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Aberrant activation or disruption of autophagy promotes tumorigenesis in various preclinical models of cancer, but
whether the autophagy pathway is a target for recurrent molecular alteration in human cancer patient samples is
unknown. To address this outstanding question, we surveyed 211 human autophagy-associated genes for tumor-
related alterations to DNA sequence and RNA expression levels and examined their association with patient survival
outcomes in multiple cancer types with sequence data from The Cancer Genome Atlas consortium. We found 3
(RB1CC1/FIP200, ULK4, WDR45/WIPI4) and one (ATG7) core autophagy genes to be under positive selection for somatic
mutations in endometrial carcinoma and clear cell renal carcinoma, respectively, while 29 autophagy regulators and
pathway interactors, including previously identified KEAP1, NFE2L2, and MTOR, were significantly mutated in 6 of the 11
cancer types examined. Gene expression analyses revealed that GABARAPLT and MAP1LC3C/LC3C transcripts were less
abundant in breast cancer and non-small cell lung cancers than in matched normal tissue controls; ATG4D transcripts
were increased in lung squamous cell carcinoma, as were ATGT6L2 transcripts in kidney cancer. Unsupervised clustering
of autophagy-associated mRNA levels in tumors stratified patient overall survival in 3 of 9 cancer types (acute myeloid
leukemia, clear cell renal carcinoma, and head and neck cancer). These analyses provide the first comprehensive
resource of recurrently altered autophagy-associated genes in human tumors, and highlight cancer types and subtypes
where perturbed autophagy may be relevant to patient overall survival.

Introduction

To harvest energy and nutrients from cellular components,
(macro)autophagy shuttles long-lived proteins and damaged
organelles to lysosomes for degradation and subsequent nutrient
release into the cytoplasm, thus recycling building blocks for
new macromolecules. Autophagy remains active at basal rates
under normal conditions, but is induced in response to stress as
a cell survival mechanism to increase nonselective bulk degrada-
tion or to selectively target cytoplasmic constituents via cargo-

specific autophagy receptors. Cancer cells experience many
stresses known to induce autophagy, including nutrient depriva-
tion, hypoxia, and damage from anticancer treatments, and
some cancers may exploit increased autophagy as a drug-resis-
However,
defective autophagy can also promote tumorigenesis through
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the accumulation of genotoxic cellular waste, which facilitates
the acquisition of driver mutations and chromosomal lesions
that can transform precancerous cells or benefit established
tumor cells. This dual role for autophagy in cancer pathogenesis
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is well documented in preclinical cancer models;> however,
whether these findings translate to patients remains unknown.?
A fundamental and unexplored question is whether, and in
what disease contexts, autophagy-associated (AA) genes are tar-
gets for recurrent molecular alteration in human cancer. As
detailed below, we use the term AA to refer to not only the core
ATG genes, but also to genes encoding known interactors of
ATG proteins and regulators of the autophagy process (see also
Methods and Table S1).

Recent efforts to catalog molecular alterations in cancer
patients at the genomic level have produced large accessible
repositories of human tumor data.*® Our study presents a
cross-cancer survey of tumor-associated molecular alteration of
human autophagy genes, key autophagy regulators, and impor-
tant pathway interactors from analyzed (level 3) patient
sequence data (DNA and RNA) provided by The Cancer
Genome Adas (TCGA) consortium. We analyzed patterns of
Darwinian selective pressure for somatic mutations identified in
AA genes, examined AA gene expression changes between tumor
and adjacent normal tissue samples, and identified differentially
abundant autophagy pathway genes between patient groups

(obtained from unsupervised clustering on AA transcript abun-
dance) that display significant differential overall survival (OS).
Our catalog of DNA and RNA changes to AA genes present in
cancer patient samples will both inform current investigations
and stimulate further research into the consequences of altered
autophagy-associated genes in human cancers.

Results

The core autophagy machinery is not targeted by
high-frequency somatic single nucleotide mutation across
cancers

Human orthologs and paralogs of 31 autophagy-related (A7G)
genes first identified in yeast form the core of our query gene set
of 211 human AA genes. To sample cancer-associated alteration
from the wider autophagy interaction network,” our gene set fur-
ther included AA genes culled from the literature that participate
in key upstream signaling networks (e.g., the MTOR subnetwork,
AMP activated protein kinase complex, BECN1/Beclin 1 interac-
tome), function as selective autophagy receptors (e.g., SQSTM1/
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Figure 1. Network representation of core autophagy proteins, autophagy regulators and pathway interactors, clustered into functional modules of
human protein-protein interactions by the Reactome Functional Interaction Network. Schematic showing the functional interconnectedness of 162 of
211 autophagy-associated proteins curated from literature. Edges represent human protein-protein interactions (PPI) reported in the Reactome database.
Cellular functional compartments that are important in autophagy modulation are indicated by color-coded modules annotated by module-enriched GO
Biological Process terms (FDR < 0.01). Node size ranks proteins by PPI count.
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p62, various MAP1LC3/LC3-interacting proteins), participate in
known autophagy-associated cross-talk with other pathways (e.g.,
endocytic trafficking, cell death, immunity), or have been impli-
cated in pathogenic autophagy modulation in discase contexts,
such as cancer and neurodegeneration (see Materials and Methods;
Table S1). Figure 1 diagrams the query gene set in the context of
its. known human protein-protein interactions (PPIs), obtained
from the manually curated Reactome Database® of pathways and
reactions. We clustered AA PPIs into modules of high connectivity
using the Reactome’s spectral partition based network clustering
algorithm,9 and further labeled modules with enriched GO biolog-
ical process terms (FDR < 0.01) that highlight some of the shared
alternate functions of autophagy pathway interactors (e.g., roles in
apoptosis, metabolism, vesicle-mediated transport, and signal

transduction), which provide opportunities for autophagy crosstalk
with other cellular pathways.

To assess whether AA genes were significant targets of somatic
mutation in cancer, we first mined TCGA level 3 mutation data
for coding, somatic, single nucleotide variants (SNV) identified
in our gene set, across 11 cancer types: breast invasive carcinoma
(BRCA), colon adenocarcinoma (COAD), glioblastoma multi-
forme (GBM), head and neck squamous cell carcinoma
(HNSC), kidney renal clear cell carcinoma (KIRC), acute mye-
loid leukemia (LAML), lung adenocarcinoma (LUAD), lung
squamous cell carcinoma (LUSC), ovarian serous cystadenocarci-
noma (OV), rectum adenocarcinoma (READ), and uterine cor-
pus endometrial carcinoma (UCEC). To distinguish between
potential driver mutations and passenger mutations, we applied a

RB1CC1
RABGAP1

Mutation frequency
0.176

0.056

l 0.012

Significantly mutated gene (adj. P < 0.05)

Cancer type

LUSC

Figure 2. Circos plot overview of mutation frequency for significantly mutated autophagy-associated genes found in patients in 6 different cancers. Rib-
bons connect cancer type to mutated gene, ribbon color denotes levels of mutation frequency (range 0.012-0.176). Mutated genes were found to be
under positive selection for somatic single nucleotide mutation, as assessed by an analysis of patterns of Darwinian selective pressure (adjusted P <
0.05). UCEC, uterine corpus endometrial carcinoma; LUSC, lung squamous cell carcinoma; LUAD, lung adenocarcinoma; HNSC, head and neck squamous
cell carcinoma; KIRC, kidney renal clear cell carcinoma; GBM, glioblastoma multiforme.
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method that searches for patterns of selective pressure adapted
from the method described by Greenman et al.'® and identified
significantly mutated AA genes in 6 out of 11 cancer types (Ben-
jamini-Hochberg (BH) adjusted P < 0.05; Fig. 2; mutation fre-
quency (F) and annotation in Table §2): GBM, HNSC, KIRC,
LUAD, LUSC, and UCEC. Core autophagy genes (i.c., genes
that build autophagosomes) were not found to be significantly
mutated across most cancer types; however, UCEC and KIRC
had significantly mutated core genes at patient frequencies of
0.06 or less: RBICCI1/FIP200 (0.060), ULK4 (0.048), WDR45/
WIPI4 (0.044) and ATG4C (0.040) in UCEC, and ATG7
(0.032) in KIRC. In addition, a single truncating hotspot muta-
tion was identified in RBICCI in UCEC (R1321* [F = 0.012],
where the asterisk denotes a premature stop codon and infers a
truncated protein; Table S2). Across cancers, as previously
reported by TCGA, we confirmed 4 AA genes to be significantly
mutated at frequencies of between 0.048 and 0.176 in 2 or more
cancer types (Fig. 2): CDKN2A,'"'?  KEAP1,* NFE2L2/
NRF2,"'"'3 and MTOR.'>'* Within cancer types, UCEC had
the highest number of significantly mutated AA genes, including:
PPP2RIA and BIRC6 (F > 0.1); LRRK2, TAB3, CDK5RAP2,
RABGAPI, and RBICCI1 (F = 0.05-0.1); TBCIDI15, ULK4,
MTMR7, WDR45, DNMIL, MAPKS, PRKACG, TRAPPCS,
ATG4C, RAB24, CDKN2AIP, HACEI, KBTBD7, PRKAA2,
VTI1B, ARF6, CDK5RI, DIRAS3, and PRKAR2B (F< 0.05).
The remaining cancer types showed fewer significantly mutated
AA genes: PIK3C2G in GBM (F = 0.031); CDKN2A (F =
0.176) and NFE2L2 (F = 0.056) in HNSC; MTOR (F =
0.082), ATG7 (F = 0.014) and HIFIA (F = 0.01) in KIRC;
KEAPI (F = 0.157), STK11/LKB1 (F = 0.074), and CDKN2A
(F = 0.048) in LUAD; and CDKN2A (F = 0.124), NFE2L2 (F
= 0.146), and KEAPI (F = 0.112) in LUSC. Previously reported
hotspot mutations with frequencies of at least 0.01 were con-
firmed in 5 autophagy regulators and/or pathway interactors
(Table S2). The highest frequency hotspots included R80* in
CDKN2A" (F = 0.046, HNSC), P179R in PPP2RIA" (F =
0.032, UCEC), D29H/G/N/Y and R34Q/G/P in
NFE2L2'1%17 (F = 0.028, LUSC), S2215Y in MTOR'™®' (F
= 0.012, UCEC), and R470C in KEAPI* (F = 0.011, LUSC).
Known hotspot substitutions in or near the DLG and ETGE
KEAP1-binding motifs in NFE2L2*' were observed in multiple
cancers (HNSC, LUSC, UCEC); similarly, convergent hotspot
mutations were present in CDKN2AY (W110* and E120%) in
both HNSC and LUSC, which are squamous cell carcinomas of
distinct tissue type that share mutational landscapes.'"

The low frequency of mutation of core autophagy genes sug-
gests that the autophagy machinery is functional in patients of
the 11 cancer types investigated, and therefore remains
exploitable by these tumor types.

Autophagy regulators and pathway interactors show tumor-
associated transcriptional modulation

To identify AA genes that showed a significant change in tran-
script abundance in tumor tissue, we performed a differential
abundance analysis between tumor and adjacent normal tissue

for BRCA (Fig. 3), KIRC (Fig. 3), LUAD (Fig. 4), and LUSC
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(Fig. 4). To determine whether observed differential expression
could result from underlying copy-number alterations, we further
stratified abundance of differentially expressed AA genes by copy-
number status and examined whether a significant increase or
decrease of mRNA abundance (Wilcoxon rank sum test P <
0.05) existed between patients with no somatic CNV versus
patients with amplifications (in the case of increased differential
expression) or homozygous deletions (in the case of decreased dif-
ferential expression) (Table S3).

Differentially expressed (Wilcoxon rank sum test 2 < 0.05
and FC > 2.0 [RPKM)]) core autophagy genes in tumor tissue
included GABARAPLI (BRCA, KIRC, LUAD), MAPILC3C
(BRCA, LUAD, LUSC), ATG4D (LUSC), and ATGI6L2
(KIRC) (Figs. 3 and 4). In addition to GABARAPLI and
MAPILC3C, 14 AA genes were differentially expressed in 2 or
more cancer types (Table 1). With one exception (LAPTM4B),
all differentially expressed genes identified in multiple cancers
changed expression in the same direction, regardless of cancer
type. Genes showing increased abundance in multiple cancers
included: CDK5R1, CDKN2A, BNIP3, LAPTM4B, PPP2R2C,
DNM1, and TRAF2; genes with decreased abundance in multiple
cancers included: DIRAS3, GABARAPLI, LRRK2, MAPILC3C,
PRKAR2B, DRAM]1, PIK3C2G, PPP2R2B, SNX30, and STBD].

Within cancer types, KIRC and LUSC cancers showed the larg-
est number of differentially expressed AA genes. Genes uniquely
differentially expressed in KIRC included A7GI6L2, CEBPB,
RAB24, and SNAP25 (increased mRNA), and HIFIA, MTOR,
PRKAR2A, RALBPI, and SCOC (decreased mRNA). In LUSC,
ATG4D and PRR5 transcripts were increased, while FNBPI,
FYCO1, PIK3C2B, SEC22C, and TECPRI transcripts  were
decreased. There were 4 differentially expressed genes unique in
BRCA: CDKS5 (increased mRNA) and ARHGAP26, FOXOI, and
PPP2RIB (decreased mRNA). ULK2 was differentially expressed
in LUAD only, showing decreased mRNA in tumors.

Only 3 differentially expressed AA genes showed a significant
difference of mRNA levels (Wilcoxon rank sum test 2 < 0.05) in
patients with focal amplifications or homozygous deletions com-
pared to patients normal for copy-number alterations: CDK5R1
(FC = 2.45) and CDKN2A (FC = 7.48) showed recurrent
(patient count > 5) amplification in BRCA, while RAB24 (FC =
1.31) showed recurrent amplification in KIRC (Table S3).

To further investigate changes to AA gene expression in
patients bearing alterations of various clinically relevant tumor
suppressors, oncogenes, chromosomal aberrations, or clinical
phenotype (e.g., PAM50 subtype in BRCA, HPV infection status
in HNSC, TP53 mutation in LAML), we stratified BRCA,
HNSC, KIRC, LAML, LUAD, LUSC, and UCEC tumor tran-
script abundance for all 211 AA genes by the alteration status of
patients (Table 2; Table S5). Table 2 summarizes AA genes that
showed significant increases or decreases of mRNA in tumors
that harbored alterations in known disease genes or had reported
clinical phenotypes, versus patients with no such alterations or
reported phenotypes (list of all tested alterations and phenotypes
in Methods; Wilcoxon rank sum test 2 < 0.05 and FC > 1.5
(RPKM)). With the exception of increased A7G3 expression in
LAML patients with the French-American-British (FAB) M5
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Figure 3. For figure legend, see page 1673.
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subtype and various changes in expression for members of the
GABARAP family, core autophagy genes did not appear to be
transcriptionally modulated in response to additional changes
present in oncogenes and tumor suppressors, or to the pheno-
types tested here. However, LAPTM4B, SQSTMI, and
TNFSFI0/TRAIL showed dynamic increases and decreases in
mRNA level across multiple cancer types, depending on addi-
tional alterations or clinical conditions present in patients
(Table 2).

Differential expression analysis of tumor versus matched nor-
mal adjacent patient tissue revealed significantly increased and
decreased AA transcript abundance that did not appear to be
driven by underlying copy-number alterations, including 16 AA
genes that were modified in the same direction in multiple cancer
types. Although it remains to be assessed whether these recurrent
changes to AA transcript abundance across tumors results in pre-
dictable changes to the autophagy status of tumors, transcrip-
tional regulation of these known autophagy modifiers may
represent a more general cancer-associated mechanism of tumor-
associated autophagy modulation.

Unsupervised consensus clustering of autophagy-associated
transcript abundance in tumors stratifies patient overall
survival and links differential expression of autophagy
regulators and interactors to enriched clinical features within
patient groups

To discover whether distinct AA transcript abundance across
the autophagy pathway could be associated with particular patient
outcomes, we applied the non-negative matrix factorization
(NMF) algorithm22 to perform unsupervised consensus clustering
of patient tumor samples on the mRNA levels of all 211 AA
genes, and then applied differential survival analysis on patient
groups identified by the NMF clustering. Of 9 cancers tested, 3
cancer types (LAML, KIRC and HNSC) showed significant dif-
ferences in overall survival (OS) between patients grouped by dif-
ferential AA gene expression: LAML (Log-rank test P =
0.0021), KIRC (P = 0.00010), and HNSC (P = 0.0140)
(Fig. 5). Not all cancer types had equivalent lengths of follow-up
time; therefore, it is possible that with further follow-up, other
cancers would show significant differences in OS between cluster
groups. To explore whether the differences in AA transcript abun-
dance that grouped patients together reflected shared disease
states, we assessed whether disease-specific clinical characteristics
(such as tumor stage or diagnostic molecular feature) were signifi-
cantly enriched across patient groups (Fisher exact test, adjusted P
< 0.05) (Fig. 5). We then determined which AA genes were
most influential in grouping patients with enriched clinical charac-
teristics together by identifying AA genes that were differentially
expressed within a single NMF-clustered patient group versus all

others (Wilcoxon rank sum test P < 0.05 and median ratio of
RPKM > 1.5) (Fig. 5; Table S4). Similar to results of the tumor
versus normal analysis of differentially expressed AA genes, we
found core transcript abundance to be largely unchanged between
differentially surviving patient groups across cancer types. How-
ever, ULK1, ATG3, ATG7, and GABARAP had increased mRNA
compared to all other groups in LAML patients with intermediate
OS (LAML-G1 and -G2), ATG16L2 and GABARAPLI showed
increased abundance in KIRC patient groups with poor OS
(KIRC-G2 and —G3), and ATG4D showed increased abundance
in the best OS group in HNSC (HNSC-G4). The remainder of
differentially expressed genes between patient groups included
autophagy regulators and pathway interactors that did not show a
common pattern of differential expression with respect to patient
overall survival across cancer types, indicating heterogeneous
expression of autophagy-associated genes between the tumor types
investigated. Further, AA genes showed intratumoral heterogeneity
of expression between patient groups enriched for distinct, disease-
related molecular alterations and clinical phenotypes.

The best surviving (LAML-G3) and poorest surviving
(LAML-G4) NMF-clustered LAML patient groups displayed
OS curve separation compared to all others (2 = 0.00091 and
P = 0.00051, respectively; 0.0040 and 0.0024 after a Bonfer-
roni correction). LAML-G3 showed the highest enrichment of
patients with FAB classifications M0, M1, M2, and M3, the
designation of ‘favorable cytogenetic risk,” and the following
molecular features: W71 mutation, CEBPA mutation, PML-
RARA fusion, chromosome translocation t(15;17), CBFB-
MYH]I1 fusion, and loss of chromosome 7 or deletion of
7q. Although no AA genes were differentially expressed in
LAML-G3 compared to all other groups, DNM]I transcripts (a
mitophagy-related gene previously identified as part of the M3
specific dysregulome®) were increased in both patient groups
enriched for the M3 subtype (LAML-G3 and —-G1). Poor sur-
viving LAML-G4 patients showed the highest enrichment for
TP53 mutation, loss of chromosome 5 or deletion of 5q, and
the designation of ‘complex cytogenetics,” as well as increased
transcript abundance for the AA modulators LAPTM4B,
OPTN, and PRR5. LAML-G1 and -G2 showed intermediate
survival compared to other groups; LAML-G2 had the highest
enrichment of FAB classifications M4 and M5, designations of
‘intermediate cytogenetic risk’ and ‘normal karyotype,” as well
as enrichment for MLL-X fusion, NPMI mutation, and
CBFB-MYH11 fusions. In addition to the striking increases to
core gene abundance mentioned above, LAML-G2 patients
showed increased 7NFESFIO/TRAIL, TFEB, RAB24, and
DRAM]1 transcripts, among others (Fig. 5).

A similar analysis in KIRC defined 3 patient groups, with
KIRC-G1 (most favorable OS) and KIRC-G3 (poor OS)

Figure 3 (See previous page). Differential gene expression analysis of pooled tumor versus pooled matched normal tissue gene abundance for 97 inva-
sive breast carcinomas (BRCA) and 65 clear cell renal carcinomas (KIRC). (Right) Boxplots of normalized RNA-seq derived gene abundance (RPKM) dis-
played for autophagy-associated genes differentially expressed in tumor tissue compared to adjacent matched normal tissue in BRCA and KIRC patients.
Differentially expressed genes showed significant (adjusted P < 0.05) differences in mRNA levels with a median fold-change > 2. (Left) Unsupervised
clustering on only differentially expressed autophagy-associated genes (log2 transformed RPKM) grouped matched tumor and normal samples together.
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displaying significantly different survival curves (P = 0.000018  between 2 of the 3 patient groups, KIRC-G1 and -G3. KIRC-
and P = 0.00073, respectively; 0.00005 and 0.0022 after Bon- G1 showed the highest enrichment of patients with lower
ferroni correction) (Fig. 5). Clinical covariates were divided tumor grade (G1, G2; P = 0.008), lower tumor stage (T1a,
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Figure 4. Differential expression analysis of pooled tumor versus pooled matched normal gene abundance for 17 lung squamous cell carcinomas (LUAD)
and 25 lung adenocarcinomas (LUSC). (Right) Boxplots of normalized RNA-seq derived gene abundance (RPKM) displayed for autophagy-associated
genes differentially expressed in tumor tissue compared to adjacent matched normal tissue in LUAD and LUSC patients. Differentially expressed genes
showed significant (adjusted P < 0.05) differences in mRNA levels with a median fold-change > 2. (Left) Unsupervised clustering on only differentially
expressed autophagy-associated (log2 transformed RPKM) genes grouped matched tumor and normal samples together.
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Table 1. Summary of autophagy-associated genes found to be differentially
expressed between tumor and matched normal tissue, in 2 or more cancer
types

Putative autophagy
Gene association BRCA KIRC LUAD LUSC
CDK5R1 Positive modulator” 1 1 1 1
CDKN2A Positive modulator 0 b b 0
BNIP3 Positive modulator, mitophagy — 0 0 0
DIRAS3 Positive modulator — l l i
GABARAPL1 Core gene N N N —
LAPTM4B Positive modulator — 1 4 0
LRRK2 Negative modulator 1 — 1 1
MAPITLC3C  Core gene J — N J
PPP2R2C Modulator, direction undefined 4 — 0 4
PRKAR2B Positive modulator 1 1 — 1
DNM1 Positive modulator, mitophagy — 0 — 0
DRAM1 Positive modulator — - \
PIK3C2G Modulator, direction undefined | i — —
PPP2R2B Modulator, direction undefined | J — —
SNX30 Human homolog of yeast — — | l
SNX4/ATG24

STBD1 GABARAPLT interactor N — — 1
TRAF2 Positive modulator 0 4 — —

*Modulator is defined in this study as an autophagy pathway interactor
reported in literature to be associated with autophagy modulation that lacks
a defined direction of regulation.

BRCA, invasive breast carcinoma; KIRC, kidney clear cell renal cell carcinoma;
LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; %,
mRNA significantly upregulated compared to matched normal tissue; |,
mRNA significantly downregulated compared to matched normal tissue; —,
not differentially expressed.

T1b; P = 0.053), lower stage (stage I; 2 = 0.012) and ‘tumor
free’ designation (P = 0.00005), and increases in various
autophagy pathway interactors (Fig. 5). Conversely, KIRC-
G3, which showed increased A7TGIGL2 transcripts, was
enriched with patients with higher tumor grade (G4), higher
tumor stage (T2a, T2b), and higher stage (stage III, stage IV),
and included almost all instances of BAPI mutation (previ-
ously associated with poor OS by TCGA'). KIRC-G2 (with
similar poor OS as KIRC-G3) contained the remainder of
patients with advanced tumor stage (T4) not clustered in
KIRC-G3, as well as increased ARLS8B, GABARAPLI, GBAS,
HIFIA, and LAPTM4B transcripts and decreased BNIP3,
BNIP3L, DRAM]I, and OPTN transcripts.

Clustering of HNSC patients resulted in a 4-group solution
(Fig. 5). HNSC-G4 (with the most favorable OS) displayed a
significantly different curve from all others (P = 0.0012;
0.0048 after the Bonferroni correction). HNSC-G4 showed
enrichment for human papillomavirus (HPV) infection posi-
tive (7) patients, various known disease-related amplifications
(7TP63, PIK3CA, and SOX2), and increased abundance of a
number of AA genes, including ATG4D, KEAPI, MAP1LC3A,
and NFE2L2. HPV-negative () patients clustered in HNSC-
G2 (intermediate OS), which was enriched for CDKN2A dele-
tions and a large proportion of TP53 mutations, and showed
decreased GABARAPLI and SQSTM]1 transcripts. The poorest
OS group (HNSC-G1) contained the majority of NFE2L2/
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NRF2 mutations and showed striking increases of TNFSF10/
TRAIL and OPTN abundance.

In summary, unsupervised clustering of abundance profiles for
AA genes stratified patient OS, revealing associations between
differentially expressed autophagy regulators and interactors and
patient groups enriched for molecular alterations and disease
phenotypes relevant for diagnosis, prognosis, and treatment of

patients in LAML, KIRC, and HNSC.

Discussion

Autophagy can support either tumor suppression or tumor
promotion depending on the additive influences of tissue type,
disease subtype and stage, tumor genetic background, and thera-
peutic regimen.?* Given this, we did not expect to draw general
conclusions about the activity of the autophagy pathway across
heterogeneous collections of tumor samples, particularly given
the fact of tumor heterogeneity reported to exist between cancer
types and subtypes, between patients, and within individual
tumors.” In line with these ideas, our analyses revealed a diverse
array of autophagy regulators and pathway interactors that were
targeted for point mutation or showed differential expression in
tumors, in specific disease contexts (Fig. 6). At the same time,
our survey of single-nucleotide mutations targeting the autoph-
agy pathway in 11 cancer types, coupled with our differential
gene expression analysis of the pathway in matched tumor and
normal samples in 4 of those cancer types, showed that the core
autophagy machinery remains largely intact at the DNA level
and is expressed at similar transcript levels as matched normal
tissue, at least for the cancer types for which data was available
from TCGA at the time of this study. Few A7G genes were
found to be recurrently point-mutated (5 of 37 mammalian
ATGs and paralogs), while those that were tended to be mutated
at low frequency. Similarly, only 6 ATGs were differentally
expressed (median FC > 2) in tumors versus matched normal
tissues. The presence of a functional autophagy machinery in
tumors suggests that the pathway is available for pathological
modulation in tumors, and our data indicates this would most
likely occur via the altered expression or function of autophagy
regulators and/or pathway interactors. Transcriptional regulation
of mammalian A7G genes has only recently begun to be investi-
gated in depth;> however, the largely invariable gene expression
of ATG genes found in this study suggests a pattern of tran-
scriptional robustness similar to that of genes in biological con-
texts where little tolerance for deviation exists, such as during
development.”® The core autophagy machinery may be pro-
tected from alteration in some human cancers, an idea sup-
ported by recent studies in murine models of lung cancer that
find autophagy to be essential for tumor progression.””*®

Importantly, we found that clustering abundance profiles of AA
genes stratified patient OS in 3 of 9 cancer types and grouped
patients with similar pathophysiology together, linking the differen-
tial expression of autophagy regulators and interactors to clinical
features known to influence patient outcome. This suggests that
clinically relevant differential pathway activities exist between
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subsets of patients in LAML, KIRC, and HNSC. The associations
we have identified between changes in AA gene expression, clinical
phenotype and patient outcome remain, at this time, predictions of
a shared biology that may underpin disease in these novel groupings
of patients. Identification of causal molecules and cell processes will
require functional studies at the post-transcriptional level that exam-
ine the magnitude of influence these changes have on autophagy
modulation, disease phenotype and in vitro and in vivo survival,
including whether altered autophagy is upstream or downstream of
the specific disease processes enriched in patient groups. Neverthe-
less, our analyses have revealed that distinct combinations of
dynamically expressed autophagy modulators exist within the larger
transcriptional communities that cumulatively drive distinct pathol-
ogies. Further investigation of the autophagy status and tumori-
genic capacity of cells that recapitulate the disease type, genetic
background and autophagy-associated gene expression profiles
identified in our study may reveal novel autophagy-associated
mechanisms of cancer progression.

Tumor heterogeneity and the context dependence of autoph-
agy status is consistent with our having identified few commonal-
ities of AA gene alteration across cancers. However, we noted
that several genes were differentially abundant in similar direc-
tions in tumors compared to matched normal tissues in at least 2
cancer types (Table 1). GABARAPLI had decreased mRNA in
BRCA, KIRC and LUAD. GABARAP family members are
involved in autophagosome maturation, but the expression pat-
tern and regulation of GABARAPLI differs. Unlike other
GABARAP or MAP1LC3/LC3 family members, GABARAPLI
possesses an estrogen-responsive element and can be activated by
estradiol-17, via ESR1/estrogen receptor a.”” Reduced GABAR-
APLI expression has been reported in various cancer cell lines
compared to normal tissues,”® and is correlated with higher histo-
logical grade in breast adenocarcinoma patients.”’ A mechanism
has yet to be proposed for the association of reduced GABAR-
APLI with increased pathogenesis in breast cancer; however,
reduced autophagy function seems unlikely given the redundancy
of GABARAPLI in autophagosome biogenesis. Further study of
a tumor suppressor role for GABARAPL] may reveal novel
autophagy-independent functions.

Lysosomes and mitochondria are organelles where pathology
and autophagy dysregulation often overlap.**** Two autophagy
inducers, LAPTM4B, a lysosomal transmembrane glycoprotein
required for lysosome function and autophagosome maturation,
and BNIP3, a BH3 domain-containing protein that can induce

both apoptosis and hypoxia-mediated mitophagy, showed
increased mRNA in muldple tumor types. Upregulated
LAPTM4B mRNA and protein levels have been documented in
multiple cancers and cell lines, where they correlate with patho-
logical grade and prognosis in vivo and promote proliferation,
migration, invasion, and drug resistance in vitro.”” In this study,
LAPTM4B overexpression was identified in LUAD and LUSC
tumor samples compared to normal dissues (Fig. 4), as well as in
patients with poor OS in KIRC and LAML (Fig. 5), and in
patients with basal-like BRCA (Table S5). Increased autophagy
has been shown to contribute to malignant phenotypes in breast
cancer cells with overexpressed LAPTM4B;>® therefore, it seems
plausible that increased LAPTM4B-mediated autophagy could
promote tumor progression in other disease types with
LAPTM4B overexpression. Deregulation of BNIP3, a hypoxia
responsive gene which can induce cell death and mitophagy, is
associated with aggressive disease in cancer.”” We found BNIP3
overexpression in KIRC and in both histological subtypes of lung
cancer, compared to normal tissues. Previous studies show that
BNIP3 overexpression enhances tumor growth in lung cancer
xenografts and correlates with poor survival in lung cancer
patients.”®** BNIP3’s contribution to tumorigenesis has yet to
be linked to its role in mitophagy; however, the fact that
increased levels of BNIP3 are associated with more aggressive dis-
ease suggests that a function in tumor cell survival via autophagy
or mitophagy is a more likely mechanistic scenario than a role in
cell death, in contexts of BNIP3 overexpression. Autophagy has
documented roles in KRAS-driven lung”*® and pancreatic®®*!
cancer progression, and overactive RAS has been shown to upre-
gulate BNIP3.*? Further investigation of autophagy status in
RAS-driven tumors with BNIP3 overexpression may reveal a
mechanistic link between BNIP3 and tumor cell survival.

Uterine corpus endometrial carcinomas

Of 6 cancers showing significantly mutated AA genes (Fig. 2),
UCEC had the highest number of significantly mutated genes
(SMGs), including nearly all significantly mutated core autophagy
genes (A7G4C, ULK4, RBICCI1/FIP200), as well as a high fre-
quency of MTOR mutation (0.105) that included previously identi-
fied hotspot mutations recently characterized as MTOR pathway
activity boosters (C1483F and $2215Y).1819 Histological UCEC
subtypes include Type I endometrioid tumors that typically have
better prognosis and are associated with high frequency PTEN
mutation (among other lesions), while Type II serous tumors have

expressed genes are drawn for each OS group.

Figure 5 (See previous page). Unsupervised consensus clustering of autophagy-associated tumor gene abundance stratified patient overall survival for
acute myeloid leukemia (LAML), kidney clear cell renal carcinoma (KIRC), and head and neck squamous cell carcinoma (HNSC), linking differential expres-
sion of autophagy regulators and interactors to enriched clinical features within patient groups. Unsupervised consensus clustering by non-negative
matrix factorization (NMF) on mRNA levels of 211 autophagy-associated genes stratified patients into groups of significantly different overall survival
(Log rank P < 0.05). Kaplan-Meier curves of overall survival are shown for HNSC, KIRC, and LAML. Disease-specific clinical covariates (diagnostic, prognos-
tic and molecular phenotypes) found to be enriched within overall survival (OS) groups following clustering (Fisher exact test P < 0.05) are drawn below
respective cancer types. Patient status for each covariate was obtained from clinical metadata collected by TCGA. Patient counts (n) for each covariate
are noted. Enrichment is depicted as color-coded distributions of the relative frequency of each feature across OS groups per cancer type. Differentially
expressed autophagy-associated genes, identified within individual OS groups compared to all other OS groups combined (Wilcoxon rank sum test
P < 0.05; median fold-change > 1.5), are reported per cancer type. Boxplots of normalized RNA-seq derived gene abundance (RPKM) of differentially
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Figure 6. For figure legend, see page 1681.
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worse prognosis and are classified by high frequency 7P53 muta-
tion."” Almost all AA SMGs identified in this study were found in
patients with endometrioid UCEC, including 20 patients that were
double-mutant for MTOR and PTEN. MTOR is thought to be
overactive in endometrial cancers with inactive PTEN,* and as
MTOR is a major posttranslational inhibitor of autophagy, it is
tempting to speculate that autophagy may be less active in type I
endometrioid tumors. It is noteworthy that we observed a recurrent
truncating mutation (R1321%*) in autophagy induction complex
member RBICCI in 3 UCEC patients, along with a predicted
damaging substitution (S93L) in 2 additional patients, suggesting
autophagy induction may be compromised in these endometrioid
UCEC patients. In contrast, more aggressive type II serous tumors
showed a dramatic mRNA increase of an autophagy inducer,
CDKNZ2A (Table 2; Table S5), previously reported to distinguish
serous from endometrioid carcinomas by high protein expres-
sion'*** and to be associated with migration and invasion.*> Both
protein products of CDKN2A (ARF and INK4a) induce autoph-
agy"®" and a recent THC analysis of 360 UCEC patient samples
shows higher counts of MAP1LC3A/LC3A ‘stone-like structures’
that are associated with poor prognosis subtypes,*® including: serous
papillary, clear cell, and high-grade endometrioid. Further study of
the autophagy status of less aggressive type I endometrioid tumors
compared to more aggressive type II serous tumors may reveal a
role for autophagy in the pathogenesis of endometrial carcinomas.

Head and neck squamous cell carcinoma

HNSC:s are associated with smoking, alcohol use, and human
papillomavirus (HPV) infection. HPV positive (f) HNSC is
associated with better prognosis,” while 7P53 mutation and
CDKN2A deletion are associated with HPV-negative (7)
HNSC.>® Unsupervised clustering on 211 AA gene expression
levels grouped HPV™ patients with patients showing the most
favorable survival and HPV™ patients with TP53 and CDKN2A
mutant patients (Fig. 5); therefore, it seems that distinct HNSC
phenotypes are detectable as perturbed AA transcript abundance.
HNSC-G1 patients showed very poor survival and included 8/14
patients with mutated NFE2L2/NRF2 (Table S1), an important
transcription factor in the oxidative stress response pathway. Acti-
vating NFE2L2 mutations have been identified in various cancers
and are thought to lead to the constitutive activation of oxidative
stress pathway genes that benefit tumor cell survival,'”>" includ-
ing the autophagy cargo receptor SQSTM1/p62. Overexpression
of SQSTM1/p62 sets up a positive feedback loop that further
activates NFE2L2 through competitive binding of the NFE21.2
inhibitor KEAP1. Three of 4 HNSC-G2 patients mutant for

NFE2L2 harbored previously characterized E79 or E82 activating
changes®' and we found median SQSTM1/P62 mRNA levels to
be higher in HNSC NFE2L2 mutants versus nonmutants
(Table 2), suggesting that increased SQSTM1/p62-mediated
autophagic degradation of KEAP1 could occur in NFE2L2
mutant HNSC patients with poor OS.

A smaller group of 24 patients (HNSC-G3) also showed poor
OS, enrichment for metastasis in single lymph nodes (n2a), and
a striking increase in TNFSFIO/TRAIL gene expression.
TNESF10 can trigger cell survival and proliferation through
NFKB/nuclear factor kappa B and/or MAPKS8 (mitogen-acti-
vated protein kinase 8)-mediated cytoprotective autophagy.’>
Further investigation of the TNFSF10/TRAIL-MAPK8-autoph-
agy axis in alveolar ridge tumors may reveal a cell-type dependent
role for autophagy in the pathogenesis of these rare but aggressive
tumors.

Acute myeloid leukemia

Diagnosis and prognosis of acute myeloid leukemia (LAML)
is defined by specific combinations of cytogenetic and molecular
risk factors, including transcription-factor fusions and recurrent
mutations that tend toward mutual exclusivity.”> OS stratifica-
tion by unsupervised clustering of LAML patients on AA tran-
script abundance revealed 3 relative levels of OS among 4 patient
groups (Fig. 5), each enriched for distinct, canonical cytogenetic
or molecular pathologies. LAML-G3 patients with the most
favorable OS showed enrichment for PML-RARA fusions and
CEBPA mutations, alterations associated with better prognosis in
LAML,>* whereas LAML-G4 patients with the poorest OS were
enriched for 7P53 mutations and monosomal (MK) and com-
plex karyotypes (CK). TP53 alteration in LAML patients with
CK is associated with dismal outcome;® therefore, our cluster
result suggests that AA genes show perturbed expression reflective
of distinct combinations of diagnostic and prognostic alterations
in LAML.

Leukemic cells often have increased lysosomal mass and bio-
genesis.”® LAML-G2 patients overexpressed 7FEB, a transcrip-
tion factor that induces both lysosome biogenesis and
autophagosome biogenesis. TFEB drives expression of AA
geness7 and ATG3, ATG7, and GABARAP all showed increased
mRNA levels in LAML-G2 patients with median RPKM FC >
1.5. Further, LAML-G2 was enriched for patients with MLL
fusions and M4 and M5 FAB subtypes that had increased tran-
script levels of additional AA genes, including: ATG14,
MAPILC3A, CEBPB, PRKARIA, PRKAR2B, PRKACA, RAB24,

expression of mRNA are color-coded, as described in the legend.

Figure 6 (See previous page). Summary by gene of molecular alterations found to target autophagy-associated genes across multiple cancer types. This
overview includes all significant somatic point mutation and differential gene expression identified in autophagy-associated genes in this study. Signifi-
cant results were obtained from a differential expression analysis of tumor versus matched adjacent normal tissue for 4 cancer types examined (BRCA,
KIRC, LUAD, and LUSC; detailed in Figs. 3 and 4), as well as from a differential expression analysis between patient groups showing significantly different
overall survival for 3 of 9 cancer types (HNSC, KIRC and LAML; detailed in Fig. 5). Rows represent autophagy-associated genes found to have at least one
significant alteration (either mutation or differential expression) in at least one context investigated. Groups of columns describe a single, major analysis
in this study. The first column reports genes found to be significantly mutated in any of 6 of 11 cancer types investigated (detailed in Fig. 2), with anno-
tation of cancer type and mutation frequency found to the left. Cancer type, relative overall survival (OS) of patient groups, and value for differential
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and TNFSF10 (Table S5). M4 and M5 subtypes are defined by
monocyte precursor overproliferation and are often associated
with MLL fusions that may interfere with cellular differentia-
tion.”* Autophagy has been shown to maintain survival of mono-
cytes during normal macrophage differentiation.”® Perhaps
patients with both MLL fusions and higher 7FEB expression
have levels of autophagy that can support the prolonged survival
of blast cells with defective differentiation programs.

PML-RARA fusions are highly oncogenic and diagnostic of
acute promyelocytic leukemia (APL) and the M3 subtype; how-
ever, APL patients show better OS than other LAML subtypes
due to a favorable response to all-trans retinoic acid (ATRA)
treatment.”* Both LAML-G1 and LAML-G3 were enriched for
PML-RARA fusions and the M3 subtype, and showed increased
DNMI mRNA compared to other groups (Fig. 5). High DNM1
expression is part of a gene expression signature specific to M3
patients and leukemic promyelocytes,” and is also required for
mitophagy in yeast, where it recruits the fission complex to
degrading mitochondria.”® ATG13 transcript levels were particu-
larly high in M3 patients (Table S5), while LAML-G1 patients
showed increased ULKI and ATG4D gene expression (Fig. 5;
Table S5); all 3 core genes have recently been implicated in
mammalian mitophagy.®®®" Contradictory roles for autophagy
in APL with PML-RARA fusions are described in the literature.
Some studies implicate autophagy in basal and ATRA-induced
degradation of PML-RARA fusions that may be beneficial for
APL patients,® while others report constitutive autophagy activa-
tion in PML-RARA transplanted leukemic mice that supports
leukemic cell growth and apoptotic resistance in vitro, following
etoposide challenge.®® Tt would be interesting to investigate
whether high DNM1 expression increases mitophagy in M3
patients compared to other subtypes, and whether ATG4D,
ULKI and/or ATG13 are required for mitophagy in this context.

Clear cell renal carcinoma

The role of autophagy may change during kidney cancer pro-
gression depending on disease stage, as both inhibited and
induced autophagy is hypothesized to contribute to tumorigene-
sis in 7SC2-related hereditary kidney cancer syndromes.®*°°
Suppressed autophagy is implicated in the progression of poly-
cystic kidney disease (PKD), where it promotes the growth of
kidney cysts,”” and patients with acquired cystic kidney disease
are at a higher risk for KIRC.®® Hypoxia also plays an important
role in cyst expansion in PKD through the upregulation of
HIF1A in cyst epithelium;®® however, HIF1A has been shown to
increase autophagic flux in a rat proximal tubular cell line.”
Therefore, it may be that in the context of stabilized HIF1A,
induced autophagy contributes to KIRC disease progression.
KIRC-G2 patients showed poor OS, increased HIFIA mRNA
levels compared to all other groups (Fig. 5), and a near complete
lack of alterations in the 8 most mutated genes in KIRC, includ-
ing VHL. Loss-of-function VHL mutations in KIRC lead to
HIFA stabilization and the transcriptional activation of tumor-
promoting hypoxia responsive genes; however, TCGA recently
found that in the absence of VHL alteration (which occurred in
20% of the TCGA KIRC cohort) other molecular alterations
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exist that may act to stabilize HIFA.'* Further investigation of
the interplay between hypoxia, VHL status, autophagy status,
and tumorigenesis in KIRC models may help define the complex
role of autophagy dysregulation in kidney cancer.

Lung cancer: Adenocarcinoma and squamous cell carcinoma

Adenocarcinoma (LUAD) and squamous cell carcinoma
(LUSC) are the 2 major subtypes of non-small cell lung carcinoma
and are classified by morphology.”" However, LUAD and LUSC
also differ at the molecular level. For example, activating mutations
in tyrosine kinase signaling pathway genes (e.g., EGFR, ALK, RET,
ERBB2) are common in LUAD, while NFE2L2 mutations are a
distinguishing feature of LUSC.”* Autophagy has been shown to
support tumorigenesis in lung cancer, particularly in KRAS-driven
lung cancer cell lines and animal models that may be addicted to
high levels of autophagy,”*”* and autophagy inactivation in KRas-
driven mouse models of lung cancer impairs cell growth, prolifera-
tion, and tumor progression.””*® We stratified gene expression of
all 211 AA genes in both LUAD and LUSC by known recurrent
somatic disease-specific alterations, including EGFR and KRAS
alterations, and did not find differences in core gene expression
between altered and wild-type patients; however, LUSC patients
with EGFR amplification had increased mRNA levels of NFE2L2
(median FC > 2; Table S5). Both overactive and impaired
autophagy are hypothesized to support oncogenic NFE2L2 activity
in cancer,”’ through increased degradation of the NFE21.2 seques-
tering protein KEAP1°' or through reduced degradation of
KEAP1 binding protein SQSTM1/p62,”® respectively. We con-
firmed that both KEAPI and NFE2L?2 are significantly mutated in
TCGA lung cancer patients11 (Fig. 2). KEAPI mutations pre-
dicted to be LOF (Table S1) were found in both subtypes, while
NFE2L2 mutations were found only in LUSC, as well as in
HNSC and UCEC. Several LUSC and HNSC patients had previ-
ously characterized E79 NFE2L2 activating mutations,”’ while
activating E82 mutations were identified only in UCEC patients
(Table S1). SQSTMI is a target gene for transcriptional upregula-
tion by NFE2L2,”” and KEAPI mutants in both LUAD and
LUSC had significantly higher SQS7M1 mRNA levels compared
to wild-type patients (Table 2; Table S5); therefore, as previously
suggested, a positive-feedback loop may exist in patients with over-
active NFE2L2/NRF2 (through NFE2L2 and/or KEAPI muta-
tion), whereby transcriptionally upregulated levels of SQSTMI
further stabilize NFE2L2 protein levels, through increased
SQSTM1-mediated autophagic degradation of KEAP1.””

A recent paper suggests that autophagy suppresses lung tumor
development in a KRas-driven mouse model in early oncogene-
sis, while later supporting progression of established tumors
within the same animals.”® Patient samples of gene expression
may harbor both tumor-suppressive and tumor-promoting AA
gene expression signatures left from various time points during
the natural history of each tumor. In this study, 2 known tumor-
suppressors that can also induce autophagy were mutated or had
decreased mRNA in lung tumor samples compared to normal tis-
sues, STK11/LKB17® and DRAM1,** respectively, while a novel
negative-regulator of both autophagy and chaperone-mediated
autophagy, LRRK2,””* also had decreased mRNA levels in both
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LUAD and LUSC. Decreased STK11 or DRAM1 suggests a pos-
sible decrease in autophagy in these tumors, while the striking
loss of a negative-regulator of autophagy suggests a possible
increase in autophagy. Therefore, it would seem that more elabo-
rate studies of the cumulative effect on autophagy status of the
function of multiple autophagy regulators are necessary to more
accurately reflect the molecular environment in human tumors.

Breast invasive carcinoma

CDK5R1/p35, a positive regulator of the neuronal kinase
CDKS5, was overexpressed in all 4 cancer types for which we per-
formed a tumor versus normal tissue comparison (BRCA, KIRC,
LUAD, LUSC); however, CDK5 itself was overexpressed only in
BRCA. CDKS5 has previously been shown to be overexpressed in
patients with breast cancer, pancreatic cancer, medullary thyroid
carcinoma, prostate cancer, lung cancer, and glioblastoma,®"**
and is an autophagy inducer in neurons in in vitro models of Par-
kinson disease.®> We found that stratification of expression of our
gene set by the alteration status of molecular changes previously
implicated in breast cancer (Table S5) revealed increased mRNA
levels of ATG5 and FOXO3 in KRAS-amplified BRCA patients.
Further, both A7G3 and the autophagy inducer LAPTM4B had
increased mRNA levels in BRCA patients with EGFR amplifica-
tion and in patients with PAMS50-defined ‘basal-like’ BRCA,
while LAPTM4B was also increased in ‘HER2-enriched’ and
‘Luminal-B” subtypes. These results support the idea that onco-
gene-induced autophagy is relevant in human breast cancer.?

Conclusion

This is the first study to investigate the alteration status of an
extensive set of autophagy-associated genes in cancer patient
sequence data. Consistent with our current understanding of
tumor heterogeneity, our analyses suggest that autophagy status,
as far as it is inferable from DNA sequence and gene expression
changes, is highly disease specific. Further research is required to
determine whether the sequence alterations and gene expression
changes identified here lead to concomitant changes in protein
expression and/or function, and to examine whether alterations
that lead to true functional changes benefit tumor cells through
modulated autophagy or through other, autophagy-independent
processes. Nevertheless, our study provides the first comprehensive
resource of recurrently altered autophagy-associated genes found
in patient samples, and highlights specific cancer-related pheno-
types and genetic backgrounds where perturbed autophagy may
be particularly relevant to patient overall survival. As sequence
data for additional cancer types and subtypes becomes available,
future studies will provide further insight into the targeting of
autophagy-associated genes for alteration in human cancer.

Materials and Methods
Gene set curation

We curated 211 AA genes from the literature (for a complete
list with references see Table S1) with which to query cancer
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patient sequence data provided by TCGA. The gene set included
all human orthologs and paralogs of 31 ATG genes first identified
in yeast, which we term core autophagy genes. To capture cancer
associated alterations targeting AA genes in the wider autophagy
interaction network”(AIN), we further included non-overlapping
genes from 65 bait genes used by Behrends and colleagues in
their mass spectrometry-based immuno-precipitation proteomic
screen that originally defined the AIN, as well as prominent
autophagy regulators, adaptors and cargo receptors described in
the literature (Table S1). A schematic of the gene set (Fig. 1)
was generated using the Reactome Functional Interaction data-
base Plugin 2 for Cytoscape 2.8.089%¢ (o illustrate high-confi-
dence known and predicted human PPIs, between 162 members
of the gene set that had manually-curated PPIs available. Using
the Reactome Cluster FI network algorithm,9’85 we further
grouped PPIs identified within the gene set into modules with
higher than expected intra-cluster connectivity versus inter-clus-
ter connectivity. To highlight important cellular pathways
reported to affect autophagy status, we annotated modules with
significantly enriched (FDR < 0.01) GO biological process terms
of member AA proteins.

Somatic mutations and selective pressure analysis

We collected all level-3 somatic mutations identified by TCGA
in our tumor types and tested all genes for mutational patterns
indicative of selective pressure in our gene set. We can infer selective
pressure in a gene when its mutational profile deviates from the
tumor’s background mutation rate. The methods described by
Greenman et al.*” aim to identify genes with statistically significant
deviations from the background profile. To accomplish this, we first
classify the somatic mutations by type as either synonymous, nonsy-
nonymous, truncating, nonstop or canonical splice site mutations
using all transcripts in the Ensembl database. To simplify the
model, truncating and non-stop mutations were considered equiva-
lent. The type of mutation was obtained by determining the effect
of each position in the isoform with the longest reading frame for a
given gene. We further split each group by its nucleotide change
(A>C, A>G, A>T, C>G, C>T, G>T); stratifying mutations in
this manner allows the model to consider the effect of a tumor’s
mutational mechanism on the background profile. Under the
assumption that synonymous mutations do not directly affect the
encoded protein and thus do not confer an advantage to the gene,
we use them to calculate a tumor’s background mutation profile;
that is, mutations appearing by chance through a tumor’s muta-
tional mechanism. Given this profile and nucleotide composition
of a transcript, we can determine the expected type of mutations
under no selection. By comparing the observed mutations to
expected mutations in a gene, we can calculate a score statistic
describing the level of selective pressure on the gene. The statistical
significance of this score is obtained by comparing against an empir-
ical distribution built through a 100,000-run Monte Carlo simula-
tion under the null-hypothesis of no selective pressure. Finally, we
obtain the type and strength of the selective pressure with the meth-
ods by Greenman et al.*” a value less than, equal to or higher than
1 representing negative, null or positive selective pressure
respectively.
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We ran this analysis for a total of 211 genes across 11 cancer
types (BRCA, COAD, GBM, HNSC, KIRC, LAML, LUAD,
LUSC, OV, READ, UCEC). Due to the low number of muta-
tions in our genes of interest, the background mutation rate was
obtained by pooling mutations found in other genes not in this
set. Doing so allowed us to build a more comprehensive muta-
tional background. After correcting P-values for multiple-testing
using Benjamini-Hochberg, SMGs were defined as having an
FDR < 0.05 (Fig. 2; Table S2).

Differential expression analysis

To compare gene expression levels of tumor versus adjacent
normal tissue, we downloaded RNA-seq read counts provided by
TCGA for all genes across the genome for 4 cancers. Differen-
tially expressed genes were identified using the LIMMA voom
algorithm for RNA-seq®® on TMM normalized read counts con-
verted to log2 counts-per-million. We defined differentially
expressed as a significant median fold change > 2 of log2 trans-
formed tumoral gene expression (Benjamini Hoechberg adjusted
P < 0.01) compared to matched normal. In addition, we required
that a gene also possess a significant Wilcoxon rank sum test of
tumor versus normal transcript abundance (reads-per-kilobase-
per-million-mapped reads or RPKM; P < 0.01). To determine
whether tumor and normal samples could be distinguished based
on gene expression differences of differentially expressed genes
identified by LIMMA, we performed unsupervised hierarchical
clustering (using Cluster 3.0) on log2 transformed, median-cen-
tered RPKM transcript abundance (differentially expressed AA
genes only) of combined tumor and normal samples, using com-
plete linkage clustering and the Spearman rank correlation coeffi-
cient as similarity metric. To determine whether copy-number
alterations (CNA) could contribute to differentially expressed AA
genes, we first obtained amplification and homozygous deletion
status of patients from cBioPortal® for all differentially expressed
AA genes identified in our tumor versus normal analysis. For any
focal CNAs with patient count > 5, we stratified differentially
expressed AA transcript abundance by alteration status and
applied a Wilcoxon rank sum test (P < 0.05) on altered versus
wild-type expression per gene, and looked for significant increases
or decreases of expression for amplified versus wild-type patients
(potentially underlying increased differentially expressed AA gene
expression) or homozygously deleted versus wild-type patients
(potentially underlying decreased differentially expressed AA
gene expression). We performed a similar analysis to determine
whether AA transcript abundance is affected by patient genetic
background or clinical phenotype, by obtaining (from cBioPor-
tal) the alteration status of patients for molecular alterations and
disease phenotypes reported in literature to have diagnostic or
prognostic value, and for significant mutation identified in this
study. For alterations or clinical manifestations with patient count
> 5, we stratified transcript abundance for all 211 AA genes by
alteration status and applied a Wilcoxon rank sum test (P <
0.05) on altered versus wild-type expression per gene, and looked
for significant increases or decreases of AA mRNA in altered
patients. We report AA genes with significant changes in gene
expression in altered patients with a median FC (RPKM) > 1.5
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(Table 2; Table S5). We tested AA gene expression changes in
the context of known and previously reported mutation and/or
CNA of the following genes: (in BRCA) AFF2, AKT1, ATM,
BRCAI, BRCA2, BRIPI, CDHI, ERBB2, EGFR, FGFRI,
FGFR2, FOXAI, GATA3, IGFIR, KMT2C, MAP2K4, MAP3K1,
MYC, NBN, NF1, PIK3CA, PIK3R1, PTEN, PTPRD, RAD51C,
RB1, RUNXI, SF3B1, TBX3, TP53; (in HNSC) CCNDI,
CDKN2A, EGFR, HRAS, NFE2L2, NOTCH1I, PIK3CA, SOX2,
TP53, TP63; (in KIRC) ARIDIA, BAPI, KDM5C, MTOR,
PBRM1I, PTEN, SETD2, SMARCA4, TP53, VHL; (in LAML)
CEBPA, DNMT3A, FLT3, IDHI or IDH2, KRAS or NRAS,
MLL, NPM1, PML-RARA, PTPNI11, RUNXI, t(15;17), TET2,
TP53, WT1, X11q23; (in LUAD) ALK, CDKN2A, KEAPI,
KRAS, SMARCA4, STK11, TP53; (in LUSC) AKT2, APC, BAI3,
BCL2L1, CCNDI1, CDKN2A, CREBBP, CUL3, EGFR, EYS,
FBXW7, FGFRI, GRMS8, KEAPI, KIT, MTOR, MUCI16, MYC,
NF1, NFE2L2, NOTCHI, NOTCH2, PIK3CA, PTEN, RBI,
RUNXITI, SMARCA4, SOX2, TP53, TP63; (in UCEQC)
ATG4C, BIRC6, CDK5RAP2, DNMIL, LRRK2, MAPKS,
MTMR7, MTOR, NFE2L2, PPP2RIA, PRKACG, RABGAPI,
RBICCI, TAB3, TRAPPCS, ULK4, WDR45.

Unsupervised clinical ~covariate
analysis, and changes in gene expression between patient groups
To identify patient groups with shared patterns of AA gene

expression in tumors, we employed a non-negative matrix factoriza-

consensus  clustering,

tion algorithm®>*® to perform unsupervised consensus clustering of
patient samples, per cancer type, on the RPKM values of all
211 AA genes in our gene set. We defined a robust clustering solu-
tion as having a cluster number that: generated a cophenetic correla-
tion coefficient > 0.95 (in a comparison of K = 2 through K = 15
clusters per cancer type) over 200 iterations of clustering, maxi-
mized the silhouette aweragc:91 of all groups (> 0.7), and predicted
groups with sample sizes of 10 or more patients. To identify
changes in AA gene expression associated with differences in patient
outcome, we focused on cluster solutions that defined patient
groups with significantly different Kaplan-Meier overall survival
curves (Log-rank test ” < 0.05). We defined significant increases or
decreases of transcript abundance (RPKM) between groups as a
median fold change in expression > 1.5 (Wilcoxon rank sum test 7
< 0.05) for a single patient group compared to all other patient
groups combined. In addition, we identified significantly enriched
clinical phenotypes within each patient group (Fisher exact test P <
0.05) from disease-specific clinical metadata available from TCGA.
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