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SUMMARY

In response to stress, cancer cells generate nutrients and energy through a cellular recycling process

called autophagy, which can promote survival and tumor progression. Accordingly, autophagy inhibi-

tion has emerged as a potential cancer treatment strategy. Inhibitors targeting ULK1, an essential and

early autophagy regulator, have provided proof of concept for targeting this kinase to inhibit auto-

phagy; however, these are limited individually in their potency, selectivity, or cellular activity. In

this study, we report two small molecule ULK1 inhibitors, ULK-100 and ULK-101, and establish supe-

rior potency and selectivity over a noteworthy published inhibitor. Moreover, we show that ULK-101

suppresses autophagy induction and autophagic flux in response to different stimuli. Finally, we use

ULK-101 to demonstrate that ULK1 inhibition sensitizes KRAS mutant lung cancer cells to nutrient

stress. ULK-101 represents a powerful molecular tool to study the role of autophagy in cancer cells

and to evaluate the therapeutic potential of autophagy inhibition.
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INTRODUCTION

Macroautophagy (hereafter autophagy) is an intracellular recycling pathway that generates biochemical

building blocks through cytoplasmic breakdown (Klionsky, 2007). This process begins with nucleation of

cup-shaped structures (phagophores) that grow into double-membrane autophagosomes as they

sequester portions of cytosol. Fusion with lysosomes provides degradative enzymes to catabolize cargo

into amino acids, lipids, and carbohydrates, which are then available for the cell to reuse. As an energy-effi-

cient alternative to de novo synthesis, autophagy can promote cell survival during times of stress (Rabino-

witz andWhite, 2010). For this reason, this process can contribute to the progression of certain cancers (e.g.,

by enabling survival in a nutrient-depleted tumor microenvironment) and also to therapeutic resistance.

Autophagy appears to be particularly important in the survival and growth of KRAS-driven tumors, as evi-

denced in part by data from genetic mouse models (Eng et al., 2016; Guo et al., 2013, 2016; Karsli-Uzunbas

et al., 2014; Rao et al., 2014). Autophagy inhibition is now being explored as a means to improve efficacy of

existing cancer treatments, as well as a therapeutic strategy of its own (Chude and Amaravadi, 2017).

Autophagy induction is controlled primarily by the serine/threonine kinase, ULK1 (unc-51 like autophagy

initiating kinase 1), a mammalian ortholog of yeast ATG1. ULK1 is part of a complex with binding partners

ATG13 (autophagy related 13), RB1CC1 (RB1 inducible coiled-coil; also known as FIP200), and ATG101

(autophagy related 101) (Ganley et al., 2009; Mercer et al., 2009). Through this complex, ULK1 integrates

upstream signals from both the mechanistic target of rapamycin complex 1 (mTORC1) nutrient-sensing

and the AMP-activated protein kinase (AMPK) energy-sensing pathways to induce the production of early

autophagic membranes (Ganley et al., 2009; Hosokawa et al., 2009; Jung et al., 2009; Kim et al., 2011).

ULK1’s essential role in autophagy has been shown in animals and mammalian cell culture systems where

ULK1 depletion impairs autophagy (Chan et al., 2007; Cheong et al., 2011; Lee and Tournier, 2011).

Although a second mammalian ATG1 ortholog, ULK2, also promotes autophagy (Lee and Tournier,

2011), loss of ULK1 alone is sufficient to abrogate autophagy inmany cell types, underscoring its particularly

important role (Chan et al., 2007; Zachari and Ganley, 2017).

ULK1 is now considered a promising target for autophagy inhibition because of its central role in pathway

activation, druggable nature, and apparent selectivity for autophagy over other cellular functions. Accord-

ingly, several small molecule inhibitors of ULK1 have recently been reported (Egan et al., 2015; Lazarus
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Figure 1. ULK-100 and ULK-101 Potently Inhibit ULK1 In Vitro and in Cells

(A) The chemical structures of ULK-100 and ULK-101 are shown with the shared scaffold shaded.

(B) ULK1 activity was measured in the presence of ULK-100 (blue), ULK-101 (red), or SBI-0206965 (green) at half-log dilutions from top concentrations of

10 mM. All concentrations were tested in 8 replicates with the exception of the two highest and lowest concentrations, which were performed in 4 replicates.

Data are represented as mean activity normalized to control (0 mM inhibitor) G SD. Solid lines represent IC50 curves fit by non-linear regression.

(C and D) 293FT lysates expressing HA-hULK1, Myc-mULK1 (wild-type or M92A), V5-Beclin 1, and/or EGFP-ATG14 were treated for 1 hr with full growth (F) or

nutrient starvation (S) media and (C) probed by immunoblotting with the indicated antibodies. In (D), membranes were imaged by Odyssey (total and pS15

detected from same Beclin 1 band). S14 is the murine (mULK1) residue number corresponding to human (hULK1) S15.

(E–G) 293FT cells expressing HA-ULK1, V5-Beclin 1, and EGFP-ATG14 were treated with the indicated concentrations of SBI-0206965 (E), ULK-100 (F), or ULK-

101 (G) for 1 hr. Lysates were probed with the indicated antibodies and imaged using an Odyssey imager. Representative blots from 3 biological replicates

per inhibitor are shown.

(H) Relative pS15-BECLIN 1 was quantified as the pS15-Beclin 1 signal divided by total Beclin 1 signal, each normalized to the vehicle (0 mM inhibitor).

Symbols represent means from 3 biological replicates G SEM. EC50 curves (solid lines) were generated by non-linear regression using variable slopes.
et al., 2015; Lazarus and Shokat, 2015; Petherick et al., 2015; Wood et al., 2017). These compounds have

provided insight into ULK1’s structure and validated ULK1 inhibition as an effective means for suppressing

autophagy, while also providing proof of concept for small molecule targeting of this enzyme. That being

said, existing ULK1 inhibitors are limited individually in their potency, selectivity, or evidence of cellular

activity.

Here, we describe two small molecule inhibitors, ULK-100 and ULK-101, which show strong activity toward

ULK1 both in vitro and in cells. We establish improved potency and selectivity of ULK-101 compared with

the published ULK1 inhibitor, SBI-0206965. Moreover, we demonstrate that ULK-101 blocks autophagy

induction and suppresses autophagic flux both constitutively and in response to starvation and mTOR

inhibition. Last, we discover that ULK-101 sensitizes KRAS-driven lung cancer cells to nutrient restriction.

Taken together, ULK-101 is a valuable molecular tool to interrogate the cellular function of ULK1 and auto-

phagy and to evaluate the therapeutic potential of autophagy inhibition at the level of the ULK1 complex

and autophagy initiation.

RESULTS

Small Molecules Potently Inhibit ULK1 In Vitro and in Cells

To identify small molecule ULK1 inhibitors, we searched existing pharmaceutical data for compounds that

showed activity against ULK1 in selectivity screening. This process led us to two closely related molecules,

ULK-100 and ULK-101, which share a common scaffold and differ in the two flanking R-groups (Figure 1A).

We confirmed that both inhibit ULK1 directly in vitro with an IC50 of 1.6 nM (95% confidence interval [CI]:

1.5–1.8 nM) for ULK-100 and 8.3 nM (95% CI: 7.2–9.6 nM) for ULK-101 (Figure 1B; Table 1). For comparison,

we determined the IC50 of a recently reported ULK1 inhibitor, SBI-0206965 (Egan et al., 2015), to be 38 nM

(95% CI: 34–42 nM) (Figure 1B; Table 1).

ULK1 promotes autophagy through phosphorylation of a protein complex that includes the lipid kinase, PIK3C3

(phosphatidylinositol 3-kinase catalytic subunit type 3), and its binding partners, ATG14 (autophagy related 14)

and Beclin 1. Specifically, when Beclin 1 is phosphorylated at Ser15 by ULK1, it increases the activity of PIK3C3

to produce phosphoinositide-3-phosphate (PtdIns3P), a phospholipid required for the nucleation of autophagic

membranes (Russell et al., 2013). To determine whether ULK-100 and ULK-101 inhibit ULK1 in cells, we evaluated

thephosphorylationofBeclin1atSer15.WeexogenouslyexpressedbothBeclin1andULK1and found thatSer15

phosphorylationwas substantially increasedby nutrient starvation, a stimulus known to activateULK1 and induce

autophagy (Figure 1C) (Cheong et al., 2011). Furthermore, we found that co-expression of ATG14 caused phos-

phorylation of Ser15 that was no longer dependent on starvation (Figure 1C). Importantly, Beclin 1 Ser15 phos-

phorylation was ablated by the expression of a kinase-dead ULK1 mutant (Jung et al., 2009), confirming that

this phosphorylation specifically required the catalytic activity of ULK1 and could serve as a cellular readout of

ULK1 kinase activity (Figure 1D).

We treated cells expressing ULK1, Beclin 1, and ATG14 with concentration gradients of ULK-100, ULK-101,

or SBI-0206965 for 1 hr and measured Ser15 phosphorylation by quantitative immunoblotting. All three

ULK1 inhibitors reduced Ser15 phosphorylation in a concentration-dependent manner (Figures 1E–1G),

with SBI-0206965 showing a cellular EC50 of 2.4 mM in this assay, compared with 390 nM for ULK-101 and

just 83 nM for ULK-100 (Figure 1H; Table 1). Taken together, these data suggest that ULK-101 and ULK-

100 are more potent ULK1 tool compounds than SBI-0206965 both in vitro and in cells.
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SBI-0206965 ULK-100 ULK-101

ULK1 IC50 (nM) 38 1.6 8.3

ULK2 IC50 (nM) 212 2.6 30

Cellular EC50 (nM) 2,400 83 390

Table 1. Biochemical IC50 and Cellular EC50 for ULK1 Inhibitors
ULK-101 Has a Desirable Kinome Selectivity Profile

ULK2 is the second mammalian ortholog of yeast ATG1 with a similar function in autophagy as ULK1 (Lee

and Tournier, 2011); therefore, we reasoned that inhibiting ULK2 would be important for an ULK1 inhibitor

intended to block autophagy. We tested ULK-100 and ULK-101, along with SBI-0206965, for the ability to

inhibit ULK2 kinase activity in vitro and found that all three molecules show nanomolar ULK2 IC50 values

(Figure 2A; Table 1). Similar to the results obtained for ULK1, ULK-100 (ULK2 IC50 2.6 nM) showed the great-

est potency followed by ULK-101 (ULK2 IC50 30 nM) and SBI-0206965 (ULK2 IC50 212 nM).

Next, we wanted to understand the kinome-wide selectivity profiles of each inhibitor. For this, we deter-

mined their ability to inhibit 327 recombinant human kinases in vitro using radiometric activity assays.

Each kinase was screened in duplicate with a single concentration of compound that achieved almost iden-

tical ULK1 inhibition for SBI-0206965 and ULK-101 (74% and 73% inhibition, respectively), and slightly better

ULK1 inhibition for ULK-100 (88% inhibition). To compare the selectivity of the three compounds, we

normalized the inhibition of each kinase to that of ULK1 (Table S1). Overall, ULK-101 showed the cleanest

kinome-wide profile (Figure 2B). SBI-0206965 and ULK-100 inhibited 17 or 18 kinases at least 75% as well as

they inhibited ULK1, respectively, whereas ULK-101 inhibited just four other kinases at this level (Figure 2C).

We visualized these on the human kinase phylogenetic tree and found that the off-targets of both SBI-

0206965 and ULK-100 were diversely distributed (Figures 2D and 2E), whereas three of the four off-targets

of ULK-101 were CAMK family members (Figure 2F). To fully understand the relative inhibition of the closest

ULK-101 off-targets, we determined the IC50 for DRAK1 to be 14 nM and that of MNK2 to be 22 nM

(compared with 8.3 nM for ULK1). From this study, we concluded that ULK-101 offers superior selectively

properties than both SBI-0206965 and ULK-100, and therefore we prioritized this inhibitor for further

investigation.

ULK-101 Reduces the Nucleation of Autophagic Vesicles

When ULK1 phosphorylates Beclin 1 at Ser15, it increases the formation of PtdIns3P by the autophagic

PIK3C3 complex (Russell et al., 2013). This PtdIns3P production occurs in rough endoplasmic reticulum

microdomains called omegasomes, which serve as platforms for the formation of early autophagic

membranes (Axe et al., 2008). To determine whether ULK-101 suppressed autophagy induction, we stably

expressed the omegasome marker, EGFP-DFCP1, in U2OS cells and monitored omegasome formation by

live-cell fluorescent microscopy. We treated cells for 2.5 hr with AZD8055, a catalytic mTOR inhibitor that

strongly induces autophagy in U2OS cells (Martin et al., 2013) and observed that the abundance of DFCP1-

positive puncta increased over 3-fold (Figures 3A and 3B). Co-treatment of cells with 5 mM ULK-101

completely abrogated the formation of DFCP1-positive structures induced by AZD8055 treatment, consis-

tent with the loss of Beclin 1 phosphorylation (Figures 3A and 3B).

Omegasomes support the formation of phagophores, cup-shaped autophagic membranes marked specif-

ically by the ubiquitin-like ATG12-ATG5-ATG16L complex (Axe et al., 2008; Mizushima et al., 2003). To

determine whether ULK-101 also reduced the formation of phagophores, we immunostained U2OS cells

for endogenous ATG12. Indeed, we found that AZD8055 treatment resulted in distinct ATG12-positive

puncta and that co-treatment with ULK-101 strongly suppressed this (Figure 3C). From these experiments,

we concluded that ULK-101 limits AZD8055-induced omegasome and phagophore formation.

Autophagic Turnover Is Suppressed by ULK-101 in Response to Multiple Stimuli

Autophagy is a dynamic membrane process in which vesicles form, grow, enclose, and fuse with lysosomes

for degradation. MAP1LC3B (microtubule-associated proteins 1A/1B light chain 3B; hereafter LC3B) is a

ubiquitin-like protein that becomes conjugated to the earliest autophagic membranes and remains on ves-

icles in the lysosome, where it is degraded along with sequestered cargo (Tanida et al., 2005). As such, its
iScience 8, 74–84, October 26, 2018 77
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Figure 2. Selectivity Profiles of ULK1 Inhibitors

(A) ULK2 activity was measured in the presence of ULK-100 (blue), ULK-101 (red), or SBI-0206965 (green) at half-log dilutions from top concentrations of

10 mM. All concentrations were tested in 8 replicates with the exception of the two highest and lowest concentrations, which were performed in 4 replicates.

Data are represented as activity normalized to control (0 mM inhibitor) G SD. Solid lines represent IC50 curves fit by non-linear regression.

(B) The relative inhibition of human kinases by each compound is shown in a rainbow scale from low (red) to high (purple). Kinases are ordered by their relative

inhibition within each compound.

(C) The number of non-ULK1 kinases (of 326 surveyed) inhibited by at least 50% (left), 75% (middle), or 100% (right) the level of ULK1 is plotted for SBI-0206965

(green), ULK-100 (blue), and ULK-101 (red).

(D–F) Kinases inhibited by at least 75% the level of ULK1 by SBI-0206965 (green; D), ULK-100 (blue; E), and ULK-101 (red; F) are identified on human kinome

phylogenetic trees. Symbols are sized according to their relative inhibition, and major kinase groups identified. TK, tyrosine kinase; TKL, tyrosine kinase-like;

STE, homologs of yeast Sterile 7, Sterile 11, Sterile 20 kinases; CK1, casein kinase 1; AGC, containing PKA, PKG, PKC families; CAMK, calcium/calmodulin-

dependent protein kinase; CMGC, containing CDK,MAPK, GSK3, CLK families. Figures generated using KinMap Beta, and illustrations reproduced courtesy

of Cell Signaling Technology.

See also Table S1.
turnover can be measured to indicate the overall rate of autophagy (Klionsky et al., 2016). To do this, we

blocked lysosomal function with bafilomycin A1 (BafA1), a proton pump inhibitor, for a short period. We

then measured the accumulation of membrane-bound LC3B (detected as LC3B-II by immunoblotting)

and compared with the amount observed in the absence of BafA1. We found that a 3-hr treatment with

ULK-101 reduced BafA1-induced LC3B-II accumulation in U2OS cells in a concentration-dependent

manner (Figure 4A). The EC50 value for this inhibition was approximately 700 nM (Figure 4B). To validate

this phenotype, we quantified autophagic puncta in EGFP-LC3B-expressing U2OS cells using fluorescent

microscopy (Figure 4C). Again, ULK-101 blocked the BafA1-induced accumulation of LC3B-positive vesi-

cles (a 6-fold reduction from the vehicle control), suggesting a nearly complete inhibition of autophagic

activity (Figure 4D).
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Figure 3. ULK-101 Suppresses the Induction of Early Autophagy

(A) U2OS cells stably expressing EGFP-DFCP1 were treated for 2.5 hr with vehicle control or 100 nM AZD8055 with or

without 5 mM ULK-101 and imaged live by fluorescent microscopy. Representative images are shown (grayscale of green

fluorescein isothiocyanate channel).

(B) EGFP-DFCP1 objects per cell were quantified from 20 to 25 cells per condition. Data are represented as meanG SEM.

Two-tailed, unpaired t test; ***p < 0.001.

(C) U2OS cells were treated for 2.5 hr with vehicle control or 100 nM AZD8055 with or without 5 mM ULK-101 and then

immunostained for endogenous ATG12 (green). Nuclei (blue) were counterstained. Representative images are shown.

Lower panels are 3.33 magnifications of upper panel insets.
Having established that ULK-101 suppressed basal autophagic turnover, we next wanted to determine

whether it also reduced stimulus-induced autophagy. To test this, we again treated cells with AZD8055

and found that BafA1-induced LC3B-II accumulation increased over 2-fold within 1 hr, an effect that was

negated by ULK-101 (Figure 4E). We then stimulated autophagy by starving cells of nutrients, including

amino acids and growth factors, for 3 hr in the presence or absence of ULK-101. Again, ULK-101 reduced

BafA1-induced LC3B-II accumulation in a concentration-dependent manner (Figure 4F). Taken together,

ULK-101 suppresses both basal and induced autophagy, including formation of early autophagic structures

and autophagic flux.

Nutrient Stress Sensitizes Cells to ULK-101

Finally, we wanted to explore the therapeutic potential of ULK-101 by determining its effects on cell

viability. Specifically, we hypothesized that ULK-101 would suppress cell survival during nutrient with-

drawal when cells are most dependent on autophagy. To test this hypothesis, we optimized a starvation

media that induced autophagy on a longer timescale without compromising cell viability (Figure S1). This

media, which we called Optistarve (OS), contained reduced (but not ablated) levels of amino acids,

serum, glucose, glutamine, and vitamins compared with full growth media (FM) (see Transparent

Methods). To determine the effectiveness of ULK-101 in cells subjected to these different nutrient con-

ditions, we performed a clonogenic survival experiment in which we treated cells with a concentration
iScience 8, 74–84, October 26, 2018 79
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Figure 4. ULK-101 Reduces Autophagic Turnover

(A) U2OS cells were treated for 3 hr with the indicated concentrations of ULK-101, with (+) or without (�) 100 nMBafA1 for the final 1.5 hr. Lysates were probed

for LC3B and b-actin as a loading control and imaged. A representative from 3 biological replicates is shown.

(B) Relative LC3B-II signal was determined by dividing the LC3B-II signal by the b-actin signal. The difference between (+) and (�) BafA1 bands was calculated

for each ULK-101 concentration, and this value was plotted (normalized to 1.0 for the vehicle control). Symbols represent the mean of 3 biological

experiments G SEM. The red line is an EC50 curve fit by non-linear regression.

(C) EGFP-LC3B (green) was imaged in U2OS cells treated for 3 hr with vehicle or 5 mMULK-101 with (+) or without (�) 100 nM BafA1 added for the final 1.5 hr.

Green, EGFP-LC3B; blue, Hoechst-33342 (nuclei). Right panels are 53 magnifications of insets (boxes).

(D) The number of EGFP-LC3B puncta per cell was quantified from images in (C) (R70 cells per condition). Data are represented as meanG SEM. Two-tailed,

unpaired t test; ***p < 0.001.

(E) U2OS cells were treated with vehicle control (gray bars) or 100 nM AZD8055 (blue bars) supplemented with or without 5 mM ULK-101 for 3 hr. Vehicle

control or 100 nM BafA1 was added for the last 1.5 hr, and the relative amount of BafA1-induced LC3B-II (normalized to b-actin) was quantified as in (B). Data

are represented as mean of 3 biological replicates GSEM. Two-tailed, unpaired t test; **p < 0.01.

(F) U2OS cells were treated with full growth media or an Hank’s balanced salt solution (HBSS)-based starvation media for 3 hr. ULK-101 was added at the

indicated concentrations with (+) or without (�) 100 nM BafA1 for the final 1.5 hr. Lysates were probed for LC3B and b-actin as a loading control and imaged.
gradient of ULK-101 (or vehicle control) for 2 days during culture with either FM or OS. Following this

2-day treatment, media was washed and replaced with drug-free FM in a 5-day outgrowth (recovery)

phase (Figure 5A). We then measured cell viability and generated relative cell viability curves. Consistent

with our hypothesis, we found that ULK-101 was nearly four times as effective in reducing survival of
80 iScience 8, 74–84, October 26, 2018
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Figure 5. ULK-101 Reduces Viability of Nutrient-Restricted Cancer Cells

(A) Clonogenic survival experimental design. Cells were seeded for 24 hr before a 2-day treatment with FM or OSmedia in

the presence or absence of ULK-101. Thereafter, media were washed and cells treated with drug-free FM for a 5-day

recovery period before cell viability was measured.

(B) Data from clonogenic survival assay with U2OS cells. Symbols represent means of 3 technical replicates G SD. Solid

lines are EC50 curves fit by non-linear regression. Blue, FM; red, OS. Cell viability normalized to the 0 mM ULK-101

concentration.

(C–F) Clonogenic survival assay data for non-small-cell lung cancer lines (cell line and KRAS mutation indicated above each

graph). Symbols represent means of 3 technical replicatesG SD. Solid lines are EC50 curves fit by non-linear regression. Blue,

FM; red, OS. Cell viability normalized to the 0 mM ULK-101 concentration.

See also Figure S1 and Table S2.
osteosarcoma U2OS cells when cultured in OS (EC50 6.3 mM) when compared with FM (EC50 22.3 mM)

(Figure 5B).

To determine whether this phenotype was common among other cell lines, we examined non-small-cell lung

cancer (NSCLC) cell lines for ULK-101 sensitivity. We chose this model because oncogenic KRAS, which is

found in 15%–25% of NSCLC cell lines, has been suggested to promote autophagy-dependent cell survival,

and autophagy contributes to lung cancer progression in animal models (Guo et al., 2011, 2013; Lock et al.,

2011, 2014). Indeed, we found that KRAS mutant or amplified NSCLC lines showed at least a 5-fold increase

in ULK-101 sensitivity when cultured in OS compared with FM (Figures 5C–5F; Table S2).

DISCUSSION

Autophagy is a conserved recycling process that has emerged as a critical effector of both oncogenes and

tumor suppressors and apotent regulator of cancer cell fate (Liu andRyan, 2012; Rosenfeldt andRyan, 2009).
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Although autophagy is carried out by the coordinated activity of more than 30 proteins, just a few are

enzymes with clear drug-targeting potential. Among these is ULK1, which has garnered interest as a

small molecule target given its essential and early role in the pathway. Here, we have presented

ULK-101 as a potent and selective ULK1 inhibitor and demonstrated its ability to suppress autophagy in

human cells.

ULK-101 joins at least six other ULK1 inhibitors reported since 2015. The Shokat laboratory has developed a

series of ULK1-targeted compounds that have provided valuable insights into the structure of ULK1,

despite limited selectivity and potency in cells (Lazarus et al., 2015; Lazarus and Shokat, 2015). Two other

notable inhibitors were found by mining pharmaceutical data for compounds with activity against ULK1,

analogous to our approach. SBI-0206965 was developed from a FAK inhibitor and shown to reduce Beclin 1

Ser15 phosphorylation in cells (Egan et al., 2015). This compound was reported as selective, based primarily

on a large-scale competition binding assay; however, our direct comparison using in vitro kinase assays

found ULK-101 to be considerably more selective than SBI-0206965. MRT68921, derived from a TBK1 inhib-

itor, inhibited ULK1 potently in vitro and strongly suppressed autophagy in cells, with 1 mM shown to block

BafA1-induced LC3-II accumulation in nutrient-starved murine embryonic fibroblasts (Petherick et al.,

2015). Although the authors screened 80 other kinases for inhibition by MRT68921, it is difficult to compare

the selectivity profiles of MRT68921 and ULK-101. ULK-101 was screened against 327 kinases. Of interest,

MRT68921 cross-reacts with AMPK, which may represent a therapeutic liability given the broad tumor

suppressive functions of AMPK signaling. Interestingly, whereas AMPK was also inhibited by ULK-100

in vitro, it was spared by ULK-101 (Table S1). Finally, a study employing in silico screening and structure-

activity relationship analyses identified potent indazole-derived ULK1 inhibitors, although their selectivity

and activity in cells remains to be determined (Wood et al., 2017).

A major unresolved issue in the autophagy field concerns the genetic and environmental contexts in which

autophagy promotes tumor growth and represents a therapeutic target. Here, we have used ULK-101 to

show that nutrient-stressed cells may be particularly susceptible to ULK1 inhibition. SBI-0206965 was simi-

larly found to increase cell death in nutrient-starved cells or in those with chemical mTORC1 inhibition

(Egan et al., 2015). These findings are consistent with other studies in which autophagy inhibition was

particularly effective in cells deprived of nutrients (Eng et al., 2016; Guo et al., 2016). Together, this sug-

gests that nutrient depletion caused by rapid tumor growth may create a unique vulnerability to autophagy

inhibition. Finally, although we found that several lung cancer cell lines with oncogenic KRASwere sensitive

to ULK-101, future work is required to fully define the genetic backgrounds in which targeting ULK1 and

autophagy will be effective.
Limitations of the Study

Interest is mounting in developing novel therapeutics that can modulate the fundamental mechanisms

of human disease, including autophagy. Despite encouraging research progress, only a limited number

of compounds that target autophagy are developed beyond basic research. Accordingly, we aim to

move these autophagy inhibitors through preclinical development. ULK-100 and ULK-101 have per-

formed well in vitro, but these compounds require further validation in vivo to proceed with preclinical

testing. In addition, ULK1 targeting as a therapeutic mechanism may not be effective in all genetic or

environmental contexts, and further research is needed to identify when this strategy would be most

effective.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Optimized a starvation media that induces autophagy, Related to Figure 
5. U2OS cells were treated for 6 hours or 24 hours with full media (FM) or Optistarve (OS) 
and BafA1 (+) or a vehicle control (-) added for the final 1, 2, or 3 hours. Lysates were 

-actin as a loading control. (A) The amount of 
actin-normalized LC3B-II accumulating with BafA1 treatment was determined and plotted 
by the indicated times of BafA1 treatment (blue: FM; red: OS). (B) The immunoblots for 

-actin are shown.



Table S2

Cell Line Gain/Mutation FM EC50 (μM) OS EC50 (μM) Fold-Change 
FM / OS

H838 KRAS (gain) 11.3 1.2 9.2
H727 KRAS (G12V) 25.6 3.0 8.6

H2030 KRAS (G12C) 20.3 3.6 5.7
A549 KRAS (G12S) 56.8 10.0 5.7



1 

Table S1. Kinome selectivity data, Related to Figure 2. The enzymatic activity of 
human recombinant kinases was measured after treatment with ULK1 inhibitors at the 
indicated concentrations using radiometric assays. The percent activity remaining 
(compared to vehicle control) is indicated, as is the percent inhibition, calculated by 
subtracting the % activity remaining from 100%. The relative inhibition compared to ULK1 
is also shown (where relative inhibition (%) = (kinase % inhibition / ULK1 % inhibition) * 
100) within each compound. ULK1 data is indicated in red and all other kinases are 
alphabetized. 
 
Table S2. ULK-101 sensitivity in lung cancer cells under nutrient stress, Related to 
Figure 5. The ULK-101 EC50 in cell lines cultured in FM or OS (according to the 
experimental design in Figure 5A) are shown, along with fold-change, calculated as FM 
EC50 divided by OS EC50. 
 
 



TRANSPARENT METHODS 
 
Chemical Synthesis 
ULK-100 and ULK-101 were provided by Merck & Co., Inc. and previously synthesized 
according to Sloman et al., 2016 (Sloman et al., 2016). SBI-0206965 was provided by 
Merck & Co., Inc. and prepared according to Egan et al., 2015 (Egan et al., 2015). 
 
Reagents and Antibodies 
Bafilomycin A1 (BafA1) was purchased from AG Scientific (#B1183). AZD8055 was 
purchased from Selleck Chemicals (#S1555). pSer15-BECLIN 1 (#13825), total BECLIN 
1 (#4122), ULK1 (#8054), ATG12 (#2010), and β-Actin (#3700) antibodies were 
purchased from Cell Signaling Technologies. LC3B antibody was purchased from Sigma-
Aldrich (#L7543). ATG14 antibody was purchased from MBL International (#PD026). 
HRP-linked rabbit (#NA931) and mouse (#NA934) secondary antibodies were purchased 
from GE Healthcare. IRDye 800CW goat anti-mouse IgG (#926-32210) and IRDye 
680RD goat anti-rabbit IgG (#926-68071) were purchased from LI-COR Biosciences. 
AF488-conjugated goat anti-rabbit IgG was purchased from Invitrogen (#A11034). 
 
Kinase Assays and IC50 Calculations 
All kinase assays were performed by Eurofins Pharma Discovery Services UK Limited 
(Dundee, United Kingdom). IC50 data for ULK1 and ULK2 was generated using 10-point 
IC50Profiler assays with half-log dilutions from top concentrations of 10 μM (4 replicates) 
and 1 μM (4 replicates), giving 8 data points for most concentrations in the curve. For 
selectivity profiling, KinaseProfiler assays with wild-type human kinase panels were 
performed in duplicate using 500 nM SBI-0206965, 40 nM ULK-101, or 15 nM ULK-100. 
For each kinase reaction, the Km concentration of ATP was used. The percent activity 
remaining and percent inhibition were calculated from negative control wells. For 
selectivity profiling, relative inhibition was calculated by dividing the percent inhibition of 
each kinase by the percent inhibition of ULK1. GraphPad Prism 7 was used for IC50 
determinations by fitting curves with variable slope (four-parameter) non-linear regression 
models using top and bottom constraints of 100% and 0%, respectively.  
 
Cell Culture 
293FT cells (Invitrogen, #R7007) were maintained in DMEM (Gibco, #11965) 
supplemented with 10% fetal bovine serum (FBS; CellGro, #35-010-CV). U2OS cells 
(ATCC, #HTB-96) were maintained in McCoy’s 5A (Gibco, #16600) supplemented with 
10% FBS. NSCLC lines were obtained from ATCC (H727, #CRL-5815; H2030, CRL-
5914; A549, #CCL-185) or Horizon Discovery (H838, #HDPAR-087). All NSCLC lines 
were maintained in RPMI-1640 (Gibco, #11875) supplemented with 10% FBS. Cells were 
cultured at 37°C with 5% CO2 and humidity. Starvation media included 1xDPBS (Gibco, 
#14080, diluted 1:10 in distilled water) supplemented with 1g/L D-glucose and 10% FBS 
(for Figs. 1C-D) and HBSS (Gibco, #14025) supplemented with 2g/L D-glucose (for Figure 
4F). Optistarve media (for Figure 5) was made by supplementing HBSS with 0.1% FBS, 
1 mM L-Glutamine (Gibco, #25030), 2 g/L D-glucose, 12.5% RPMI 1640 Amino Acid 
Solution (Sigma-Aldrich, #R7131), and 25% RPMI 1640 Vitamin Solution (Sigma-Aldrich, 
#R7256). 



 
BECLIN-pSer15 Expression Constructs and Transfection 
V5-BECLIN 1 was generated by cloning the coding region of BECLIN 1 (BC010276.1) 
into pRK7 and introducing an N-terminal V5 tag by PCR. pEGFP-ATG14 was a gift from 
Tamotsu Yoshimori (Addgene #21635). HA-hULK1 (Addgene #31963), Myc-mULK1-WT 
(Addgene #31960), and Myc-mULK1-M92A (#31962) were gifts from Do-Hyung Kim. For 
transfection, 293FT cells were seeded on 6-well dishes (1.6x105 cells per well) for 48 
hours prior to transfection with 0.3 μg BECLIN 1, 0.6 μg ULK1, and/or 0.6 μg ATG14 using 
Oligofectamine (Invitrogen, #12252011). Transfection complexes remained on cells for 
24 hours prior to assay endpoints. 
 
Immunoblotting 
Cells were lysed in ice-cold lysis buffer [10 mM KPO4, 1 mM EDTA, 10 mM MgCl2, 5 mM 
EGTA, 50 mM bis-glycerophosphate, 0.5% NP40, 0.1% Brij35, 0.1% sodium 
deoxycholate, 1 mM NaVO4, 5 mM NaF, 2 mM DTT, and complete protease inhibitors 
(Sigma-Aldrich, #P8340)] and proteins resolved by SDS-PAGE. Hand-poured 10% 
acrylamide gels were used for Figure 1 and pre-cast BOLT 4-12% Bis-Tris Plus 
(Invitrogen, #NW04125BOX) gels were used for all other blots. Proteins were transferred 
to nitrocellulose membranes (or PVDF membranes for LC3 blots) and probed with primary 
antibodies overnight at 4°C followed by secondary antibodies for 1 hour at room 
temperature. Proteins were detected by enhanced chemiluminescence (Figure 1C), or 
imaged and quantified on an Odyssey Classic or Odyssey Clx imager (for all other blots). 
 
Fluorescent Microscopy 
pMXs-puro-GFP-DFCP1 was a gift from Noboru Mizushima (Addgene #38269). A 
monoclonal U2OS-EGFP-DFCP1 cell line was generated by transducing cells with 
retrovirus expressing this plasmid and selecting a low-expressing monoclone. Cells were 
seeded at 20,000 per chamber of a 4-chamber 35 mm no. 1.5 glass-bottom dish (Greiner 
Bio-One, #627870) for 24 hours. Media was replenished and cells treated with 5 μM ULK-
101 (or DMSO control) and 100 nM AZD8055 (or DMSO control). Images were captured 
in the FITC channel every 30 minutes using a Nikon Ti Eclipse microscope enclosed with 
a cage incubator and maintained at 37°C with humidified 5% CO2. For quantification, 
images were deconvolved, smoothed, top-hat transformed (“detect peaks” function), and 
thresholded (by intensity) using NIS Elements to obtain the number of DFCP1-positive 
objects per cell. For Figure 4C, U2OS cells stably expressing ptfLC3B (gift from Tamotsu 
Yoshimori; Addgene #21074) were seeded for approximately 48 hours on no. 1.5 
coverglass discs in a 24-well dish. Cells were treated with 5 μM ULK-101 (or DMSO 
control) for 3 hours. 1.5 hours later, media was supplemented with 100 nM BafA1 (or a 
volume-equivalent of DMSO). Cells were then fixed with 4% formaldehyde and nuclei 
stained with Hoechst-33342. Cells were imaged in the FITC (green) and DAPI (blue) 
channels. For quantification, images were deconvolved, top-hat transformed (“detect 
peaks” function), and thresholded (by intensity) using NIS Elements to obtain the number 
of GFP-LC3-positive objects per cell 
 
  



ATG12 Immunofluorescence 
U2OS cells were treated with 100 nM AZD8055 or a volume-equivalent of DMSO with or 
without 5 μM ULK-101 (or DMSO control) for 2.5 hours. Cells were fixed with 4% 
formaldehyde, permeabilized with 0.2% triton-X100 in 1xDPBS, blocked with 3% bovine 
serum albumin (BSA) and 5% goat serum in 1xDPBS, and stained with anti-ATG12 
antibodies (diluted 1:100 in blocking buffer) overnight at 4°C. Cells were then stained with 
AF488-conjugated secondary antibodies (at 1:1000) for 1 hour at room temperature, 
nuclei counterstained with Hoechst-33342, and coverglass inverted onto microslides with 
gel mount. Cells were imaged with a 60x oil objective in the FITC (green) and DAPI (blue) 
channels on a Nikon Ti Eclipse microscope. 30-50 cells per condition were imaged and 
representative images shown in Figure 3C. 
 
Clonogenic Survival Assays 
Cells (U2OS or NSCLC) were seeded on tissue culture treated 96-well plates at 1,000 
cells per well in RPMI-1640 media supplemented with 10% FBS. Twenty four hours later, 
media was aspirated, wells rinsed with 1x DPBS, and replaced with full media (FM) or 
Optistarve (OS) with a concentration gradient of ULK-101 (final concentrations of 100 μM, 
50 μM, 25 μM, 12.5 μM, 6.25 μM, 3.1 μM, 1.6 μM, 0.8 μM, 0.4 μM, or 0 μM). Two days 
later, media (and ULK-101) was aspirated, wells were rinsed with 1x DPBS, and all wells 
replaced with FM. Five days later, relative ATP levels were measured using a luminescent 
CellTiter-Glo (Promega) assay following manufacturer’s instructions. 
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