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LKB1-mutant NSCLC presents a clinical challenge, with nota-
bly worse overall outcomes compared to other NSCLC sub-
sets and notable resistance to current immunotherapies as 

demonstrated in both patients and genetically engineered mouse 
models (GEMMs)1–7. LKB1 is frequently comutated with KRAS8 
in NSCLC, and these tumors (designated KL) display an objective 
response rate to immune checkpoint inhibition of <10%, whereas 
KRAS/TP53-mutant NSCLC (designated KP) show a >30% objec-
tive response rate1–4. However, both KL and KP NSCLCs often arise 
in patients with a history of heavy smoking, which drives increased 
levels of nonsynonymous mutations, a feature that in NSCLC in 
general is associated with a more durable clinical response and 
better progression-free survival on checkpoint inhibitor treat-

ment8, likely due to the enhanced activation of neoantigen-specific  
CD8+ T cells9–11.

LKB1 mutation increases tumor mutational burden
Previous studies of human lung cancers not stratified by smok-
ing status revealed comparably high tumour mutational burden 
(TMB) in KL and KP tumors. We used spontaneous Kras-driven 
NSCLCs arising in GEMMs12 to more readily resolve the impact of 
Lkb1 loss on TMB. We found that Lkb1 comutation was associated 
with fivefold increase in TMB compared with Trp53 comutation in 
both cell lines and lung nodules generated from GEMMs (Fig. 1a 
and Extended Data Fig. 1a). This effect was attributable to Lkb1 sta-
tus not Trp53 status, since mouse cell lines with comutated Lkb1, 
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Kras and Trp53 (KLP) had comparable TMB to KL lines (Extended 
Data Figs. 1b,c). Similar to LKB1-mutant (LKB1mut) tumors from 
patients with cancer and KL GEMMs, KL cell lines generated from 
GEMMs showed a mixture of adenocarcinoma and squamous car-
cinomas phenotypes (Extended Data Fig. 1d).

Based on these findings in GEMMs, we analyzed a cohort of 
patients with NSCLC who had a known LKB1 mutational status, 
smoking history and TMB measurement13. Notably, LKB1 mutations 
in patients who had never smoked (NS.LKB1mut) were associated 
with a twofold increased TMB compared to a group who had never 
smoked with wildtype LKB1 (NS.LKB1wt). TMB was comparable in 
LKB1-mutant (LKB1mut) and LKB1-wildtype (LKB1wt) NSCLCs 
in patients who were heavy smokers, who have a higher TMB in 
general14 (Fig. 1b). As expected, both LKB1wt and LKB1mut heavy 
smoking groups had increased frequency of KRAS mutations com-
pared to the groups who had never smoked. Furthermore, the TP53 
mutation percentage was higher in the LKB1wt group than the 
LKB1mut group for both patients who had never smoked and heavy 
smokers, consistent with previous studies (Extended Data Fig. 1e).

Despite suppressive immune response pathways in KL tumors 
(Fig. 1c and Extended Data Fig. 1f), KL tumors also had an increase 
in total number of coding insertion–deletions (indels) and non-
synonymous single-nucleotide variations (Fig. 1d and Extended 
Data Fig. 2a), although the percentage of indels among total  

nonsynonymous mutations was slightly decreased in KL (Extended 
Data Fig. 2b). Indels have been implicated in driving immunogenic 
responses due to the generation of immunogenic neoantigens15,16. 
LKB1-mutant NSCLCs show increases in COSMIC mutational sig-
natures 20 and 26, which are associated with frequent small inser-
tions and deletions17. Conversely, they show a decrease in signature 3, 
which suggests failure of DNA double-strand break (DSB) repair by 
homologous recombination (HR)18, and signatures 7 and 22, which 
correlate with defective nucleotide excision repair19 (Extended Data 
Fig. 2c,d). Consistent with increased nonsynonymous mutations, 
gene set enrichment analysis (GSEA) demonstrated the association 
between LKB1 mutation and both the replication-dependent and 
-independent HR repair pathways (Fig. 1e and Extended Data Fig. 
2e), but not other DNA repair-related pathways or others (Extended 
Data Fig. 2e,f). Collectively, these analyses suggest a link between 
LKB1 inactivation and defective nucleotide excision repair and HR.

To quantify both HR and nonhomologous end joining repair 
(NHEJ) ratios in KL lines, we used a green fluorescent protein- 
(GFP-)based reporter system20,21. KL cells showed greatly sup-
pressed HR and NHEJ compared with KP cell lines (Fig. 2a). KLP 
triple-mutant lung cancer cells also showed reduced HR but not 
NHEJ (Extended Data Fig. 3a). HR plays a dominant role dur-
ing the late S/G2 and G1/early S cell cycle phases to repair DSBs  
and is typically nonmutagenic as compared with NHEJ22,23. HR 
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Fig. 1 | Increased TMB in LKB1-mutant NSCLC tumors. a, Comparison of TMB of nonsynonymous mutation using cell lines derived from KrasG12DLkb1fl/fl 
(KL) or KrasG12DTrp53fl/fl (KP) NSCLC GEMMs lung nodules. Left panel, whole-exome sequencing (WES) of total nonsynonymous mutations per megabase 
(Mb) (KP, n!=!6 cell lines; KL n!=!5 cell lines) (mean!±!s.d., two-sided Student’s t-test). Right panel, RNA-seq for the total number coding region mutants of 
each cell line (KP n!=!5 cell lines; KL n!=!5 cell lines) (mean!±!s.d., two-sided Student’s t-test). b, TMB score from patients with NSCLC with or without LKB1 
mutation (HS.LKB1wt n!=!682; HS.LKB1mut n!=!263; NS.LKB1wt n!=!510; NS.LKB1mut n!=!10 patients each group: NS, never smoked; HS, heavy smoker) 
(Mann–Whitney test of log10-transformed TMB, two tailed. Boxes show the 25th to 75th percentiles with the line showing the median, and whiskers show 
the 10–90th percentiles. The Shapiro–Wilk test was used for normality test of transformed TMB score, two-tailed). c, Top suppressed biological process 
pathways from a patient with the TCGA KRAS/LKB1 mutant compared with patients with the KRAS/TP53 mutant. x axis, −log2(q) value (Bonferroni) 
between the two groups (KP n!=!22, KL n!=!19 patients each group). d, Number of coding indel variants from either KP or KL cell lines of either short 
(1–2!basepairs (bp)) or long (≥3!bp) indels (KP n!=!6; KL n!=!5 cell lines each group) (mean!±!s.d., unpaired two-sided multiple t-test, FDR!<!0.05) e, GSEA 
of HR repair of KL and KP cells (KP n!=!5; KL n!=!5 cell lines each group).
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Fig. 2 | LKB1 is critical for maintaining HR during DNA DSB repair. a, Flow analysis of HR (left) and NHEJ (right) rate in both KP and KL cells through 
quantifying repaired HR or NHEJ reporter GFP+ cells among total I-SceI expressing BFP+ cells. Left, representative flow panels; right, quantification of HR 
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overexpression. n!=!3 independent experiments for each group (mean!±!s.d., two-tailed t-test, unpaired). c, HR ratio changes in human NSCLC LKB1-mutant 
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chromatin fraction of bound proteins; lower panel, total soluble fraction of the proteins examined. Data represent one of two independent experiments. 
Blots are cropped and uncropped images can be found in the source data. e, Immunofluorescent staining of pH2AX and Rad51 foci at DNA DSB sites after 
NCS-induced damage in KP and KL cells with or without LKB1 overexpression. UT, untreated. NCS, NCS treated. Scale bars, 5!μm. Data are representative 
of three independent experiments. f, Quantification of Rad51 and pH2AX positive and negative cells as determined in e representative photos, and 
quantified as percentage among total cells. UT and NCS groups, KP n!=!6, KL n!=!6, KL!+!LKB1 n!=!6 independent experiments (mean!±!s.d., two-tailed 
t-test, unpaired).
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was rescued by LKB1wt overexpression in KL lines, but not by 
kinase-dead LKB1 (LKB1-KD) (Fig. 2b, left). By contrast, nei-
ther LKB1wt or LKB1-KD reconstitution restored NHEJ in 
LKB1-deficient cells (Fig. 2b, right). These data indicate that LKB1 is 
important for maintaining homology directed repair but not NHEJ 
for DSBs. We further confirmed this phenomenon using human 
NSCLC cell lines. In particular, LKB1 overexpression increased 
HR, but not NHEJ levels, in the human LKB1-deficient lung can-
cer lines H23, A427 and H460 (Fig. 2c and Extended Data Fig. 3b). 
Thus, the increase in the HR signature in LKB1-deficient tumors 
correlates with a critical requirement for LKB1 kinase activity for 
HR-mediated repair of DSBs, whereas the increase in NHEJ signa-
tures is not directly related to LKB1 function.

On a DSB, PARP1 activity and a H2AX phosphorylation 
(pH2AX) signal can be detected at the DSB. This is followed by the 
recruitment of BRCA1 to promote DNA-end resection to generate 
single-strand DNA (ssDNA) for strand invasion and HR repair22. 
In turn, Rad51 recombinase is recruited at DSB sites to catalyze 
homology-dependent repair between a damaged DNA strand and 
an undamaged DNA template. To test acute DNA repair processes, 
we used the DNA damaging reagent neocarzinostatin (NCS) to 
induce both DSBs and ssDNA breaks. NCS treatment led to the 
expected induction of phosphorylation of H2AX-Ser139 in KP, KL 
and KL-LKB1 lines (Fig. 2d). However, the recruitment of Rad51 
to chromatin was reduced specifically in KL cells and restored 
by LKB1 re-expression (Fig. 2d). Immunofluorescence staining 

a

b

c

d

e f

4
P

 =
 0

.0
22

P
 =

 0
.0

02

P
 =

 0
.0

18

P
 =

 0
.8

08

P
 =

 0
.0

51

P
 =

 0
.0

01

P
 =

 0
.0

39

P
 =

 0
.0

01

P
 =

 0
.1

04

P
 =

 0
.1

64

P
 =

 0
.1

57

P = 2.16 × 10–10

P = 1.09 × 10–13

P = 2.23 × 10–5

P
 =

 4
.5

3 
× 

10
–6

P
 =

 1
.5

 ×
 1

0–1
3

P
 =

 1
.7

7 
× 

10
–1

3

P
 =

 7
.0

6 
× 

10
–1

2

P
 =

 2
.1

0 
× 

10
–6

P
 =

 7
.2

1 
× 

10
–6

P
 =

 0
.0

03
2

P
 =

 0
.0

01
5

P
 =

 0
.0

83
1

P
 =

 0
.2

27
1

P
 =

 0
.4

77
6

0.
12

93

P = 0.964
P = 0.0004

P = 0.2865

P = 0.2435

P > 0.999

P = 0.964

P = 0.0337 P = 0.0223

2

KP

KL

m
R

N
A

 (
lo

g 2
 (

fo
ld

))

A
ct

iv
ity

 (
fo

ld
)

0

–2

–4

GEMM Cell lines

B2M
HLA

-A

HLA
-B

HLA
-C

PSMB8

TAPBP

PSMB5

PSMB6

PSMB9
TAP1

TAP2

20

15

10

5

0
ANW PAL KQL

1

2

m
R

N
A

 (
lo

g 2
 (

fo
ld

))

0

–2

–1

–3

4

2

m
R

N
A

 (
lo

g 2
 (

fo
ld

))

P
er

ce
nt

ag
e 

ce
ll 

gr
ow

th

0

–2

6

–4
Psmb8 Psmb9 Psmb8 Psmb9

KP KP MRT

KP CQ

KL CQ

KL MRT

150

100

50

0.01 1 100 (µM)

KL

P = 0.0743 P = 0.0307

KL

500 nm

* *

* *
*

KL LKB1 KL LKB1-KD

*
*

*

*

500 nm 500 nm

P = 0.2486

P = 0.0020

30

20

10

0

A
V

KL pBABE
EV

MRT
Baf A1

LC3

P62
LKB1

β-actin

LKB1 LKB1-KD

– –
– – – – –

– – – –
– +

+ +
+ + + + +

+ + + +
KL LKB1

KL LKB1-KD

KP IFNγ 10 ng ml–1

KL IFNγ 10 ng ml–1

KL IFNγ 100 ng ml–1

KP IFNγ 100 ng ml–1

KP

KL

Fig. 3 | Suppressed antigen presentation machinery and immunoproteasome function in KL tumors. a, mRNA levels of antigen presentation related 
genes as well as conventional proteasome subunit expression from TCGA KRAS/LKB1 mutant compared to patients with the KRAS/TP53-mutant 
NSCLC. KL n!=!19, KP n!=!22 patients (mean!±!s.d., multiple two-tailed t-test, unpaired. FDR!=!0.05). b, mRNA levels of immunoproteasome subunits 
Lmp2/Psmb9 and Lmp7/Psmb8 from KP and KL tumors either from GEMM (left) or cell lines (right). Left, KP n!=!5, KL n!=!5 lung nodules each group. 
Right, KP n!=!5, KL n!=!5 cell lines each group (mean!±!s.d., multiple two-tailed t-test, unpaired. FDR!=!0.05). c, Immunoproteasome subunits activity 
changes in LKB1-mutant tumors are measured by substrates Ac-ANW-AMC, Ac-PAL-AMC and Ac-KQL-AMC cleavage. The cleavage activities Vmax 
were normalized with corresponding unstimulated samples and shown as fold changes. n!=!3 cell cultures for each group. Data shown are representative 
one of three independent experiments (mean!±!s.d., multiple two-tailed t-test, unpaired, two-stage step-up method of Benjamini, Krieger and Yekutieli, 
FDR!<!1%). d, Cell growth inhibition in KL and KP cells in response to autophagy inhibitors chloroquine (CQ) or ULK1 inhibitor MRT68921 (MRT). Data 
shown represent one of three independent experiments. n!=!3 cell cultures for each cell line with each treatment condition. e, Electron microscopy to 
visualize double-membraned autophagosome and autolysosome autophagic vacuole (AV) from KL, KL-LKB1 and KL-LKB1-KD cells. Top and left bottom, 
representative images. Data are representative of two independent experiments. * marked AV. Lower right, quantification of autophagic vacuole numbers 
for each cell line examined. Scale bar, 500!nm. For each group, n!=!10 fields. Each dot represents quantification of one random field of the electron 
microscopy image (mean!±!s.d., two-tailed t-test, unpaired). f, Western blot showing autophagic flux by blocking lysosomal turnover with bafilomycin A1 
(Baf A1) from KL-EV, KL-LKB1 and KL-LKB1(KD) cells. Data are representative of three independent experiments. Blots are cropped and uncropped images 
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confirmed compromised in Rad51 recruitment to pH2AX foci in 
LKB1-deficient cells and rescue on LKB1 re-expression, despite 
comparable levels of pH2AX positivity (Fig. 2e,f and Extended Data 
Fig. 3c). Moreover, immunoprecipitation assays demonstrated the 
presence of LKB1 in a complex with BRCA1, but not to RAD51, 
AMPK or RPA, in response to NCS-induced damage (Extended Data 
Fig. 3d), suggesting that the functions of LKB1 in HR may involve 
complexing with BRCA1 with compromised RAD51 recruitment.

LKB1 loss suppresses antigen presentation
The relationship between DNA repair deficiency and immuno-
therapy response in the clinic is complex and incompletely under-
stood. For example, while tumors with mismatch repair deficiency 
are more susceptible to immune checkpoint blockade24, BRCA1 
mutated tumors have suppressed antigen presentation and require 
additional immune stimulating agents to engender sensitivity to 
immunotherapy25. Pathway analysis from both The Cancer Genome 
Atlas (TCGA) and mouse cell-line datasets by gene set enrichments 
showed that LKB1 mutations were associated with transcriptional 
signatures for suppressed immune response in cancer cells, includ-
ing pathways involved in host defense response, immune response, 
regulation of immune system process, leukocyte activation and 
innate immune responses are suppressed in KL tumors compared 
with KP tumors (Fig. 1c, Extended Data Fig. 1f and Supplementary 
Table 1).

We reasoned that impaired neoantigen presentation by MHCI 
at the cell surface could function as a mechanism to promote 
immune evasion in the context of the HR defects and high TMB 

that are present in LKB1mut NSCLC. We found that patients with 
KL NSCLC have a decreased expression of the machinery for neo-
antigen processing and presentation, with reduced mRNA levels 
of B2M, HLA-A, HLA-B, TAP1 and immunoproteasome subunit 
PSMB9 compared to KP tumors (Fig. 3a and Extended Data Fig. 
4a). By contrast, no differences were observed in the expression 
of the catalytic subunits of conventional proteasomal PSMB5 and 
PSMB6 (Fig. 3a). Similarly, KL mouse cancer cell lines and GEMM 
lung tumor nodules exhibited decreased expression of the immu-
noproteasome subunits Psmb8 and Psmb9 at the mRNA levels (Fig. 
3b) and protein levels (Extended Data Fig. 4b) compared to murine 
KP tumors. TAP1 and Tapasin protein levels were reduced, where 
PSMB5 and PSMB6 were at comparable or increased levels in KL 
tumors (Extended Data Fig. 4b).

IFNγ stimulation induces the activity of the immunoproteasome 
subunits LMP7/PSMB8 (Ac-ANW) and LMP2/PSMB9 (Ac-PAL) 
along with upregulating the mRNA expression of classical class I 
MHC genes and processing factors, including HLA-A, HLA-B, 
HLA-C, TAP1 and TAPASIN26–29. Notably, IFNγ-induced PSMB8 
and PSMB9 activity was greatly attenuated in KL cells compared 
to KP cells, whereas there was no compromise in these transcrip-
tional changes (Fig. 3c and Extended Data Fig. 4b). The impairment 
in PSMB8 and PSMB9 activity was specifically due to LKB1 loss, 
since KLP cells showed comparable levels to KL cells (Extended 
Data Fig. 4c,d) and since wildtype LKB1 reconstitution increased 
immunoproteasome activity in KL cells (Extended Data Fig. 4e). 
Finally, while we observed decreased cell surface MHCI expression 
in KL tumors in vivo, MHCI levels were comparably induced on 
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cell lines (b) were stimulated with IFN γ (10!ng!ml−1) for 24!h before the measurement of immunoproteasome activities showed as fold change of 
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IFNγ stimulation in vitro (Extended Data Fig. 5a–c). Thus, uptake 
of the MHCI complex from the endoplasmic reticulum to the cell 
surface remains functional in LKB1-mutant tumors, whereas there 
is compromised generation of immunogenic peptides through the 
immunoproteasome.

Autophagy inhibition enhances immunoproteasome 
activity
Suppressed antigen processing for MHCI presentation could pro-
mote immune evasion in LKB1-deficient tumors. Hence, thera-
peutic strategies that increase antigen presentation might restore 
antitumor immunity and compensate for LKB1 loss. Autophagy 
and proteasomal degradation are the two main pathways for qual-
ity control of cellular protein homeostasis, and reduced protea-
some activity can induce autophagy as a compensatory process30. 
Notably, KRAS-mutant cancers, including those with LKB1 comu-
tations, have been shown to depend on autophagy-lysosomal 
catabolism for tumor growth via both cell-autonomous and non-
autonomous mechanism31–34. GSEA comparison of lung cancers 
from the GEMMs showed enrichment of autophagy pathways in 
the KL tumors compared to KP tumors (Extended Data Fig. 2e,f). 
Although there was also a trend toward enrichment in human KL 
lung tumors, it did not reach statistical significance, possibly due 
to interference of other comutations in patient tumors (Extended 
Data Fig. 2e,f). Unfolded protein pathways (UPR), which have been 
linked to autophagy and MHCI expression35,36, did not show consis-
tent differences in human and murine KL tumors (Extended Data 
Fig. 2e,f), indicating that UPR may not play a major role in antigen 
presentation defects resulting from of LKB1 inactivation.

Consistent with increased activity of the autophagy-lysosomal 
catabolic system in KL tumors and its requirement for in vitro 
proliferation34, KL cells showed elevated sensitivity to autophagy 
inhibitors chloroquine and MRT68921 (Fig. 3d), which inhibit 
lysosomal acidification and ULK1/ULK2 kinase activity, respec-
tively37,38, compared to KP tumors. Using transmission electron 
microscopy (TEM) to quantify the number of autophagic vacu-
oles in KL cells, we found that reconstitution of LKB1, but not 
LKB1-KD, suppressed the number of autophagic vacuoles (Fig. 3e), 
consistent with increased autophagic catabolism in the absence of 
LKB1. Accordingly, inhibition of autolysosome acidification with 
bafilomycin A1 promoted accumulation of p62 and LC3II levels 
during nutrient deprivation (Earle’s balanced salt solution, EBSS) 
in both KL-EV and KL-LKB1-KD cells, but not in KL cells express-
ing LKB1wt (Fig. 3f), in line with an increase in autophagic flux on 
LKB1 deficiency. MRT68921 treatment of KL cells increased levels 
of H-2D but not H-2K (Extended Data Fig. 5c). Moreover, PSMB8 
activity was increased by Ulk1 inhibition, as demonstrated by cleav-
age of Ac-ANW substrate (Fig. 4a,b and Extended Data Fig. 4c), 
providing evidence that targeting autophagy restores antigen pre-
sentation in LKB1-mutant cancers.

The block in autophagy caused by MRT68921 has been reported 
to involve targeting of ULK1 specifically, and not ULK2 (ref. 38). Using 
a tandem fluorescent reporter of autophagic flux (GFP-RFP-LC3)39 
(Extended Data Fig. 6a,b), we confirmed that either short-hairpin 
RNA-mediated knockdown of Ulk1 or MRT68921 treatment 
reduced autophagic flux in KL cells (Extended Data Fig. 6b–d). 
MRT68921 can also target TBK1 (ref. 38), which has been implicated 
in LKB1-mediated immune suppression through the TBK1/STING 
pathway40. However, we found that MRT68921 treatment increased 
TBK1 activity, as reflected by pTBK1 levels, in LKB1 isogenic lines 
of human NSCLC, probably due to the immune stimulating effects 
of ULK1 inhibition (Extended Data Fig. 6e). Furthermore, inhibi-
tion key autophagy regulators downstream of ULK1—including 
Atg7, Atg13 and Atg4—caused similar effects of increases in antigen 
processing via enhanced immunoproteasome activity (Fig. 4c–e and 
Extended Data Fig. 6f–i).

ULK1 inhibition restores antitumor immunity in KL
Following our in vitro observations that KL cells are sensitive to 
ULK1 inhibition, and that targeting ULK1 restores antigen pre-
sentation with increased immunoproteasome activity, we sought 
to examine whether these effects translate to differential immune 
responses in vivo in LKB1-mutant and LKB1-wildtype cancer mod-
els. We confirmed that MRT68921 treatment blocked autophagic 
flux in KL lung tumors (Fig. 5a,b and Extended Data Fig. 7a,b). 
This led to increases in immunoproteasome activity (Fig. 5c–e 
and Extended Data Fig. 7c). MRT68921 treatment did not result 
in major toxicity (Extended Data Fig. 7d), and increased infiltra-
tion of both CD4+ and CD8+ T cells among total CD45+ immune 
cells in the tumor-bearing lungs (Fig. 5f,g and Extended Data Fig. 
8a–c). MRT68921 treatment alone did not result in an antitumor 
effect (Fig. 6a and Extended Data Fig. 7e). Anti-PD-1 antibody 
mono-therapy had modest and inconsistent tumor responses. 
Conversely, combination MRT68921 treatment enhanced the effi-
cacy of anti-PD-1 therapy, with evident tumor regression in eight 
out of 15 tumors (Fig. 6a and Extended Data Fig. 7e). We observed 
similar increased immunoproteasome activity in KL tumors treated 
with another autophagy inhibitor chloroquine (CQ) (Fig. 5e). 
By contrast, KP tumors did not respond to either MRT68921 or 
PD-1 treatment alone or in combination (Extended Data Fig. 7f). 
Neutralizing antibodies against CD8+ T cells blocked the effects 
of MRT68921 plus PD-1 combinational treatment on antitumor 
immunity in LKB1-mutant tumors (Fig. 6b), confirming that the 
efficacy of the combination involves CD8+ cytotoxic T cells acti-
vation rather than tumor intrinsic effects. Combination treatment 
resulted in an increased CD44+ CD62L− population within tumor 
infiltrating CD8+ T cells (Fig. 6c, upper panels). The IL-7Rα sub-
unit CD127 was reduced, while CD69, CCR7 and 2B4 levels did not 
change after treatment (Fig. 6c, lower panels, and Extended Data  
Fig. 8d). CD127 is reported to be critical for CD8+ T cell homeostasis,  

Fig. 5 | Targeting ULK1 increases immunoproteasome activity and T cell activity in vivo. a, Representative immunofluorescence image lung tumors of 
KL cells transduced with autophagy flux reporter GFP–LC3–RFP (GLR) after MRT68921!+!PD-1 treatment. Data are representative of three independent 
experiments. Scale bar, 50!µm. b, Quantification of autophagic flux inhibition shown as GFP/RFP ratio for each immunofluorescence image after 
MRT68921 treatment. n!=!7 fields from independent tumors each group. Data represent one of three independent experiments (data are presented as 
mean!±!s.d., one-way ANOVA). c, Western blot shows antigen presentation related proteins, including PSMB9 and PSMB8, TAP1, Tapasin and B2M 
expression levels from KL lung nodules after MRT!+!PD-1 treatment. Each lane represents one lung nodule sample from individual mice of indicated groups. 
Blots are cropped and uncropped images can be found in the source data. d, Immunoproteasome activities of lung nodules from KL tumors after the 
treatment with MRT!+!PD-1. Showed as fold change of activities compared with vehicle control group. Vehicle, MRT, PD-1, n!=!6 each group; MRT!+!PD-1 
n!=!8 individual tumor nodules from each group (mean!±!s.d., one-way ANOVA). e, Immunoproteasome activities of lung nodules from KL allograft tumors 
nodules after the treatment with CQ!+!PD-1. Showed as fold change of activities compared with vehicle control group. n!=!6 individual tumor nodules from 
each group (mean!±!s.d., one-way ANOVA). f, Representative immunohistochemistry images of KL lung tumors treated with indicated treatment before 
staining (H&E) with CD3+, CD4+ and CD8+ T lymphocyte infiltration in the lung. Data are representative of three independent experiments. Scale bar, 
100!µm. g, Quantification of immune infiltrates shown in f. Veh n!=!7, PD-1 n!=!5, MRT n!=!5, MRT!+!PD-1 n!=!10 fields from independent tumors. Data are 
representative of two independent experiments (mean!±!s.d., one-way ANOVA).
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and T cell receptor engagement downregulates CD127 expression41. 
We also observed enhanced cytotoxicity, with increased levels of 
both CD107a and granzyme B after combination treatment group 
(Fig. 6d) as well as an increased ratio of CD8/Treg cells (Extended 
Data Fig. 8c). These data highlight increased CD8+ cytotoxicity on 

engagement of T cell receptors with tumor-derived neoantigens, 
with suppressed cell death through CD127 inhibition.

In summary, we discovered that LKB1 loss of function leads 
to DNA DSB repair deficiency with suppressed HR repair, which 
results in increased TMB in patients with cancer. However, despite 
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high TMB and an increased number of neoantigens, patients with 
LKB1 mutations respond poorly to anti-PD-1 treatment. Our pre-
clinical evidence indicates that LKB1 loss leads to restricted anti-
gen presentation to MHC complexes due to increased autophagic 
flux and suppressed proteasomal degradation of antigenic pep-
tides. Further studies will be needed to determine whether the 
DNA repair defects and reduced antigen presentation are func-
tionally related or represent separate functions of LKB1. In this 
regard, LKB1 is the upstream kinase activating the 14 members of 
the AMPK-SIK-MARK family, which connect LKB1 to pleiotropic 
functions, including regulation of cell metabolism and cell polar-
ity42. These functions generally favor restoration of cellular homeo-
stasis in response to changes in nutrient cues and oppose growth. 
Overall, the integration of these activities, as well as DNA repair 
and immune regulation reported in the present study, is in keep-
ing with the evolutionarily conserved roles of LKB1 in mediating 
nutrient stress responses. Inhibiting autophagy by targeting ULK1 
or downstream key regulators restores suppression of antigen pre-
sentation through enhancing immunoproteasome activity, leading 
to increased T cell infiltration and enhanced response to anti-PD-1 
treatment through the expansion of CD44+ CD62L− effector CD8+ 
T cells in LKB1-mutant tumors. Potential dual effects of ULK inhib-

itors on both cancer cells and immune populations remain to be 
explored. Our findings provide the preclinical rationale for combin-
ing autophagy inhibition to enhance tumor neoantigen presenta-
tion and anti-PD-1 therapy in high-TMB tumors with inactivating 
mutations in LKB1.

Methods
RNA-sequencing and whole-exome sequencing (WES). For KP and KL cell 
lines and GEMMs lung nodules, RNA was extracted using RNeasy Plus Mini Kit 
(Qiagen). RNA-sequencing (RNA-seq) libraries were prepared using the Illumina 
TruSeq Stranded mRNA Library Prep (for 96 samples, catalog no. 20020595), 
starting from 500 ng of total RNA, with ten cycles of PCR ampli!cation. Total 
genomic DNA were extracted using DNeasy Blood & Tissue Kit (Qiagen) 
according to the manufacturer’s manual. Mouse exome libraries were prepared 
using Roche SeqCap EZ mouse exome kit (54 Mb, catalog no. L2RD02), starting 
with 250 ng of genomic DNA, following the manufacturer’s protocol (Nimblegen 
SeqCap EZ Library SR, v.5.1). All libraries (exomes and RNA-seq) were uniquely 
barcoded with IDT 8 bp indices, pooled and sequenced on a NovaSeq 6000, on 
an S4 300 "ow cell, as paired-end 150 reads or an Illumina HiSeq2500, producing 
2 × 50 bp paired-end reads with multiplexing.

Whole-exome sequencing and RNA-seq small nucleotide variants analysis. 
Sequencing results were demultiplexed and converted to FASTQ format using 
Illumina bcl2fastq software (v.2.17). The reads were adapter and quality trimmed 
with Trimmomatic (v.0.33)43.
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Fig. 6 | ULK1 inhibition restores antitumor immunity in LKB1-mutant lung cancers. a, Waterfall plot showing KL GEMM tumor volume changes 1!week 
after the drug treatment as indicated. Shown are the tumor volume percentage changes compared with week 0 tumor volume before the treatment. Each 
column represents one mouse (one-way ANOVA, Dunnett’s multiple comparisons test, two-sided). b, Tumor volume change of KL allograft tumor 1!week 
after CD8+ neutralizing antibody with or without MRT68921!+!PD-1 combinational treatment. n!=!8 independent mice each group (mean!±!s.d., one-way 
ANOVA, Dunnett’s multiple comparisons test, two-sided). c, FACS analysis of CD44+ CD62L− (upper panel) and CD127+ (lower panel) cells among total 
tumor infiltrating CD8+ T cells in KL tumor after the treatment of drugs indicated. Contour plots representative of three independent experiments. Veh 
n!=!8, MRT!+!PD-1 n!=!9 independent tumors (mean!±!s.d., two-tailed t-test, unpaired). d, Granzyme B (GranB) and CD107a levels within CD8+ T cells after 
MRT68921!+!PD-1 treatment. Left panels, representative flow panels; right panels, quantification of GranB and CD107a levels in CD8+ T cells. Contour plots 
representative of three independent experiments. Veh n!=!11, MRT!+!PD-1 n!=!11 independent tumors (mean!±!s.d., two-tailed t-test, unpaired).
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For whole-exome samples, the sequencing reads were aligned to the mouse 
reference genome (build mm10/GRCm38) using the Burrows–Wheeler Aligner 
(v.0.7.17) with the BWA-MEM algorithm44. Low confidence mappings (mapping 
quality <10) and duplicate reads were removed using Sambamba45. Further local 
indel realignment and base-quality score recalibration was performed using the 
Genome Analysis Toolkit (GATK v.3.8)46.

For RNA-seq samples, the sequencing reads were aligned to the mouse genome 
(build mm10/GRCm38) using the splice-aware STAR aligner (v.2.5.3)47 discarding 
multi-mapped reads and MAPQ set to 60 for uniquely mapping reads. Duplicate 
reads were removed using Sambamba (v.0.6.7). GATK was used to split reads into 
exon segments and hard-clip any sequences overhanging into the intronic regions, 
followed by local indel realignment and base-quality score recalibration.

Single-nucleotide and small indel somatic variants were called with Mutect 
(v.2.1)48 and Strelka (v.2.9.2)49. Variants with at least five supporting reads and 
variant allele frequencies of >5% were retained. ANNOVAR50 was used to annotate 
variants with genomic context such as functional consequence on genes. The 
MutationalPatterns (v.1.4.3)51 R package was used to quantify the contribution of 
COSMIC mutational signatures.

Patients’ mutational burden analysis. STK11 somatic mutation status, TMB 
and smoking history were obtained for 1,497 patients with lung cancer from 
the Memorial Sloan Kettering Cancer Center clinical sequencing cohort on 10 
December 2018 as previously reported13. The log10-transformed TMB values were 
compared between STK11-mutant and STK11-wildtype tumors separately for 
either those who had never smoked or current and former heavy smokers using an 
unpaired nonparametric Mann–Whitney test (two-tailed). Shapiro–Wilk normality 
test was performed to determine the normal distribution of each group (confidence 
level 95%).

Patients’ transcriptomic data and comparison groups. Lung adenocarcinoma 
mutation and transcriptomic data were procured from the publicly available 
Cancer Genome Atlas (TCGA) database8. From these data, we extracted all the 
samples that had a TP53 mutation and from this cohort we derived two groups: (1) 
a group with only TP53 mutations that we designated KP (n = 22) and (2) a group 
with cooccurring STK11/LKB1 mutation that we designated KL (n = 19). Silent 
mutations were not used for this grouping; the STK11 mutations fell into broad 
missense, nonsense, splice-site and frame shift deletion variant classifications.

RNA-seq pathway analysis and GSEA. For the KL and KP cell-line and mouse 
nodule RNA-seq data, fastq files were aligned to the mouse mm10 reference 
genome using the STAR aligner algorithm47. Resulting BAM files were sorted and 
indexed using Samtools and quality control was performed using Picard (http://
broadinstitute.github.io/picard/). Transcript read counts were determined was 
performed using Salmon52. Genes with no reads across any of the samples were 
removed. Salmon gene-level counts upper quartile normalized53. Genes were 
log2 transformed and filtered for 80% of expressed genes across all samples using 
Cluster v.3.0 and zeros were preserved for signature analysis. Data were then 
median centered to establish the matrix in working form for statistical analyses.

We used GSEA (v.3.0)54 through the GenePattern platform55 with publicly a 
available raw transcriptomic data matrix8. The data matrix was upper quartile 
normalized, log transformed, filtered for 80% of expressed genes and median 
centered such as the cell-line and mouse nodule data.

Besides GSEA, we performed differential gene expression analysis using 
the DESeq2 R package56. Also, using identified genes that are upregulated and 
downregulated, we interrogated and report their relevance in gene ontologies and 
pathways using the ToppGene Suite57. For the enrichment results, we performed 
1,000 permutations using the curated set 5 gene ontology list (c5.all.v6.2.symbols.
gmt.), the curated set 2 KEGG and REACTOME pathway lists (c2.cp.kegg.
v6.2.symbols.gmt., c2.cp.reactome.v6.2.symbols.gmt.) and the hallmark list (h.all.
v6.2.symbols.gmt.).

Cell lines. For KL and KP Ulk1 shRNA stable cell-line generation, lentiviral 
vector for Ulk1 shRNA (Sigma TRCN0000319764 and TRCN0000028768) or 
control pLKO.1 vector (Sigma catalog no. SHC001) was used. For the lentivirus 
production, human embyronic kidney 293T (HEK293T) cells were cotransfected 
with the three-vector system including pLKO.1-shRNA vector and packaging 
vectors psPAX2 (Addgene catalog no. 12260) and pMD2.G (Addgene catalog no. 
12259). Before infection, cell culture supernatant was passed through a 0.45-µm 
syringe filter (Corning catalog no. 431220) and the filtered virus was added to KL 
cells in the presence of polybrene (10 μg ml−1, Sigma catalog no. TR-1003-G) and 
selected with Puromycin (Sigma catalog no. P9620) 48 h after infection. Selected 
stable cell lines were validated by western blot and maintained in the cell culture 
media with 2 μg ml−1 puromycin.

Generation of isogenic lines with an empty vector (pBABE) (Addgene no. 
1764), wildtype LKB1 (pBABE-LKB1, Addgene catalog no. 8592) and LKB1-KD 
(Addgene catalog no. 8593) were performed similarly to those previously 
described58. Briefly, HEK293T cells were transfected with the pBABE-LKB1, 
LKB1-KD or pBABE vectors, along with pCL-Eco (Addgene Plasmid catalog no. 
12371) and pCMV-VSV-G (Addgene catalog no. 8454) packaging vectors.

For Atg knockdown cell-line generation, shRNA vectors were obtained 
from Sigma MISSION TRC shRNA library with clone ID as follows: shAtg7#1 
(mouse) TRCN0000305991, shAtg7#2(mouse) RCN0000375444, shAtg13#1 
(mouse) TRCN0000277121, shAtg13#2 (mouse) TRCN0000176029, 
shGFP TRCN0000072186. GFP–LC3–RFP (Addgene, plasmid 117413), 
pINDUCER20-mStrawberry and pINDUCER20-mStrawberry-Atg4BC74A 
were gifts from A. Kimmelman59. KL GFP shRNA, Atg7 shRNA, Atg13 shRNA, 
GFP-LC3-RFP and Atg4BC74A stable cell lines were generated using the lentiviral 
packaging system described above.

DNA repair assays. To measure the repair of an I-SceI generated DSB by transient 
transfection, for either HR or NHEJ, the assay was performed as previously 
reported with modifications60. Indicated cells were transfected with 1 μg ml−1 pRRL.
SceI.BFP vector (Addgene catalog no. 32628) along with either 1 μg ml−1 pDRGFP 
(Addgene catalog no. 26475) for HR measurement or with 1 μg ml−1 of pimEJ5GFP 
plasmid (Addgene catalog no. 44026) for NHEJ measurement. Cells were collected 
3 d after transfection, stained with zombie near infrared (NIR) fixable viability kit 
(Biolegend) and fixed with fixation/permeabilization solution (BD Biosciences) 
before fluorescence-activated cell sorting (FACS) analysis on BD LSRfortessa X-20 
flow cytometer (BD Biosciences). Blue fluorescent protein (BFP) positive zombie 
NIR− viable cells were gated for SceI+ cells. Within these BFP+ NIR− cells, GFP+ cell 
percentage was quantified using FlowJo software (BD v.10.6.1). Each condition was 
done at least three times and repeated for three independent experiments.

Immunofluorescence microscopy. Cells were permeabilized with cold CSK 
buffer (10 mM HEPES pH 7.4, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 
1 mm EGTA) containing 0.5% Triton X-100, washed with PBS, and fixed with 
4% paraformaldehyde (Electron Microscopy Sciences) before blocking. Cells 
were blocked with 3% BSA in PBS before incubation with the indicated primary 
antibodies. Alexa Fluor 555 or Alexa Fluor 488-conjugated secondary antibodies 
(Life Technology Corporation) were added for 1 h (1:2,000 dilution). Slides 
were mounted in ProlongGold with 4,6-diamidino-2-phenylindole (Invitrogen). 
Imaging was performed using a DeltaVision Elite inverted microscope system 
(Applied Precision), using a ×100/1.4 numerical aperture (NA) Oil PSF Objective 
from Olympus. The system was equipped with a CoolSNAP HQ2 camera and 
SoftWorx imaging software v.5.0. Serial optical sections obtained 0.2 μm apart 
along the z axis were processed using the SoftWorx deconvolution algorithm and 
projected into one picture using SoftWorx software (Applied Precision).

Immunoprecipitation and immunoblotting. HEK293T cells were transiently 
transfected using polyethylenimine. Where indicated, 48 h after transfection, 
HEK293T cells were incubated with NCS for 3 h before collection. Cell lysis was 
carried out with lysis buffer (50 mM Tris pH 8.0, 250 mM NaCl, 10% glycerol, 
1 mM EDTA, 50 mM NaF and 0.5% NP-40) supplemented with protease and 
phosphatase inhibitors. Where indicated, Benzonase (Sigma-Aldrich) was used 
at 1 U μl−1. Lysates were then immunoprecipitated with anti-FLAG antibody 
conjugated to agarose. For chromatin fractionation cells were lysed followed by 
immunoblotting.

Immunoblotting. Each sample was solubilized with lysis buffer (50 mM Tris 
pH 7.4, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% NP-40, protease inhibitors 
and phosphatase inhibitors). Cell extracts were quantified with primary antibodies 
used as LC3B (Novus Biologicals catalog no. NB100-2220), p63 (MBL catalog no. 
PM045), LKB1 (Cell Signaling catalog no. 3047) and β-actin (Sigma catalog no. 
A5441), RAD51 (GeneTex catalog no. GTX70230), pH2AX (Cell Signaling catalog 
no. 9718S), Histone H3 (Abcam catalog no. ab1791), PARP1 (Cell Signaling catalog 
no. 9542S), TAP1 (Cell Signaling catalog no. 12341S), Tapasin (Biolegend catalog 
no. 696702), B2M (R&D Systems MAB8325), PSMB9/LMP2 (Abcam catalog no. 
ab3328), PSMB8/LMP7 (Cell Signaling catalog no. 13635S), PA28 (Cell Signaling 
catalog no. 2409S), PSMB5 (Cell Signaling catalog no. 12919S), PSMB6 (Cell 
Signaling catalog no. 13267S), Atg7 (Cell Signaling catalog no. 8558S), Atg13 (Cell 
Signaling catalog no. 13273S), pTBK1 (Cell Signaling 5483S), TBK1 (Cell Signaling 
3504S) and STING (Cell Signaling 13647S). Secondary antibodies were either 
coupled with horseradish peroxidase (Amersham-GE) and visualized by enhanced 
chemiluminescence substrate (ThermoFisher Scientific) and the signal was 
acquired using ImageQuant LAS 400 (GE), or the secondary antibodies of IRDye 
680RD goat antirat (Li-COR catalog no. 926-68076), golden Syrian and Armenian 
hamster IgG DyLight 800 (Rockland catalog no. 620-145-440), IRDye 680RD 
donkey antimouse IgG (Li-COR catalog no. 925-68072) and IRDye 800CW donkey 
antirabbit IgG (Li-COR catalog no. 925-32212) were used and the fluorescent 
signals on the membrane were imaged on a Odyssey classic infrared imaging 
system (Li-COR) using Image Studio Lite (v.5.2). The results were further analyzed 
using ImageJ Fuji (v.1.51s).

Real-time quantitative PCR. Cell-line mRNA was isolated using the RNAeasy 
Mini Kit (Qiagen), quantified and 2 µg of complementary DNA per sample was 
synthesized using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative PCR 
analysis was conducted using 20 ng of cDNA per well in technical triplicates 
with the PowerUp SYBR Green Master Mix (ThermoFisher) and analyzed on 
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the Applied Biosystems StepOne Real-Time PCR using ΔΔCt quantification 
(ThermoFisher). Primers for each gene are listed in Supplementary Table 2.

Cell lysate immunoproteasome activity assay. Cells from individual cell lines 
were plated overnight, and stimulated with IFNγ at the indicated concentrations 
for 24 h. The immunoproteasome activities of these cells were performed using 
the Immunoproteasome Activity Fluorometric Assay Kit (UBPBio catalog no. 
J4170) according to the manual. Briefly, the lysates were generated by washing 
cells with cold PBS and lysing the result cell pellets, and lysates were obtained 
using ice cold cell lysis buffer according to the manufacturer’s manual. Total cell 
lysate proteins (5 μg) were diluted in 1× assay buffer. Activity assay was carried 
out over 1 h following twofold sample dilution with 100 μM Ac-ANW-AMC, 
Ac-KQL-AMC or Ac-PAL-AMC substrate at 37 °C. Activity measurements were 
performed on a FlexStation 3 multi-mode microplate reader at wavelengths of 
excitation λ = 360 nm and emission λ = 460 nm with reading intervals of 1 min 
using Softmax Pro software (v.5.4.6.005). Each treatment condition was done in 
triplicate. Michaelis–Menten calculations were performed using a nonlinear fit in 
Prism v.8.2.0 to determine Vmax.

TEM. Cultured cells were treated with EBSS for 1 h before being fixed in 0.1 M 
sodium cacodylate buffer (pH 7.2) containing 2.5% glutaraldehyde and 2% 
paraformaldehyde for 2 h, and then post fixed with 1% osmium tetroxide and 
1% potassium ferrocyanide for 1 h at 4 °C; later they were block stained in 0.25% 
aqueous uranyl acetate, processed in a standard manner and embedded in EMbed 
812 (Electron Microscopy Sciences). Ultrathin sections (60 nm) were cut, mounted 
on copper grids and stained with uranyl acetate and lead citrate. Stained grids were 
examined under a Philips CM-12 electron microscope and photographed with a 
Gatan (4,000 × 2,700) digital camera.

Autophagy analysis. For investigation of autophagy flux, a tandem autophagy flux 
reporter plasmid comprising mCherry-EGFP-LC3B (Addgene catalog no. 22418, 
a gift from J. Debnath) was used to generate the indicated cells that were treated 
with MRT followed by imaging of the LC3 puncta using a Leica DM6, and image 
acquisition was done using LAS X software (v.2.0.0.14332.2). For quantification 
of autophagic flux, tandem GFP-RFP-LC3 reporter construct ptfLC3 plasmid 
(Addgene catalog no. 21074) was transfected into indicated cells. Cells were treated 
with either vehicle control or MRT68921 (MCE, catalog no. HY-100006A) for 24 h, 
followed by EBSS nutrient deprivation for 3 h, and collected for quantification 
of autophagic flux as determined by the fluorescent signal of the red fluorescent 
protein (RFP) to GFP ratio within live cells. Data were acquired by FACS using 
LSRFortessa X-20 (BD) and analyzed using FlowJo software (BD v.10.6.1).

For autophagy flux analysis using western blot, each group of cells was treated 
with Bafilomycin A1 (Cayman Chemical Company, catalog. no. 11038) and/or 
MRT68921 with EBSS (ThermoFisher Scientific, catalog no. 24010043) for 1 h. 
Cells were collected and protein extractions were quantified for immunoblotting 
with the indicated antibodies. For autophagy flux analysis in vivo, tumors with 
GFP-LC3-RFP reporter were collected after indicated drug treatment and 
quantified by ratio of RFP to GFP using immunofluorescence staining or FACS 
analysis.

Animal studies. All animal studies were reviewed and approved by the 
Institutional Animal Care and Use Committee (IACUC) at the New York 
University School of Medicine. The GEMM harboring a conditional activating 
mutation of endogenous Kras (KrasLSL-G12D/+) crossed with Lkb1 or p53 conditional 
knockout (Lkb1fl/fl or Trp53fl/fl) has been previously described13. All the mice were 
crossed and confirmed with C57BL/6 genetic background by single-nucleotide 
polymorphism analysis, 99.59% for KP (KrasG12DTrp53fl/fl), 94.46% for KL 
(KrasG12DLkb1fl/fl). CRE recombinase was induced through intranasal inhalation of 
1 × 107 plaque forming units of adeno-Cre (University of Iowa adenoviral core). 
The induced mice were evaluated by MRI imaging to quantify the lung tumor 
burden, and KP and KL lung tumor nodules were obtained and tumor cell lines 
were generated from these nodules ex vivo. Briefly, lung tumors were harvested 
and washed twice in 1× PBS, and then the tumors were cut into small pieces using 
scissors. The shredded tissues were cultured in an incubator at 37 °C (with 5% 
CO2). Fresh medium was changed every other day. The cells were cultured for at 
least five passages to establish the stable cell lines. In this study, five KL cell lines 
generated from different KL mice were used. Generated KL cells were injected 
into female B6(Cg)-Tyrc-2J/J (B6-albino) mice via tail vein injection at 1 × 106 
per mice. Both KL GEMMs and KL allografts and lung tumor developments 
were examined via MRI scan by a 7-T Bruker Biospec 70/30 MRI System and 
the images were acquired using ParaVision software (v.6). Mice lung tumor 
burdens were quantified by MRI imaging before and after the drug treatment. 
MRT68921 (MedChemExpress, catalog no. HY-100006A) or PBS vehicle control 
was administered as 15 mg kg−1 through intraperitoneal (i.p.) injection daily; PD-1 
antibody PD-1 (clone 29F.1A12) was administered three times a week at 200 μg 
per mouse through i.p. injection. Chloroquine diphosphate (Sigma, catalog no. 
C6628-25G) was administered as 60 mg kg−1 through i.p. injection daily alone or in 
combination with anti-PD-1 antibody. For CD8 depletion assay, anti-CD8 (clone 
2.43, Bioxcell, catalog no. BP0061) antibodies were injected at 400 μg per mouse 

via i.p. injection twice a week 3 d before the MRT68921 + PD-1 antibody treatment 
began.

Cell isolation for immune analysis. Mouse lungs with tumors were collected 
after being transcardially perfused with ice cold 1× PBS, followed by mechanical 
disruption with scissors. The minced tissues were incubated with lysis buffer of 
Hank’s balanced salt solution (ThermoFisher Scientific catalog no. 14025092) 
with collagenase D (400 U ml−1, Sigma catalog no. 11088866001) and DNase I 
(1 mg ml−1, Sigma catalog no. 10104159001) at 37 °C for 30 min. The digested tissue 
was separated through a 70-μm cell strainer to obtain a single cell suspension. Cells 
were spun down at 1,500 r.p.m. for 5 min at 4 °C (Eppendorf centrifuge 5810R). 
Pellets were lysed with 1× RBC lysis buffer (Biolegend catalog no. 420301) and cells 
were further processed for downstream applications.

Antibodies for flow cytometric analysis. For mouse studies, the following 
antibodies were purchased from Biolegend: CD45 (clone 30-F11), CD4 (clone 
RM4-5), CD8 (clone 53-6.7), CD3 (clone 17A2), PD-1 (clone 29F.1A12), CD69 
(clone H1.2F3), CCR7 (clone 4B12), CD244/2B4 (clone m2B4), CD44 (clone IM7), 
CD62L (clone MEL-14), CD127 (clone A7R34), CD107a (clone 1D4B) and MHCI 
(clone M1/42). From BD Biosciences, Granzyme B (GB1). From eBiosciences, Foxp3 
(clone FJK-16s) and CTLA-4 (clone UC10-4B9). Cells were stained and analyzed 
using BD Fortessa with DACS Diva (v.8.0.1) and FlowJo software (v.10.6.1).

Cell growth assay. Adherent syngeneic KL and KP cells were plated in 96-well 
plates at a density of 1,000 cells per well overnight and challenged with 
1 nM–20 μM of each compound as indicated for 72 h in the presence of 10% FBS 
and constant 0.2% dimethylsulfoxide (DMSO) in RMPI-1640. Cell proliferation 
was measured by CCK-8 kit (Enzo Lifesciences, catalog no. ALX-850-039-KI02) as 
per the manufacturer’s protocol on a FlexStation 3 multi-mode microplate reader 
using Softmax Pro software (v.5.4.6.005). The data calculations were carried out as 
the percentage cell growth over the DMSO controls and half-maximum inhibitory 
concentration (IC50) was acquired using CalcuSyn (v.2). The normalized data were 
then log10 transformed and plotted in GraphPad Prism v.8.

Statistics and reproducibility. No statistical methods were used to predetermine 
sample size. The group size of mice and samples were chosen based on our 
previous publications that we used to generate statistically significant results58. 
The experiments for the animal study were not randomized and the investigators 
were not blinded during the experiment and outcome assessment. Randomization 
is not relevant to other cell-based studies since they require different treatment 
conditions. For immunofluorescence microscopy, one sample (KL + LKB1) 
was excluded during foci quantification due to cell contamination (Fig. 2f). For 
comparison of normal distribution samples, a two-tailed t-test was used for 
statistical analysis using Prism software. For multiple comparisons, a one-way 
analysis of variance (ANOVA) or multiple t-test was used as specified for each 
experiment in the figure legend with P values calculated in Prism. For patient 
samples that are not in a normal distribution, the Shapiro–Wilk test was used for a 
normality test and a Mannn–Whitney test was used for statistical analysis among 
different groups.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data generated and supporting the findings of this study are available within the 
paper. The RNA-seq data have been deposited in the Gene Expression Ominbus 
accession number GSE137244 and GSE137396. The whole-exome sequencing 
data have been deposited in the NCBI Sequence Read Archive accession number 
PRJNA564395. TCGA data used are publicly available at the Genomic Data 
Commons portal (https://portal.gdc.cancer.gov/). Source data are available for this 
paper. All other data supporting the findings of this study are available from the 
corresponding author on reasonable request.
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Extended Data Fig. 1 | Mutational burden and signature analysis for LKB1 mutant tumors. a, Comparison of tumor mutational burden (TMB) of 
nonsynonymous mutation using freshly isolate NSCLC GEMMs lung nodules from KrasG12DLkb1fl/fl (KL) or KrasG12DTrp53fl/fl (KP) from RNA sequencing. 
n!=!5 lung nod each group. (unpaired t-test, two sided, FDR!<!0.05) b, TMB analysis of cell lines derived from KrasG12DLkb1fl/flTrp53fl/fl (KLP) NSCLC GEMM 
nodules using RNA sequencing (Upper table) or whole exome sequencing (WES) (lower table) for each cell line. c, Validation of KP, KL, KLP lines used. 
Upper panel, PCR result of indicated primers for each cell line. Lower panel, western blot result of LKB1, TRP53 and P16 protein levels of each cell lines. 
Blots are cropped and that uncropped images can be found in Source Data. Data represents one of three independent experiments. d, Representative IHC 
images of KL allograft lung tumors showing adenocarcinoma (left panels) or squamous tumor (right panels). Data represents one of three independent 
experiments. Scale bar, 100μm. e, Co-mutational analysis of NSCLC patients analyzed in Fig. 1b, including KRAS, STK11 and TP53 as total patient number 
and percentage within each group. f, Top suppressed biological process pathways from Kras/Lkb1 comparing with Kras/Trp53 mutant mouse cell lines. 
x-axis, -log2q value (Bonferroni) between the two groups. n!=!5 cell lines each group.
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Extended Data Fig. 2 | Mutational signature analysis and gene set enrichment analysis (GSEA) from KL and KP tumors. a, Point nonsynonymous 
single-nucleotide variations (SNV) numbers from either KP or KL cells. KP n!=!6, KL n!=!5 cell lines each group. (mean±sd, unpaired t test, two tailed). b, 
Percentage of Indels and SNVs in KP and KL cells KP n!=!6, KL n!=!5 cell lines each group. (unpaired t test, two sided. P!=!0.0032). c, Percentage of each 
COSMIC mutational signature detected in the cell lines examined. Each column represents one individual cell line. d, Fold change of the signatures shown 
in (a) and normalized to average levels of corresponding signature in KP. KL, KP n!=!5 cell lines each group. (mean!±!sd, multiple t test, FDR!<!0.05). e, 
GSEA of DNA repair related pathways, including HR repair-replication independent DSB, non-homologous end joining, nucleotide excision repair and 
mismatch repair, and related autophagy pathway and unfolded protein response (UPR) pathway of KL and KP GEMM lung nodules. KL n!=!5, KP n!=!5 lung 
nodules each group. f, Gene set enrichment analysis (GSEA) of TCGA patients for autophagy pathway and UPR pathway. KL n!=!19, KP n!=!22 patients each 
group.
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Extended Data Fig. 3 | LKB1 mutant tumor double strand break repair. a, HR and NHEJ levels in Kras/Lkb1/Trp53 mutant cell lines comparing with Kras/
Trp53 cells. n!=!3 cell cultures for each group. (mean±sd, two-sided t test, unpaired). b, NHEJ ratio changes in human NSCLC LKB1 mutant cell lines H23, 
A427 and H460 with empty vector (pBABE), LKB1 or KLB1-KD overexpression were determined by flow cytometry. n!=!3 individual cell cultures for each 
group. (mean±sd, two-sided t test, unpaired). c, Quantification of Rad51 and pH2AX positive cells percentage in KLP cells. Result is combined from three 
independent experiments. KP UT, KP NCS and KLP UT n!=!4, KLP NCS n!=!3 individual cell cultures each group. Data shown one of two independent 
experiments. (mean ± sd, one-way ANOVA, multiple two-sided comparison, Tukey test). d, LKB1 forms complex with BRCA1 in response to DNA damage. 
Upper panel, immunoprecipitation assay showing LKB1 interacting proteins in response to neocarzinostatin (NCS) treatment induced DNA damage. Lower 
panel, western blot showing total level of input proteins from whole-cell extract (WCE). Data represents one of two independent experiments. Blots are 
cropped and uncropped images can be found in Source Data.
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Extended Data Fig. 4 | Immunoproteasome activity changes in LKB1 mutant tumors upon IFNγ stimulation. a, Real-time PCR showing antigen 
presentation genes expressing in LKB1 mutant lines with LKB1 overexpression. Left, H460 human NSCLC cells. Right, mouse KL cells with or without 
LKB1 over-expression. n!=!3 experiments each group. (mean!±!sd, unpaired t test, two tailed). *P!<!0.05, ***P!<!0.001. b, Western blot showing 
immunoproteasome subunits PSMB9 and PSMB8 levels, TAP1, Tapasin and B2M expression (Upper panel) and conventional proteasome subunits 
PSMB5 and PSMB6 expression (lower panel) from KP or KL lung nodules. Samples are derived from the same experiment and blots were processed in 
parallel. Blots are cropped and uncropped images can be found in Source Data. c, KL Ulk1 shRNA cell lines (upper panel) and KP Ulk1 shRNA cell lines 
(lower panel) were stimulated with IFN γ (10!ng/ml) for 24 hrs before the measurement of immunoproteasome activities showed as relative fluorescent 
units (RFU) per min (Vmax). n!=!3 cell cultures for each group. (mean!±!sd, multiple two-sided unpaired t test, two-stage step-up method of Benjamini, 
Krieger and Yekutieli). d, Immunoproteasome cleavage activity corresponding to indicated substrate for two KLP cells (KLP T1 and KLP T2) after IFN# 
stimulation shown as Vmax fold change compared with KL vehicle control group. n!=!3 cell cultures each group. (mean!±!sd, two-sided unpaired multiple 
t test, two-stage step-up method of Benjamini, Krieger and Yekutieli). e, Immunoproteasome activity for KL (left) and H460 (right) with or without LKB1 
over-expression. n!=!3 cell cultures each group. (mean!±!sd, two-sided unpaired multiple t test, two-stage step-up method of Benjamini, Krieger and 
Yekutieli).

NATURE CANCER | www.nature.com/natcancer

http://www.nature.com/natcancer


ARTICLESNATURE CANCER ARTICLESNATURE CANCER

Extended Data Fig. 5 | MHCI levels in KL and KP tumors. a, MHCI levels from KP or KL allograft tumors as quantified as median fluorescent intensity 
(MFI) (left). Right, representative histograms depict MHCI level from mice with KP and KL tumors. n!=!5 tumors each group. (mean!±!sd, two-sided t test, 
unpaired) b, MHCI levels from KP or KL tumor cell lines stimulated with IFNγ as shown MFI levels. Left panel, representative histograms. Right panel, 
quantification of MHC I expression levels in KP and KL after IFNγ (100!ng/ml) stimulation for 18 hrs. n!=!3 cell cultures each group. Shown representative 
result of three independent experiments (mean!±!sd, multiple t test, FDR!<!0.05). c, MHC I subunit H-2K and H-2D levels change in response to ULK1 
inhibitor MRT68921 in mouse KL line in vitro 48hrs after the treatment. Data representative of two independent experiments.
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Extended Data Fig. 6 | See next page for caption.

NATURE CANCER | www.nature.com/natcancer

http://www.nature.com/natcancer


ARTICLESNATURE CANCER ARTICLESNATURE CANCER

Extended Data Fig. 6 | Targeting autophagy pathway in LKB1 mutant NSCLC tumors. a, Representative immunofluorescent (IF) image of autophagy flux 
in KL and KL-LKB1 tumor cells in response to MRT using GFP-mCherry-LC3B reporter. Red, GFP-mCherry+ LC3 puncta; yellow, GFP!+!mCherry+ puncta. 
scale bar, 15 $m. Data representative of 2 independent experiments. b, Quantification of autophagic flux by GFP-RFP-LC3 reporter in KL tumors treated 
with MRT as left using flow cytometry analysis. Upper panel, gating strategy. Lower panel, quantification of autophagic flux shown as RFP:GFP ratios. 
n!=!3 cell cultures each group. Data shown represents one of three independent experiments (mean!±!sd, two-tailed t test for high group, unpaired). c, 
Quantification of autophagic flux ratio (RFP:GFP) in KL cells with GFP-RFP-LC3 reporter transduced with Ulk1 shRNA. n!=!3 cell cultures each group. Data 
shown one of two independent experiments. (mean!±!sd, two-tailed t test for high group, unpaired). Samples were compared with NT shRNA cells for high 
group. d. western blot showing ULK1 protein levels in KL (left) and KP (right) stable cell lines with Ulk1 shRNA. Data represents one of two independent 
experiments. e, Western blot of ULK inhibitor MRT68921 in human LKB1 isogenic lines for TBK1/STING pathway changes of H460 (left) and H23 (middle) 
and H1792 (right). Data represents one of two independent experiments. f,g,h, Immunoproteasome activity for KL stable cell lines with Atg7 or Atg13 
for ANW (f), KQL (g) or PAL (h) substrate. n!=!3 independent experimental samples for each group. (data presented are shown as mean±sd, two-sided 
one-way ANOVA, Tukey test, statistics presented on top of each column is compared with vehicle group, and pairwise comparisons between groups after 
100!ng/ml IFNγ treatment shown on top of columns). Data shown one of two independent experiments. i, Western blot of KL stable cell lines generated 
with either Atg7 shRNA (left panel) or Atg13 shRNA (right panel). Shown one of two independent experiments. Blots in panels d, e and i are cropped and 
uncropped images can be found in Source Data.
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Extended Data Fig. 7 | Targeting autophagy in LKB1 mutant NSCLC tumors in vivo. a, validation of KL cells transduced with autophagy flux reporter 
GFP–LC3-RFP (GLR). Generated KL GLR cells were starved in EBSS buffer for 24 hrs before FACS analysis for RFP/GFP signals. b, Representative FACS 
analysis of GFP/RFP ratio of KL tumors after indicated treatments. Data representative of 2 independent experiments. c, Western blot shows conventional 
proteasome subunits PSMB5 and PSMB6 expression levels from KL lung nodules after MRT!+!PD1 treatment. Each lane represents one individual mouse 
tumor nodule. d, Toxicity of MRT68921 shown as mouse body weight change percentage after the drug treatment. Each line represents one mouse. n!=!9. 
e, Tumor volume changes after 2-week treatment of KL GEMM tumors with MRT!+!PD1. Veh n!=!9, PD1 n!=!14, MRT n!=!8, MRT!+!PD1, n!=!14 tumors each 
group. (mean!±!sd, one-way ANOVA). f, Tumor volume change of KP allograft tumor 1 week after indicated treatment. Veh, MRT, MRT!+!PD1 n!=!10; PD1 
n!=!8 tumors each group. (mean!±!sd, one-way ANOVA).
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Immune infiltrates analysis in KL tumors after ULK1 inhibitor treatment. a, Gating strategy used for immune analysis. b, FACS 
analysis of CD4!+!(left) and CD8!+!(right) T lymphocytes among total tumor infiltrating CD45!+!leukocytes in KL tumor after the treatment of ULK1 
inhibitor MRT68921 (MRT). Veh n!=!12, MRT n!=!5 tumors each group. (mean!±!sd, unpaired t test, two tailed). c, CD8/Treg ratio of total tumor infiltrating 
leukocytes (TILs) after the indicated drugs treatment. veh n!=!12, MRT n!=!5, MRT!+!PD1 n!=!12 tumors each group. (mean!±!sd, unpaired t test, two tailed). 
d, CD69, CCR7 and 2B4 levels within CD8!+!T cells after MRT68921 (MRT) and anti-PD1 treatment. Left panel, veh n!=!12, MRT!+!PD1 n!=!10. Middle and 
right panel, veh n!=!8, MRT!+!PD1 n!=!10 tumors each group. (mean!±!sd, unpaired t test, two tailed.).
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