyl-inositol-3-kinase class III (PI3KC3), another key
mediator of autophagy induction, to regulate the formation of the
phagophores, the precursor form of the autophagosome.®1141921
Thus, ULK1 is considered as a key molecule that mediates
mTORCI signaling to the PI3KC3 autophagy machinery. ULK1
interacts with Atgl3, FIP200 and Atgl01 to form a protein com-
plex.3121419:2022.23 (JL K2 also binds to the same proteins to form a
distinct protein complex. Recent studies revealed that mTORCI1
and 5" AMP-activated protein kinase (AMPK) bind and phos-
phorylate ULK1.1¢%%24 mTORC1 and AMPK have opposing
effects on ULK1 activity. AMPK phosphorylation of ULK1 stim-
ulates ULK1 and autophagy induction, whereas mTORCI phos-
phorylation of ULK1 prevents AMPK from binding to ULKI
thus inhibiting autophagy induction.'®

Although ULKI1 is largely known to regulate autophagy
induction, recent studies have shown that ULK1 and its homolog
Atgl in Drosophila melanogaster and Caenorhabditis elegans can
negatively regulate mTORCI signaling.'* ULK1 deficiency or
ULK2 knockdown in mammalian cells and deletion of Atgl gene
in flies were shown to increase the phosphorylation of S6 kinase
(S6K1), the key downstream target of mTORCI."* Consistently,
overexpression of Atgl in Drosophila fat body reduced S6K1
phosphorylation and cell size dramatically.? The regulation of
cell growth by Atgl and other autophagy elements has also been
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shown in C. elegans.”® These results suggest that ULK1/Atgl
negatively regulates mTORCI activity and cell growth through a
mechanism that may be conserved in C. elegans, Drosophila and
mammals.

In this study, we sought to determine the mechanism underly-
ing the regulation of mMTORC1 by ULKI1. We found that either
deficiency or knockdown of ULK1, ULK2 or Atgl3, but not defi-
ciency of Atg5, enhanced mTORCI signaling, cell proliferation
rates and accumulation of cell mass. The stimulatory effect of
ULK1 deficiency on mTORCI signaling occurred independently
of tuberous sclerosis complex 2 (TSC2), an upstream nega-
tive regulator of mTORCI. We found that ULK1 binds raptor,
induces its phosphorylation and inhibits the kinase activity of
mTORCI. These findings suggest that there is a reciprocal rela-
tionship between ULKI and mTORCI. This regulation likely
depends on the direct interaction between ULK1 and mTORCI1
and is independent of Atg5-mediated autophagy. The reciprocal
regulation between mTORCI and ULK1 may be important for
coordinate regulation of cell growth and autophagy in response
to cellular energy and stress condition.

Results

ULK negatively regulates mTORCI. Previous studies have
shown that ULK1, ULK2 and their Drosophila homolog have
negative effects on mTORCI1 signaling in mammalian cells and
fruic flies.”> We confirmed these previous results by showing
that the phosphorylation of S6K1 at Thr389, the site phosphor-
ylated by mTORCI, is highly increased in ULK1”- MEFs and
ULKI-silenced 293T cells relative to ULK1-positive control cells
(Fig. 1A). We also found that knockdown of Atgl3 or ULK2
in 293T cells enhanced the S6K1 phosphorylation (Fig. 1A).
This result suggests that ULK1 and ULK2 negatively regulate
mTORCI signaling and the negative effects may be mediated
through interaction with Atgl3. Consistent with the negative
effect of ULK1 on S6K1 phosphorylation, overexpression of
ULKI in 293T cells reduced S6K1 phosphorylation (Fig. 1B).
The increase in the S6K1 phosphorylation was not observed with
Atg5-deficient MEFs (Fig. 1A). This result suggests that ULK
negatively regulates mTORCI signaling in a manner indepen-
dent of Atg5-mediated autophagy.

To understand further how ULK regulates mTORCI signal-
ing, we analyzed the effects of ULK deficiency or knockdown
on the response of S6K1 phosphorylation to leucine and insu-
lin. Leucine supplementation increased S6K1 phosphorylation
to a greater extent in ULKI” MEFs than ULK1** MEFs (Fig.
1C). S6K1 phosphorylation was reduced after leucine supple-
mentation for 10 min, indicating that the S6K1-mediated nega-
tive feedback loop**** is likely intact in ULK1-deficient MEFs.
Insulin also stimulated S6K1 phosphorylation to a greater extent
in ULK1"- MEFs than ULK1** MEFs (Fig. 1D). The S6K1
phosphorylation in ULK1”- MEFs remained high for 60 min of
insulin stimulation, then decreased to a basal level. On the other
hand, the S6K1 phosphorylation in ULK1** MEFs decreased
to a basal level in less time (Fig. 1D). This result suggests that
ULKI1 is somehow involved in the negative feedback inhibition
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of S6K1 phosphorylation in response to insulin. It is notewor-
thy that the basal level of S6K1 phosphorylation in the absence
of leucine or insulin was higher in ULKIl-deficient MEFs or
ULK2-silenced 293T cells (Fig. 1C—F and Fig. S1), suggesting
that ULK is required for complete inhibition of mMTORCI1 under
starvation conditions. Combined, these results suggest that ULK
suppresses mTORCI signaling not only under starvation but also
under favorable growth conditions such as high levels of amino
acids and insulin.

ULKI1 negatively regulates mTORC1 signaling in a man-
ner independent of Akt and Atg5. We wondered whether the
increase in SG6K1 phosphorylation in ULKI-deficient cells is
due to upregulation of Akt that positively regulates mTORCI.
We found that insulin stimulated the phosphorylation of Akt at
Ser473, which reflects the activation of Akt, to a lesser extent
in ULKI”* MEFs than ULK1"* MEFs (Fig. 1D). Despite the
lower phosphorylation of Akt and the higher phosphorylation of
S6K1, the level of insulin receptor substrate-1 (IRS-1), the pro-
tein targeted by S6K1 for phosphorylation and degradation,?*®
was increased in ULK1”- MEFs compared with ULK1** MEFs
(Fig. S1). Although it is unclear how ULK1 deficiency suppresses
Akt activation and increases the level of IRS-1, the result implies
that ULK1 deficiency induces mTORCI activation in a manner
independent of Akt.

Insulin also stimulated S6K1 phosphorylation to a greater
extent in ULK1-silenced 293T cells than control cells (Fig. 1E).
The S6K1 phosphorylation in response to insulin was sustained
longer in 293T cells than in MEFs. A similar result was obtained
with knockdown of ULK2 in 293T cells (Fig. 1F). Consistent
with the result where ULK1 MEFs were used, insulin-stimulated
Akt phosphorylation at Ser473 was lowered by ULK1 knock-
down in 293T cells (Fig. 1E). By contrast, Atg5 knockout did
not have a significant effect on insulin-stimulated phosphoryla-
tion of S6K1 and Akt (Fig. 1G). Taken together, these results
suggest that the negative effect of ULK on mTORCI signaling is
independent of Akt activity and Atg5-mediated autophagy.

ULK negatively regulates cell proliferation and accumula-
tion of cell mass. Since mTORCI is a key regulator of cell growth
and proliferation,”* we investigated the effects of ULK on these
processes. Knockdown of ULK1 in Hela cells significantly
increased cell proliferation rate by 1.5-2 fold (Fig. 2A). Similarly,
knockdown of Atgl3 or ULK2 in HeLa cells enhanced cell pro-
liferation to a similar extent as knockdown of ULK1 (Fig. 2A).
Knockdown of ULK1 in 293T cells also significantly increased
cell proliferation rate by 1.3 fold (Fig. 2B). We also observed a
2-fold increase in cell proliferation rate for ULK1”- MEFs com-
pared with ULK1** MEFs (Fig. 2C). Consistent with the nega-
tive effect of ULK1 on cell proliferation, overexpression of ULK1
in 293T cells dramatically reduced cell proliferation rate (Fig.
2D). By contrast, we could not detect a significant difference in
cell proliferation rates between Atg5” and Atg5*'* MEFs (Fig.
2E). Combined, these results suggest that ULK1, ULK2 and
their associated protein Atgl3 negatively regulate cell prolifera-
tion in a manner independent of Atg5-mediated autophagy.

The increase in cell proliferation rate was accompanied by a
dramatic decrease in cell size. All three cell types used (HeLa,
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Figure 1. ULK1, ULK2 and Atg13, but not Atg5, negatively regulate mTORC1 signaling. (A) Knockdown of ULK1, ULK2 and Atg13, but not Atg5, increased
mTORC1 signaling. 293T cells were transduced by Atg13, ULK1, ULK2 or scrambled shRNA (control). The phosphorylation of S6K1 (p-Thr389) and the
expression levels of proteins were analyzed by protein gel blotting. B-actin was a loading control. (B) Overexpression of ULK1 inhibited S6K1 phosphor-
ylation. Cell lysate was obtained from 293T cells overexpressing myc-tagged ULK1 or cells transduced by mock vector. The phosphorylation state of
endogenous S6K1 (p-Thr389) was analyzed by protein gel blotting. (C) ULK1 deficiency increased leucine-stimulated S6K1 phosphorylation. ULK1 MEFs
were cultured in RPMI medium deprived of leucine for 40 min before cells were supplemented with leucine (52 pwg/ml) for different periods of time.
The phosphorylation state (p-Thr389) and expression level of S6K1 were analyzed by protein gel blotting. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was a loading control. (D) ULK1 deficiency increased insulin-stimulated S6K1 phosphorylation. ULK1 MEFs were incubated in DMEM without
serum overnight and treated with insulin (10 nM) for different periods of incubation time. The phosphorylation states of S6K1 (p-Thr389) and Akt (p-
Ser473) and their expression levels were analyzed by protein gel blotting. B-actin was monitored as a loading control. (E) ULK1 knockdown increasesd
S6K1 phosphorylation in 293T cells. 293T cells transduced by ULK1 shRNA or scrambled shRNA (control) were treated with insulin (100 nM) as described
in (D). The phosphorylation states and expression levels of proteins were analyzed by protein gel blotting. (F) ULK2 knockdown increased S6K1 phos-
phorylation in 293T cells. The cells transduced by ULK2 shRNA or scrambled shRNA (control) were treated with insulin, and the phosphorylation state of
S6K1 was analyzed as described (D). (G) Atg5 deficiency did not increase S6K1 phosphorylation. Atg5 MEFs were treated with insulin as described in (D).
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Figure 2. ULK1, ULK2 and Atg13, but not Atg5, negatively regulate cell proliferation and cell mass accumulation. (A) Knockdown of ULK1, ULK2 or
Atg13in Hela cells increased cell proliferation rate. HeLa cells were stably transduced by shRNA for ULK1, ULK2, Atg13 or scrambled sequence (control)
using lentiviral vectors. Cell number was counted on day 1, 2 and 3 (see Materials and Methods for details). Values are means + std. *p < 0.01 between
control cells and each of the shRNA transduced cells. (B) Knockdown of ULK1 in 293T cells increased cell proliferation rate. (C) ULK1 deficiency in MEFs
enhanced cell proliferation. (D) ULK1 overexpression in 293T cells reduced cell proliferation rate. 293T cells were transduced by either plasmid encod-
ing myc-tagged ULK1 or empty vetor. (E) Atg5 deficiency in MEFs did not have a significant effect on cell proliferation. (F) Knockdown of ULK1 or Atg13
in HelLa cells reduced cell size. shRNA-transduced Hela cells were analyzed for their cell sizes (see Materials and Methods for details). Average diam-
eters of cells were 16.23 + 0.11, 15.02 + 0.07 and 14.99 + 0.04 um for scrambled, ULK1- and Atg13-shRNA transduced cells, respectively. (G) Knockdown
of ULK1, ULK2 and Atg13 in 293T cells reduced cell size. Average diameters of cells were 14.72 + 0.08, 14.35 + 0.11, 14.25 + 0.09 and 14.10 £ 0.13 um for
scrambled, ULKT, Atg13 and ULK2 shRNA transduced cells, respectively. (H) ULK1 deficiency in MEFs reduced cell size. Average diameters of cells were
17.42 £ 0.14 and 17.17 £ 0.09 pm for ULK1** and ULK1”- MEFs, respectively. (I) Atg5 deficiency in MEFs increased cell size slightly. Average diameters of
cells were 17.55 £ 0.12 and 17.86 + 0.10 um for Atg5** and Atg5” MEFs, respectively. (J) Knockdown of ULK1, ULK2 or Atg13 in HeLa cells increased total
cell mass. Total cell mass was calculated using cell number and cell volume on day 3. Values of mean + std for total cell mass were converted to percent
values relative to the mass of cells from the control group. *p < 0.05 between control cells and each of shRNA-transduced cells. (K) Knockdown of ULK1
in 293T cells increased total cell mass. Data were analyzed as described in (J). (L) ULK1 deficiency in MEFs increased total cell mass. (M) Atg5 deficiency
in MEFs marginally increased total cell mass.

293T and MEFs) showed reduction in cell size when ULKI,
ULK2 or Atgl3 was knocked down (Fig. 2F-H). This result is
consistent with the previous report that Unc-51 knockout in C.
elegans reduced cell size in the worm.* Despite the reduction in
cell size by ULK1, ULK2 or Atgl3 deficiency or knockdown, total
cell mass was greatly increased due to the increase in cell number
(Fig. 2J-L). Knockdown or deficiency of ULK1, ULK2 or Atgl3
increased the total mass of cells by 20-45%. By contrast, Atg5
deficiency in MEFs did not have a significant effect on cell size
and total cell mass (Fig. 2I and M). These results are consistent
with the role of the ULK1/2-Atg13 complex in the negative regu-
lation of mTORCI signaling and accumulation of cell mass.
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ULK1 regulates mTORCI1 signaling independently of
TSC2. To understand the mechanism by which ULK1 negatively
regulates mMTORCI signaling and cell proliferation, we inquired
whether tuberous sclerosis complex 2 (TSC2) is involved. TSC2
is a substrate of Akt and a negative regulator of mTORC1.%'
If ULKI inhibits mTORCI via TSC2, the negative effects of
ULK1 on mTORCI signaling would not be seen with TSC2-null
cells. However, it was not the case because knockdown of ULK1
in TSC2" MEFs could still enhance S6K1 phosphorylation (Fig.
3). The increase of S6K1 phosphorylation by ULK1 knock-
down was observed for both insulin-stimulated and unstimu-
lated conditions in TSC2-null MEFs. Akt phosphorylation at
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Ser473 was greatly reduced in TSC2-deficient MEFs as we would
expect if the S6K1-mediated negative feedback loop is intact.?**
Combined, these results suggest that the negative effect of ULK1
on mTORCI signaling is independent of TSC2.

ULK1 and ULK2 bind to raptor. Knowing that ULK1 affects
mTORCI signaling independently of Akt and TSC2, we sought
to determine if ULKI can directly affect mTORCI. A previous
study has shown that ULKI interacts with mTORCI in a nutri-
ent-dependent manner.”¥ Using recombinant proteins, we con-
firmed that raptor interacts with ULK1, ULK2 and Atgl3 (Fig.
4A and B). We confirmed the interaction at endogenous levels
by detecting endogenous ULK1 in raptor immunoprecipitate but
not in rictor immunoprecipitate or immune complex obtained
using pre-immune serum (Fig. 4C and D). Here, rictor was used
as a negative control as it forms mTORC2, an mTOR complex
distinct from mTORCI. We were also able to detect endogenous
raptor in ULKI immunoprecipitate (Fig. S2).

To better define the interaction between ULK1 and mTORCI,
we investigated whether Atgl3 is necessary for the interaction.
Atgl3 knockdown did not affect the interaction between raptor
and ULKI1 in 293T cells (Fig. 4E). On the other hand, ULK1
knockdown almost completely suppressed the binding of Atgl3
to raptor (Fig. 4E). Although we could not exclude the involve-
ment of other components in the interaction, this result suggests
that the ULK1-raptor interaction does not require Atgl3 and that
ULKT1 is likely a direct binder of raptor. This result is consistent
with the previous report in reference 14. Atgl3 knockdown did
not reduce the expression level of ULK1 in this experiment, indi-
cating that Atgl3 might not always be required for the stability of
ULK1.>1312 Hosokawa et al.' has determined that raptor binds
to the Pro/Ser-rich (PS) domain in the middle region of ULKI.
We determined that ULK2 also utilizes its PS domain to bind
raptor (Fig. $3). Through a delimitation experiment, we deter-
mined that raptor requires its full size for the interaction with
ULKI (Fig. 4F). This is similar to what was observed for raptor
interaction with mTOR and PRAS40.%4%

ULKI1 regulates the mTOR-raptor interaction in response
to insulin. Knowing that ULK1 binds to raptor, we wondered
whether ULK1 could affect the integrity of mTORCI and
thereby inhibit mMTORCI activity. Previously, it was shown that
leucine or insulin in cell culture medium, relative to their depri-
vation, sensitizes the mTOR-raptor interaction to disruption by
the zwitterionic detergent CHAPS in lysis buffer.’** Although
the molecular basis for this sensitization is unknown, the con-
formational state of mMTORCI destabilized by the detergent cor-
related with a higher kinase activity of mTORC1.>*%> As shown
previously in reference 35, insulin reduced the affinity of the
mTOR-raptor interaction in the CHAPS-containing lysis buffer
(Fig. 5A). The reduction was greater when ULK1 was deficient
in MEFs and correlated with increases of S6K1 phosphorylation
(Fig. 5A). The most drastic change in the interaction occurred
when cells were incubated with insulin for 10 min. A similar
result was obtained with ULK2 knockdown in 293T cells (Fig.
5B). Because ULK1 and ULK2 likely have redundant functions,
we inquired whether knockdown or deficiency of both ULK1 and
ULK2 might accentuate the difference. We found that ULK2
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Figure 3. ULK1 inhibits mTORC1 signaling independently of TSC2.
TSC2*+ and TSC27- MEFs were stably transduced by ULKT1 or scram-

bed shRNA using lentiviral vectors. The shRNA-transduced cells were
cultured in the absence of serum overnight and treated with insulin (10
nM) for 30 min. The phosphorylation states and the expression levels of
S6K1 and Akt were analyzed by protein gel blotting.

knockdown in ULKI-null MEFs further reduced the affinity of
the raptor-mTOR interaction (Fig. S$4). In particular, the affinity
of interaction was not recovered at the incubation with insulin for
120 min, while control cells showed recovery of the interaction.
This result supports the involvement of both ULK1 and ULK2
in the regulation of mMTORCI integrity in response to insulin.

A previous study showed that amino acids regulate the inter-
action between mTORC1 and ULKI1." We wondered whether
insulin also regulates the mTORCI1-ULK]I interaction. Insulin
did not have a significant effect on the interaction between rap-
tor and ULKI (Fig. S5). Although we could not exclude a pos-
sibility that our assay condition might not be sensitive enough to
monitor a significant change in the affinity of the raptor-ULK1
interaction, we favor an interpretation that insulin-mediated
regulation of the mTORCI integrity does not seem to be due
to a change in the affinity of the mTORCI-ULKI interaction
(Fig. S5). The regulation is also not likely due to a change in
ULKT1 kinase activity because insulin did not show a significant
effect on the kinase activity of ULK1 (Fig. S5). Combined, these
results suggest that ULK], in response to insulin, induces a con-
formational state of mMTORCI to be more resistant to CHAPS in
vitro and less catalytically active.

ULK]1 induces raptor phosphorylation. Knowing that ULK1
binds to raptor and affects the interaction between mTOR and
raptor in response to insulin, we inquired whether ULK1 would
phosphorylate mTORCI. Insulin treatment to ULK1** MEFs
induced an upward shift of raptor on SDS-PAGE (Fig. 5A). The
shift was not dramatic but clear enough to be detectable with
insulin stimulation, especially for 30 min (Fig. 5A). The shift
was largely suppressed in the absence of ULKI. The dependence
of the mobility shift on ULK1 became clearer when comparison
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Figure 4. ULK1 and ULK2 bind to raptor. (A) ULK1, ULK2 and Atg13 bind to raptor. Myc-tagged con-
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the amount of HA-raptor isolated by immunoprecipitation using anti-myc antibody was analyzed
by protein gel blotting. HA-tagged S6K1 was used as a negative control. (B) HA-tagged ULK1 was
co-immunoprecipitated with myc-tagged raptor from 293T cells. Myc-tagged tubulin and S6K1
were used as negative controls. (C) Confirmation of the ULK1-raptor interaction at endogenous
levels. Raptor and rictor immunoprecipitates were obtained from 293T cells using anti-raptor and
anti-rictor antibodies, respectively. The amount of ULK1 in the immune complex was assayed by
protein gel blotting. The asterisk symbol (*) indicates a nonspecific band near 150 kDa. (D) Confir-
mation of the raptor-ULK1 interaction at endogenous levels in 293T cells. Pre-immune serum was
used as a negative control. (E) Atg13 is not required for the interaction between raptor and ULKT.
293T cells transduced by shRNA were subjected to raptor immunoprecipitation. The amounts

of ULK1, Atg13 and raptor in raptor immunoprecipitates were analyzed by protein gel blotting.

(F) Raptor requires its full length for binding to ULK1. The full length (aas 1-1,335) or fragments
derived from raptor were expressed as HA-tagged versions in 293T cells together with myc-tagged
ULKT. The amount of myc-ULK1 in HA immunoprecipitates was analyzed by protein gel blotting.

due to nonphosphorylational modifica-
tions, we favor our interpretation that the
mobility shift is due to phosphorylation
given the reproducible change of raptor
electrophoretic mobility depending on
ULKI (Fig. 5A-D), and ULK1 kinase
activity is responsible for raptor phos-
phorylation (Fig. 5E). Combined, these
results suggest that ULK1 induces raptor
phosphorylation.

ULK1 inhibits mTORC1 kinase
activity. Knowing that ULK1 binds rap-
tor and promotes raptor phosphoryla-
tion, we considered the possibility that
ULK1 might inhibit the kinase activity of
mTORCI. We isolated mTOR using anti-
mTOR antibody from ULK1 MEFs and
analyzed the kinase activity of mTOR
toward phosphorylation of S6K1 and
4E-BP1, two well-known substrates of
mTORCI. We found that mTOR from
ULKI" MEFs showed about 1.6-2.2-fold
higher kinase activity toward phosphory-
lation of S6K1 and 4EBP1 compared with
mTOR from ULK1** MEFs (Fig. 6A and
B). To confirm that ULKI specifically
inhibits mTORCI, we performed the in
vitro kinase assay by isolating mTORCI1
using anti-raptor antibody. As expected,
the kinase activity was higher with
mTORCI isolated from ULK1”~ MEFs
compared with that from ULK1** MEFs
(Fig. 6C). We obtained a similar result by
using mTORCI1 isolated from 293T cells
(Fig. 6D). On the other hand, the kinase
activity of mTORC2 isolated by immu-
noprecipitation using anti-rictor antibody
was not altered by ULK1 deficiency (Fig.
GE). This result suggests that the reduc-
tion in Akt phosphorylation by ULKI1
deficiency is unlikely to be due to inhibi-
tion of mTORC2.

Although we could not exclude the
possibility that ULK1 inhibits mTORCI1

was made between raptor from ULK1-silenced or deficient cells
and control cells that were stimulated with insulin for 30 min
(Fig. 5C and D). The mobility shift of raptor was also dependent
upon ULK2 in 293T cells (Fig. 5B).

To determine whether the mobility shift is due to phosphor-
ylation, we coexpressed raptor with ULK1 wild-type or kinase
dead mutant (M92A) in 293T cells. Supporting the role of ULK1
in raptor phosphorylation, ULK1 wild type, relative to ULKI
kinase dead mutant (M92A), induced a dramatic upward shift
of raptor (Fig. 5E). The mobility shift was suppressed when rap-
tor was treated with lambda phosphatase (Fig. 5E). Although
we could not exclude the possibility that the mobility shift is
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through an unknown intermediate molecule, these results are in
favor of our hypothesis that ULK1 negatively regulates the kinase
activity of mTORC1 and the negative regulation is mediated
through ULK1 binding to raptor and phosphorylation of raptor.

Discussion

In this study, we demonstrated that ULKI1 binds raptor,
induces raptor phosphorylation and inhibits the kinase activity
of mTORCI. Although ULK1 is mainly understood to trigger
autophagy under starvation conditions, we found that ULK1
has a function to negatively regulate mTORCI. The negative
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phosphorylation sites in rap-
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whether raptor phosphorylation Figure 5. ULK1 regulates the mTOR-raptor interaction in response to insulin and induces raptor phosphory-
is necessary for the inhibition of | lation. (A) ULK1 deficiency destabilized the mTOR-raptor interaction in vitro in response to insulin, and the
mTORCI kinase activity. More destabilization correlated with higher levels of S6K1 phosphorylation. ULK1 MEFs were treated with insulin
as described in Figure 1D. mTOR immunoprecipitate was obtained using anti-mTOR antibody in cell lysis
buffer containing 0.3% CHAPS, and the amount of raptor was analyzed by protein gel blotting. (B) ULK2
knockdown in 293T cells destabilized the mTOR-raptor interaction in response to insulin. shRNA-transduced
phosphorylation  sites. AMPK, 293T cells were treated with insulin as described in Figure 1D. The amount of raptor in mTOR immunopre-
mTOR, RSK, Erk and Cdc2 have cipitate was analyzed by co-immunoprecipitation and protein gel blotting. (C) ULK1 knockdown suppressed
been shown to phosphorylate the mobility shift of raptor on SDS-PAGE. Raptor from shRNA-transduced 293T cells, which were treated with
insulin for 30 min, was analyzed on SDS-PAGE. (D) ULK1 deficiency suppressed the mobility shift of raptor.
Raptor from ULK1 MEFs treated with insulin for 30 min was analyzed. (E) ULK1 induces phosphorylation of
raptor. HA-tagged raptor was expressed with myc-tagged ULK1 wild-type (wt) or M92A kinase dead mutant

than 20 serine and threonine
residues in raptor are known as

raptor.’*** Recently, Dunlop et
al. reported that ULK1 promotes

raptor phosphorylation at multi- (kd) in 293T cells. HA-raptor and myc-ULK1 were isolated by immunoprecipitation using anti-myc antibody.
ple sites and inhibits the binding Migration patterns of raptor and ULK1 on SDS-PAGE were analyzed by protein gel blotting after the myc
of raptor to mTORC1 substrates immunoprecipitate was treated with or without lambda phosphatase.

such as S6K1 and 4EBP1.#" This
study is in line with our finding. However, both studies failed
to determine whether ULK1 directly phosphorylates raptor and
whether ULK1 inhibition of mTORCI depends on raptor phos-
phorylation. Further characterization of raptor phosphorylation
is required to determine the exact function of ULKI in the nega-
tive regulation of mMTORCI.

Consistent with the inhibition of mMTORCI by ULK1, we found
that ULK1 has a negative effect on cell proliferation and accumu-
lation of cell mass. The negative regulation of cell proliferation by

ULK1 may be attributed to its inhibition of mTORCI, although
we could not rule out a mechanism independent of mMTORCI. We
found that ULK deficiency or knockdown reduces cell size (Fig.
2). The reduction in cell size by ULK knockdown or deficiency
is consistent with a recent report that a mutational inactivation of
Unc-51 in C. elegans reduced cell size.” It is possible that ULK1
knockdown may facilitate cell cycle progression by shortening the
G, phase, a period of rapid cell growth. Like ULK1 knockdown,
Atgl3 or ULK2 knockdown also reduced cell size and increased
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Figure 6. ULK1 inhibits the kinase activity of mTORC1. (A) ULK1 has a negative effect on the kinase activity of mTORC1. mTOR was isolated from ULK1
MEFs. The kinase activity of mTOR was analyzed using S6K1 as substrate. The phosphorylation state of S6K1 at Thr389 was analyzed by protein gel blot-
ting. The level of phosphorylation was quantitatively analyzed in the bar graph on the right-hand side. Values are means + std from three independent
experiments. *p < 0.05. (B) The inhibitory effect of ULK1 on mTORC1 kinase activity was assessed in vitro using 4E-BP1 as substrate. The bar graph
represents quantitative assessment of the phosphorylation state of 4E-BP1 at Thr37/46. Values are mean + std from two independent experiments.

*p < 0.05. The mobility shift of raptor was unclear because we used a high perent of acrylamide in SDS-PAGE to analyze 4E-BP1. (C) Raptor immunopre-
cipitate isolated from ULK1 MEFs was analyzed for the kinase activity toward phosphorylation of 4E-BP1. (D) Raptor immunoprecipitate isolated from
scrambled (sc) or ULKT shRNA-transduced 293T cells was analyzed for the kinase activity toward phosphorylation of 4E-BP1. (E) Rictor immunopre-
cipitate isolated from ULK1 MEFs was analyzed for the kinase activity toward phosphorylation of Akt at Ser473. (F) Model for the reciprocal regulation

cell proliferation (Fig. 2). Whether the effects of ULK/Atg13 on
cell size and cell proliferation do or do not depend on mTORCI
requires further investigation.

According to our model, the inhibitory effect of ULKI on
mTORCI might only occur when ULK1 is associated with
mTORCI. If this were to be the case, a question might arise with
respect to the effect of insulin on the mTORC1-ULK1 interaction.
Insulin only marginally suppressed the affinity of the mTORCI-
ULKI interaction (Fig. S5). Furthermore, insulin did not have
a significant effect on the kinase activity of ULK1 (Fig. S5).
This result is consistent with our observation that ULK1 inhibits
mTORCI not only under starvation conditions but also under
insulin stimulation conditions. Although we see a reduction in
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the affinity of the mTOR-raptor interaction under insulin stimu-
lation conditions in a manner dependent upon ULK1 (Fig. 5),
this might not reflect the dissociation of the proteins, but instead,
a conformational state of mTORCI that is more active than the
state resistant to the detergent CHAPS. This conformational state
might be similar to the state seen under high nutrient conditions
that is less resistant to destabilization by the detergent in vitro.»

Given the negative effect of ULK1 on mTORCI, it is tempt-
ing to speculate that ULKI might be dysregulated in cancer and
other human diseases, such as hamartoma syndrome, associated
with hyperactive mTORCI. The ULK1/2-Atgl3 complex could
be an important target to treat or prevent the disease states. It may
be possible to inhibit mTORCI signaling either by increasing the
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expression level of ULK or by promoting the raptor-ULK interac-
tion. Furthur studies are needed to reveal the mechanism under-
lying the regulation of mMTORCI1 by ULK and the importance of
the regulation for human diseases.

Materials and Methods

Chemicals and antibodies. Primary antibodies were from the fol-
lowing sources: Anti-ULK1 (Santa Cruz Biotech, sc-10900 and
sc-33182); anti-mTOR (Santa Cruz Biotech, sc-1549 for human
protein; Cell Signaling Technologies, 9272 for mouse protein);
anti-TSC2 (Santa Cruz Biotech, sc-893); anti-GAPDH (Santa
Cruz Biotech, sc-25778); anti-ULK2 (Abcam, ab56736); anti-
S6K1 (Cell Signaling Technologies, 9202), anti-phospho-S6K1
(Cell Signaling Technologies, 9205); anti-Akt (Cell Signaling
Technologies, 9272); anti-phospho-Akt (Cell ~ Signaling
Technologies, 9271); anti-phospho-4E-BP1 (Cell Signaling
Technologies, 9459); anti-4E-BP1 (Cell Signaling Technologies,
9452); anti-HA (Covance, MMS-101R-1000); anti-Myc (EMD
Biosciences, OP10-200UG). Secondary antibodies were from
Santa Cruz Biotechnologies. Anti-Atgl3, anti-raptor and anti-ric-
tor antibodies are described in our previous reports in reference 3,
34 and 42. Anti-ULK1 anibody for ULK1 immunoprecipitation
is described in our previous report in reference 3. Rapamycin was
from EMD Biosciences (553210-1MG). Bovine insulin was from
Sigma (16634).

Cell culture and transfection. HEK293T and HeLa cells
and MEFs were cultured in DMEM (Invitrogen, 11995-065)
supplemented with 10% fetal bovine serum, penicillin and strep-
tomycin at 37°C in 5% CO,. For transient expression, cells were
transfected with recombinant DNA or shRNA constructs using
FuGENE™ 6 (Roche, 11988387001) following the manufac-
turer’s protocol. Cells were harvested 2 d post-transfection for
co-immunoprecipitation assay.

Co-immunoprecipitation and protein gel blotting. For
co-immunprecpititation studies, whole-cell extracts were pre-
pared in buffer containing 40 mM Hepes, pH 7.4, 120 mM
NaCl, 1 mM EDTA, 50 mM NaF, 1.5 mM Na3VO4, 10 mM
B-glycerophosphate and 0.3% CHAPS supplemented by
EDTA-free protease inhibitor cocktail (Roche, 05056489001).
Immunoprecipitated proteins were washed four times using lysis
buffer, loaded onto 8% Tris-glycine gels (Invitrogen, EC60185),
transferred onto immunoblot polyvinylidene difluoride (PVDF)
membranes (Bio-Rad, 1620177) and detected with chemilumi-
nescence reagents (Perkin-Elmer, NEL105001).

Lentiviral preparation, viral infection and stable cell line
generation. Lentiviral vector pLKO.1 encoding shRNA that tar-
gets ULK1, ULK2 or Atgl3 or shRNA of a scrambled sequence
was introduced into HEK293T with lentiviral packaging vectors
pHR’8.2AR and pCMV-VSV-G using FuGENE 6. Viruses were
collected 60 h after transfection and target cells were infected
with the collected viruses in the presence of polybrene. Stably
transduced cells were selected under puromycin. The target
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sequences for ULK1 and Atgl3 shRNAs and the scrambled
shRNA sequence are described in our previous report in refer-
ence 3. The target sequence for mouse ULK2 shRNA is CCA
AAG ACT CTG CGA GTA ATA. Knockdown of ULK2 was
confirmed by RT-PCR.

In vitro kinase assay. mTOR immunoprecipitate was obtained
from MEFs using anti-mTOR, raptor or rictor antibody. As sub-
strates, recombinant S6K1 was purified from rapamycin-treated
293T cells expressing GST-S6K1. 4E-BP1 was obtained from
Stratagene (206160). Inactive Aktl was obtained from Millipore
(14-279). The kinase reaction for mTORCI1 was performed in a
buffer containing 25 mM HEPES, pH 7.4, 50 mM KCIl, 10 mM
MgCl2, 500 wM ATP and 500 ng of S6K1 or 4EBP1 for the indi-
cated periods of time at 30°C. The kinase reaction for mTORC2
was performed in a buffer containing 25 mM HEPES, pH 7.5,
100 mM potassium acetate, ] mM MgClZ, 500 WM ATP and 250
ng of Aktl. All the kinase reactions were stopped by adding SDS-
sample loading buffer. The phosphorylation of S6K1, 4E-BP1
and Aktl was analyzed by protein gel blotting using antibodies
specific to p-Thr389, p-Thr37/46 and p-Serd73, respectively. For
ULKT1 kinase assay, we obtained ULK1 immunoprecipitate from
293T cells and followed the protocol described in our previous
report in reference 3.

Cell size measurement. Cells infected with lentiviruses were
split onto 6 well plates at 30% confluence and next day cells were
trypsinized and harvested with DMEM. After dilution 10 times
with Isoton II diluent (Beckman Coulter Inc., BCC-8546719-
20L), cells were loaded on Z2 coulter cell size analyzer (Beckman
Coulter Inc.).

Cell proliferation assay. Cells infected with lentivirus were
grown in DMEM and analyzed for cell number on day 1, 2 and
3. At the cell counting, cell density was below 30% in confluence.
For each day cells were trypsinized and harvested with DMEM.
Cells were diluted 10 times with Isoton II diluent and loaded on
Z2 coulter. Three independent measurements were quantitatively
analyzed (mean + std). p values were obtained from Student t-test
using Kaleida Graph software (Synergy Software).
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