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Autophagic reliance promotes metabolic reprogramming in oncogenic
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ABSTRACT
Defects in basal autophagy limit the nutrient supply from recycling of intracellular constituents. Despite
our understanding of the prosurvival role of macroautophagy/autophagy, how nutrient deprivation,
caused by compromised autophagy, affects oncogenic KRAS-driven tumor progression is poorly
understood. Here, we demonstrate that conditional impairment of the autophagy gene Atg5 (atg5-KO)
extends the survival of KRASG12V-driven tumor-bearing mice by 38%. atg5-KO tumors spread more slowly
during late tumorigenesis, despite a faster onset. atg5-KO tumor cells displayed reduced mitochondrial
function and increased mitochondrial fragmentation. Metabolite profiles indicated a deficiency in the
nonessential amino acid asparagine despite a compensatory overexpression of ASNS (asparagine
synthetase), key enzyme for de novo asparagine synthesis. Inhibition of either autophagy or ASNS reduced
KRASG12V-driven tumor cell proliferation, migration, and invasion, which was rescued by asparagine
supplementation or knockdown of MFF (mitochondrial fission factor). Finally, these observations were
reflected in human cancer-derived data, linking ASNS overexpression with poor clinical outcome in
multiple cancers. Together, our data document a widespread yet specific asparagine homeostasis control
by autophagy and ASNS, highlighting the previously unrecognized role of autophagy in suppressing the
metabolic barriers of low asparagine and excessive mitochondrial fragmentation to permit malignant
KRAS-driven tumor progression.

Abbreviations: ACTA1: actin, alpha 1; AHR: aryl-hydrocarbon receptor; ASNS: asparagine synthetase;
ATF4: activating transcription factor 4; ATG5: autophagy-related 5; ATG7: autophagy-related 7;
COX4I1: cytochrome c oxidase subunit 4I1; DCF: dichlorofluorescein; DiOC6: 3,3'-dihexyloxacarbocyanine
iodide; DMFS: distal metastasis-free survival; DNM1L: dynamin 1-like; ECAR: extracellular acidification rate;
EMT: epithelial-to-mesenchymal transition; ERBB2/HER2: erb-b2 receptor tyrosine kinase 2; HRAS: harvey
rat sarcoma virus oncogene; IL6: interleukin 6; KD: knockdown; KO: knockout; KRAS: kirsten rat sarcoma
viral oncogene homolog; MAP1LC3B/LC3B: microtubule-associated protein 1 light chain 3 beta;
MAPK: mitogen-activated protein kinase; MFF: mitochondrial fission factor; MKI67: antigen identified by
monoclonal antibody Ki 67; NAC: N-acetyl-L-cysteine; NCBI-GEO: National Center for Biotechnology
Information-Gene Expression Omnibus; NKI: Netherlands Cancer Institute; OCR: oxygen consumption rate;
PI: propidium iodide; PyMT: polyoma middle T antigen; RB1CC1/FIP200: RB1 inducible coiled-coil 1;
ROS: reactive oxygen species; SDC: salivary duct carcinoma; SNAI1/SNAIL: snail family zinc finger 1; SNAI2/
SLUG: snail family zinc finger 2; SQSTM1/p62: sequestosome 1; TGFB1: transforming growth factor, beta 1;
TNBC: triple negative breast cancer; WT: wild type
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Introduction

Oncogenic RAS mutations are found in approximately 30% of
cancers, and lead to poor prognosis. The RAS type GTPase
family oncoproteins (HRAS, NRAS, and KRAS) are considered
“undruggable,” causing a shortage of therapeutic options.
Therefore, a potential treatment approach for RAS-associated
cancers is to target their metabolic vulnerabilities. One such
metabolic vulnerability is that many KRAS-driven tumors
become dependent on autophagy for survival [1]. D1 Autophagy is

a normal catabolic process, which safeguards quality control in
organelles by removing and recycling protein aggregates to
maintain cell and tissue homeostasis. However, there is no con-
sensus on the role of autophagy in cancer. For instance, in
RAS-induced pancreatic tumors, disruption of macroautoph-
agy/autophagy, by knockout of the essential autophagy related
genes Atg5 or Atg7, accelerates the emergence of pre-malignant
lesions [2,3]. D2 By contrast, in PyMT oncogene-driven mammary
tumors, disruption of autophagy by Rb1cc1/Fip200 (RB1-
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inducible coiled-coil 1) ablation, suppresses tumorigenesis [4]. D3
Furthermore, a recent study shows that autophagy is dispens-
able for KRAS-driven tumor cell proliferation in vitro or
tumorigenesis in vivo, in a xenograft study [5]. D4 Therefore, the
role of autophagy in cancer is complex, and likely depends on
the context, type, and stage of tumors.

Given the complex role of autophagy, it is debatable whether
there is a unifying molecular mechanism to resolve the role of
autophagy in cancer progression. Various mechanistic path-
ways have been proposed for both the pro- and anti-cancer
functions of autophagy. For instance, autophagy is required for
anti-cancer immunosurveillance, which prevents tumorigenesis
[6]. D5 In contrast, autophagy promotes tumorigenesis by recy-
cling proteins, thereby meeting the high metabolic demands of
rapidly dividing cancer cells [7,8]. D6 Other pro-tumorigenic con-
sequences of autophagy include promoting the secretion of
pro-invasive cytokines, such as TGFB1 (transforming growth
factor, beta 1), and inducing the epithelial-to-mesenchymal
transition (EMT) [8]. D7 Recent reports have shown that AHR
(aryl-hydrocarbon receptor) negatively regulates autophagy
and EMT in lung cancer [9], D8 whereas the E3 ubiquitin ligase
MARCH5 (membrane-associated ring finger [C3HC4] 5) pro-
motes autophagy, migration and invasion in ovarian cancer
cells [10]. D9 One plausible explanation is that autophagy modu-
lates several targets, which act in mutual opposition to regulate
tumor initiation, progression, and invasion. Thus, autophagy
inhibition could result in different outcomes depending on the
timing, duration, or method of inhibition during tumorigenesis.
Further insight into the mechanisms linking autophagy and
cancer is required to clarify elements that influence cancer
progression.

The objective of this study was to identify the molecular
mechanisms underlying the intricate connection of autophagy
with cancer. Accordingly, we examined the impact of autoph-
agy loss in a well-characterized salivary duct carcinoma (SDC)
mouse model driven by oncogenic KRASG12V combined with
Atg5 knockout (atg5-KO). These highly aggressive tumors
show similarity to ductal carcinoma of the breast and may serve
as a model for tumors of ductal origin. We found that blocking
autophagy promotes early tumorigenesis but slows tumor
growth, leading to extended survival, and indicating that the
timing of autophagy disruption is important for its effects.
Using this model, we characterized the autophagic regulation
of oncogenic KRAS-driven metabolic reprogramming. By
studying the intracellular level of asparagine, a nonessential
amino acid, and mitochondrial integrity in atg5-KO tumor
cells, we found that autophagy is essntial for oncogenic KRAS
to reprogram and rewire cellular metabolism, especially mito-
chondrial function and amino acid profiling. Of note, low
asparagine or excessive mitochondrial fission decreased
KRASG12V-driven tumor cell motility and invasion. The mecha-
nistic link between impaired autophagy with attenuated cell
migration was validated by the supplementation of asparagine
or knockdown of MFF (mitochondrial fission factor). The criti-
cal tumor-promoting role of asparagine is further supported by
the overexpression of ASNS (asparagine synthetase), key
enzyme for de novo asparagine biosynthesis, is associated with
poor clinical outcomes in multiple human cancers. Collectively,
our findings show that autophagy has a dual role in

experimental KRAS-mediated tumorigenesis, with an overall
pro-cancer effect. Furthermore, a pathway connecting autoph-
agy, asparagine, and mitochondrial integrity is critical for onco-
genic KRAS-transformed tumor cell migration and invasion,
providing mechanistic insights into the role of autophagy in
tumor progression.

Results

Autophagy deficiency extends survival in an experimental
KRASG12V tumor model

Earlier studies established a mouse tumor model with inducible
salivary ductal cell-specific activation of oncogenic KRASG12V

to recapitulate the local invasion and sarcomatoid manifesta-
tion of human SDC [11]. D10 To test the role of autophagy in the
various stages of SDC development, we crossed the KRASG12V

SDC mice [11] with a mouse model for conditional genetic dis-
ruption of the essential autophagy protein ATG5 (Atg5flox/flox)
[12,13]. D11 ATG5 is required for the formation of autophagosomes
[12,14]. D12 The simultaneous Ela-CreERT-dependent induction of
KRASG12V and ablation of Atg5 in the salivary ductal cells of
KRASG12V;atg5Δ/Δ mice was achieved through tamoxifen-
inducible Cre-Lox recombination. Deletion of Atg5 did not
block the formation of SDC in KRASG12V;atg5Δ/Δ animals.
Immunohistochemistry (IHC) analysis revealed low levels of
both ATG5 and MAP1LC3B/LC3B (microtubule-associated
protein 1 light chain 3 beta) (Figure 1A), and western analyses
showed low ATG5, moderately elevated SQSTM1/p62 (seques-
tosome 1) levels, and a higher LC3B-I:II ratio indicating that
autophagy was impaired in SDC of KRASG12V;atg5Δ/Δ mice
(Figure 1B). At d 24 after administration of tamoxifen, the
average weight of KRASG12V;Atg5+/+ tumor-bearing subman-
dibular glands was significantly higher than that of the
KRASG12V;atg5Δ/Δ tumor-bearing glands (Figure 1C). Accord-
ingly, d 24 tumors from KRASG12V;atg5Δ/Δ mice often exhibited
areas of normal tissue admixed with tumor tissues, whereas the
KRASG12V;Atg5+/+ tumors had fewer normal tissue regions
(Figure S1A-D). Furthermore, although the KRASG12V;atg5Δ/Δ

tumors were often confined within the submandibular glands,
the KRASG12V;Atg5+/+ tumors diffusely infiltrated the interlob-
ular and peri-salivary gland soft tissue (Figure 1D, S1E and
S1F). The growth rate of primary tumor cells from the
KRASG12V;Atg5+/+ mice was significantly higher than that from
the KRASG12V;atg5Δ/Δ mice (Figure 1E). Lastly, Kaplan-Meier
survival curves showed that genetic disruption of Atg5 in the
KRASG12V-driven SDC mouse model extended the post-induc-
tion median survival by 38%, compared with KRASG12V;
Atg5+/+ mice (Figure 1F, p = 0.0045). In summary, ablation of
Atg5 did not block the formation of KRASG12V-driven SDC
tumors, but loss of autophagy reduced the tumor burden and
prolonged survival.

Nonequivalent roles of autophagy during oncogenic KRAS-
driven tumor initiation and tumor progression

To gain insight into the complex role of autophagy during
tumor development, we performed histological analysis of sub-
mandibular glands at multiple time points, generally from d 9
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to d 20 at 3-d intervals post tamoxifen treatments. Humane
endpoints were typically reached in tumor-bearing mice d 20
after tumor induction, and euthanasia ensued. Similar to stag-
ing of human salivary gland cancers (https://www.cancer.org/
cancer/salivary-gland-cancer/detection-diagnosis-staging/stag
ing.html), time points were chosen based on the size of the
tumor. We observed more hyperplastic tumor foci in the
KRASG12V;atg5Δ/Δ mice, as early as at 9 d after tumor induction,
compared with KRASG12V;Atg5+/+ mice (Figure 2A and 2B). By
d 12, we observed high variability in the mean tumor burden
(tumor-to-gland area ratio) with a trend toward an increase in

the KRASG12V;atg5Δ/Δ mice; however, tumor burden in
KRASG12V;Atg5+/+ mice caught up at later time points
(Figure 2C and 2D). To reconcile the increased tumor focus
formation with the increased overall survival of the KRASG12V;
atg5Δ/Δ mice, we measured proliferation using antibodies for
phospho-Histone H3 (Ser10), which labels cells in the mitotic
(M) phase, and MKI67/Ki-67, which labels proliferative cells.
In contrast to the increased tumor initiation, there were fewer
M-phase and proliferating cells in the Atg5-deficient mice at d
15 to 20 after tamoxifen administration, compared with the
autophagy-competent controls (Figure 2E-H and S2).

Figure 1. Enhanced survival of autophagy-deficient KRASG12V;atg5Δ/Δ mice. (A) Representative IHC of SQSTM1, LC3B and ATG12–ATG5 in SDC tumors from KRASG12V;
Atg5+/+ and KRASG12V;atg5Δ/Δ mice (d 15). The SDC tumors from KRASG12V;atg5Δ/Δ mice (d 15) show the loss of ATG12–ATG5 and LC3B staining in tumor cells. Scale bar:
50 mm. (B) Western analyses of lysate of SDC tumors recovered from KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ mice with the indicated antibodies. (C) Increased tumor bur-
den in KRASG12V;Atg5+/+ mice. Submandibular glands from KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ mice were harvested at d 18 and 20 (d 18/20 combined group), and d
24 post-tamoxifen and wet weights were recorded. Submandibular glands from untreated littermates serve as controls and are designated as “none”. p = 0.0045 between
KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ cohorts at d 24 (n � 7). (D) Extra-salivary-gland invasion in the KRASG12V;Atg5+/+ cohort at d 20 (p = 0.028, n = 5). (E) Autophagy
promotes cell growth in vitro. In vitro cell growth analysis was performed by seeding KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ primary tumor cells at low density and mea-
suring viability every 24 h for 4 consecutive d by ACP analysis. ��: p < 0.01. (F) The Kaplan-Meier survival curves for KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ mice after
tumor induction by tamoxifen (n = 9 for each cohort). p = 0.0045 (log-rank test).
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Furthermore, the number of phospho-H3(Ser10)-positive pro-
liferating cells in tumors of the SDC-Atg5+/+ mice increased
from d 9 to d 18, and was sustained until d 20 (Figure 2F).
Also, the number of proliferating cells was consistently higher
in KRASG12V;Atg5+/+ tumors than in tumors of KRASG12V;
atg5Δ/Δ littermates at d 15 through d 20 time points
(Figure 2H). Lastly, tumors from KRASG12V;Atg5+/+ mice
invaded the interlobular septal stroma (Figure S3), which was

rare in tumors from KRASG12V;atg5Δ/Δ littermates. Therefore,
although the loss of ATG5-regulated autophagy accelerated
oncogenic transformation at the onset of KRASG12V activation,
as evidenced by an initial increase in tumor foci, loss of autoph-
agy also blocked progression of the tumor foci to sarcomatoid
tumors. This reduced rate of progression may account for the
survival advantage of KRASG12V;atg5Δ/Δ tumor-bearing mice
(Figure 1F).

Figure 2. Accelerated tumor initiation and delayed progression of SDCs in KRASG12V;atg5Δ/Δ mice. (A) Representative histological analyses (hematoxylin and eosin, or H&E
staining) of submandibular glands at d 9 post tumor induction. Yellow dotted line: tumor foci. (B) Quantification of tumor foci number on d 9. (C) Representative histolog-
ical analyses (H&E staining) of submandibular glands at d 12 post tumor induction. At d 12, the Atg5+/+ mice showed diffuse spindle tumor cells infiltrating the peri-acinar
tissue, while in the atg5Δ/Δ mice, the tumor cells formed nodules with less microinvation. (D) Quantification of percentage of tumor area on d 12, 15, 18 and 20. (E and G)
Representative IHC of proliferation markers, phospho-histone H3 (Ser10) (p-H3(Ser10); E) and MKI67 (G) in d 20 SDCs from KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ mice.
Expanded view of the boxed area was shown on bottom right corner of each image. (F and H) Quantification of p-H3(Ser10) (F) and MKI67/Ki-67 (H) stained cells relative
to the total cell number at d 9, 12, 15, 18, and 20. Representative IHCs shown in Figure S2. Three random low-power fields were quantified from each mouse. Data are
shown as mean § S.D.; n � 4. �: p < 0.05; ��: p< 0.01; N.S.: not significant (Student t test, 2-tailed, unpaired). Scale bar: 100 mm.
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Autophagy disruption impairs mitochondrial bioenergetics
in tumor cells

Multiple primary tumor cells were isolated from both genotypes
to performmolecular analyses. The ex vivo morphology was simi-
lar between primary atg5-KO and Atg5-WT tumor cells and
autophagy deficiency in atg5-KO cells is supported by western
analyses showing reduced ATG5, elevation in SQSTM1 level, and
reduced LC3B-I to LC3B-II conversion (Figure S4A-D). Next, we
determined whether loss of autophagy impairs oncogenic KRAS-
mediated metabolic reprogramming by systematically comparing
the molecular circuitry governing the bioenergetic state ex vivo.
Compromised autophagy reduced the basal respiration and
diminished the spare respiratory capacity, as measured by the
oxygen consumption rate (OCR) assay (Figure 3A), suggesting
that ATG5 loss impairs oxidative metabolism and reduces mito-
chondrial function. However, the rate of glycolysis and glycolytic
capacity, reflected by the extracellular acidification rate (ECAR),
were similar between tumor cells from both genotypes
(Figure 3B). As expected, reduced oxidative respiration, without a
compensatory increase in glycolytic rate, lowered ATP produc-
tion (Figure 3C). These results are consistent with a model
wherein the reduced cell proliferation rate (Figure 1E) and sup-
pressed OCR and ATP production (Figure 3A and 3C) reduce
the tumor burden, and extend the survival of autophagy-impaired
SDC tumor-bearing mice (Figure 1F).

Consistent with reduced OCR, the reactive oxygen species
(ROS) level, measured as the fluorescence intensity of oxidized
dichlorofluorescein (DCF), was lower in atg5-KO tumor cells,
(Figure 3D and 3E). Although treatment with the ROS scaven-
ger N-acetyl-L-cysteine (NAC, 5 mM) reduced the oxidized
DCF levels in Atg5-WT cells, NAC (even at 10 mM) was mar-
ginally effective in suppressing ROS production in atg5-KO
tumor cells (Figure 3F). To determine the role of autophagy in
regulating mitochondrial dynamics, we used fluorescence imag-
ing to examine the morphological features of cellular mito-
chondria in isolated tumor cells tagged with the DsRed-labeled
mitochondrial matrix marker COX4I1 (cytochrome c oxidase
subunit 4I1). In agreement with the reduced OCR and ROS
production observed in isolated atg5-KO tumor cells, more
over-fragmented mitochondria with smaller networks were
noted (Figure 3G), compared with the Atg5-WT tumor cells
(Figure 3H). This finding was further corroborated by the
observation of a lower mitochondrial membrane potential, as
measured by 3,3'-dihexyloxacarbocyanine iodide (DiOC6) fluo-
rescence, in KRASG12V;atg5Δ/Δ tumor cells (Figure 3I).
Together, we conclude that the excessive mitochondrial frag-
mentation may account for attenuated mitochondrial output in
KRASG12V;atg5Δ/Δ tumor cells.

Autophagy disruption impairs mitochondrial dynamics in
tumor cells

Mitochondrial architecture is crucial for cell viability, prolifera-
tion, senescence, and signaling. Because overexpression of MFF
and/or DNM1L (dynamin 1-like) promotes mitochondrial fis-
sion and fragmentation [15,16],D13 which is likely exacerbated by
compromised autophagy, we examined the expressions of
selected mitochondrial fission and electron transport complex

proteins in tumors from both KRASG12V;Atg5+/+ and KRASG12V;
atg5Δ/Δ mice and compared with non-tumorous tissues. Notably,
proteins from mitochondrial complexes II and V, as well as
DNM1L, were higher in atg5-KO tumors than from Atg5-WT
tumors (Figure 4A). Gene silencing of oncogenic Kras by siKras
was performed to validate the effect of KRAS on increased
DNM1L and MFF protein levels in cultured tumor cells. As
shown in Figure 4B, knockdown of KRAS decreased DNM1L
and MFF protein levels in atg5-KO tumor cells exclusively
despite efficient knockdown of KRAS in Atg5-WT cells. It is pos-
sible that autophagy and oncogenic KRAS are redundant in reg-
ulating DNM1L and MFF abundance. We then hypothesized
that decreasing the drive toward fission would revert the mito-
chondrial fragmentation phenotype of the atg5-KO tumor cells,
to mimic the elongated mitochondria observed in Atg5-WT
tumor cells. To test this hypothesis, we transduced both Atg5-
WT and atg5-KO tumor cells, respectively, with lenti-shCtrl or
-shMff (Figure 4C and 4D). In primary shCtrl cells tagged with
COX4I1-DsRed, the KRASG12V;atg5Δ/Δ mitochondria were
shorter and smaller than KRASG12V;Atg5+/+ mitochondria
(Figure 4C and 4D). However, after silencing of Mff by shMff,
the mitochondria were elongated and tubular-like, indicating
decreased mitochondrial fission in the atg5-KO, but not the
Atg5-WT tumor cells (Figure 4C). Even though fragmented
mitochondria phenotype was partially reversed by silencing Mff
in the KRASG12V;atg5Δ/Δ cells, there were increases in both basal
and ATP-linked respiration in shMff transduced cells when
OCRs were measured (Figure 4E). Consistently, a significant
increase in ATP production was detected in MFF-knockdown
cells of both genotypes (Figure 4F).

Next, we confirmed the differential sensitivity of KRASG12V;
Atg5+/+ and KRASG12V;atg5Δ/Δ cells to the metabolic stress of
nutrient starvation. As expected, atg5-KO cells exhibited
greater sensitivity to deprivation of both glucose (Figure S5A,
upper panel) and glutamine (Figure S5A, lower panel) than
Atg5-WT cells. However, autophagy deficiency did not corre-
late with level of senescence markers CDKN2A/p16 (cyclin-
dependent kinase inhibitor 2A) and CDKN1A/p21 (cyclin-
dependent kinase inhibitor 1A), nor did it affect SNAI1/SNAIL
(snail family zinc finger 1) and/or SNAI2/SLUG (snail family
zinc finger 2) transcription factors in both control and serum
starvation conditions (Figure S5B). Likewise, autophagy defi-
ciency also did not affect the populations of necrotic and apo-
ptotic cells, as measured by flow cytometry using ANXA5/
annexin V (annexin A5) and propidium iodide (PI) (Figure
S5C and S5D). Altogether, our data suggest that impaired
autophagy dysregulates mitochondrial dynamics and promotes
the accumulation of over-fragmented and malfunctioning
mitochondria. These results, combined with the reduced OCR
observed in KRASG12V;atg5Δ/Δ cells (Figure 3A), support a
model wherein autophagy is critical for accelerated tumor pro-
gression when tumor cells encounter metabolic stress, under
circumstances when nutrient demands exceed the local supply.

Autophagy differentially regulates oncogenic KRAS-
rewired cellular metabolism

Oncogenic KRAS can reprogram glucose and glutamine metab-
olism [17,18], D15 whilst autophagy is a critical regulator of cellular
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Figure 3. KRASG12V;atg5Δ/Δ tumor cells exhibit a lower oxygen consumption rate. (A and B) Oxygen consumption rate (OCR) (A) and extracellular acidification rate (ECAR) (B)
were measured in KRASG12V;Atg5+/+ (WT1, WT2; colored blue) and KRASG12V;atg5Δ/Δ (KO1, KO2; colored red) cells isolated from 2 individual mice of each genotype. Data are
shown as the mean § S.D.; n = 3. (C) Levels of ATP were measured in KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ cells. The ATP levels were normalized to cell number. Data are
shown as mean § S.D.; n = 3. (D) Decreased intracellular reactive oxygen species (ROS) levels in KRASG12V;atg5Δ/Δ cells were measured by staining for oxidized dichlorofluores-
cein (DCF) and analyzed by flow cytometry. A representative flow cytometry plot of the DCF fluorescence intensity is shown. (E) Quantification of oxidized DCF fluorescent
intensity. The intensity of DCF, oxidized from nonfluorescent DCFDA, was analyzed by flow cytometry. Relative oxidized DCF levels are calculated from mean DCF intensity of
2 independently isolated KRASG12V;Atg5+/+ or KRASG12V;atg5Δ/Δ cells, respectively. Data are shown as the mean § S.D.; n = 3. (F) ROS levels in KRASG12V;Atg5+/+ and KRASG12V;
atg5Δ/Δ cells treated with N-acetyl cysteine (NAC), a ROS scavenger. SDC primary cells were treated with the indicated concentrations of NAC for 24 h prior to ROS detection
by DCFDA staining. Relative oxidized DCF intensity was calculated by normalizing to unstained controls (set as 1). Data are shown as mean § S.D.; n = 3. (G and H) Autoph-
agy-compromised KRASG12V;atg5Δ/Δ cells exhibit excessive fragmentation of the mitochondria. KRASG12V;atg5Δ/Δ (G) and KRASG12V;Atg5+/+ (H) primary tumor cells were infected
with lentiviral particles that express COX4I1-DsRed for visualizing mitochondria. The cells were seeded on collagen I-coated coverslips and fixed with 4% paraformaldehyde for
imaging. SDC tumor cells from 2 mice of each genotypes were examined. Zoomed view of the boxed area was shown on the right bottom of each image. Scale bar: 10 mm.
(I) Autophagy-compromised KRASG12V;atg5Δ/Δ cells exhibit decreased mitochondrial membrane potential. Mitochondrial membrane potential was measured by 3,3'-dihexyloxa-
carbocyanine iodide (DiOC6) staining and analyzed by flow cytometry. Relative DiOC6 intensity was calculated by setting the mean DiOC6 fluorescence intensity of KRASG12V;
atg5Δ/Δ cells as 1. Data are shown as mean § S.D.; n = 3. �: p < 0.05; ���: p < 0.001 (Student t test, 2-tailed, unpaired).
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metabolism and intracellular nutrient homeostasis [19]. D16 To
address the global impact of impaired autophagy on cellular
metabolism in atg5-KO tumor cells, we performed a quantita-
tive metabolomic comparison between tumor cells derived
from Atg5-WT and atg5-KO tumors. We identified 9966 fea-
tures from negative mode liquid chromatography–mass spec-
trometry analysis and top 4000 features with statistical
significance were shown in Fig 5A. Both Heatmap and Meta-
bolic impact analyses segregated the samples by compound,
tightly grouping the replicates (Figure 5A, B). Among them, 92
differentially expressed metabolites were selected and subjected
to pathway analysis based on KEGG pathway maps (Release
82.1) [20]. D17 The analyses of metabolic impact and pathway
enrichment showed that amino acids, pyrimidine and purine
metabolism, and citrate cycle were the most affected metabolic
pathways by compromised autophagy (Figure 5C; false discov-
ery rate < 0.05). Of note, the finding that citric acid cycle
metabolites are one of the most altered metabolic pathways is
consistent with our mitochondrial functional assays
(Figure 3A). As many amino acid metabolic pathways were sig-
nificantly altered (Figure 5B), we quantified intracellular amino
acids and found a decrease in the concentrations of 12 amino
acids, including essential and nonessential amino acids, in
autophagy-deficient tumor cells (Table 1; Figure S6A). In con-
trast, there was a significant increase in intracellular glutamine
(Table 1; Figure S6A), but not glucose level (Figure S6B) in
atg5-KO tumor cells. We next tested whether a specific amino
acid insufficiency, resulting from impaired autophagy, is associ-
ated with reduced cell proliferation (Figure 1E).

Among all amino acids that were significantly decreased in
atg5-KO tumor cells, aspartate and asparagine, 2 nonessential
amino acids, caught our attention. This is because asparagine is
synthesized de novo from aspartate by ASNS, whose upregula-
tion is associated with the proliferation, migration, and
tumorigenicity of cancer cells [21]. D18 Although asparagine sup-
plementation enhanced tumor cell proliferation independent of
autophagy competency (Figure S6C, left panel), the effects on
atg5-KO tumor cells appeared to be more pronounced (Figure
S6C, right panel). To further consolidate the role of asparagine
in growth of autophagy-deficient tumor cells, we examined the
expression of asparagine-producing enzyme ASNS under meta-
bolic stress. ASNS gain of function was confirmed by subjecting
cells to glutamine deprivation (from 5 mM in control full
medium to 0.5 mM), which is a major metabolic stress (Figure
S6D, left panel). Notably, the abundance of Asns mRNA (in full
medium) was higher in atg5-KO cells than in Atg5-WT cells
(Figure S6D), suggesting an autophagy deficiency-upregulated
Asns expression, perhaps through a compensatory mechanism,
in response to asparagine deficiency. Indeed, supplementation
with asparagine reduced the Asns mRNA level only in atg5-KO
tumor cells, close to the level seen in Atg5-WT tumor cells
(Figure S6D, right panel). Importantly, these findings suggest a
link between autophagy and oncogenic KRAS-driven metabolic
reprogramming.

Asparagine promotes cell motility in atg5-KO tumor cells

Cell motility is a high energy-demanding process. Since shMff
boosted ATP production in SDC cells (Figure 4F), we

compared motility between shMff- and shCtrl-transduced
Atg5-WT and atg5-KO tumor cells by scratch assay and found
reduced motility, which was reversed by Mff-silencing in atg5-
KO tumor cells (Figure S7A). Based on the reduced motility
and decreased intracellular asparagine (Table 1) in atg5-KO
tumor cells, we then postulated that defective autophagy sup-
presses tumor cell motility, at least in part, by reducing the
availability of asparagine generated through autophagic recy-
cling. To test this hypothesis, we systematically compared the
response of Atg5-WT and atg5-KO tumor cells to supplementa-
tion of asparagine/aspartate or NAC using the in vitro wound
scratch assay (Figure 6A), cell migration assay (Figure 6B), and
cell invasion assay (Figure 6C). The results confirmed that
depletion of ATG5 suppresses cell motility, migration, and
invasion, respectively, independent of the effect on cell prolifer-
ation. Furthermore, we ruled out the involvement of ROS in
promoting SDC cell motility, as supplementation with the ROS
scavenger NAC (10 mM) did not affect the motility of tumor
cells from either genotype (Figure 6A, top panel). Instead, sup-
plementation with asparagine, but not aspartate, reverted the
migration of atg5-KO cells in an in vitro wound scratch assay
to a level similar to Atg5-WT cells (Figure 6A, bottom panel).
Lastly, we extended our observation to MDA-MB-231 breast
cancer cells, which carry KRAS mutation as well. Similar to our
results with SDC tumor cells, knockdown of ATG5 in KRAS-
mutated MDA-MB-231 cells compromised motility in the in
vitro wound closure assay (Figure S7B). Likewise, knockdown
of ASNS reduced cell motility, which was salvaged by supple-
mentation with exogenous asparagine, but not aspartate, in
both autophagy-competent MDA-MB-231 (Figure 6D) and
Atg5-WT SDC cells (Figure S7C). However, no difference in
wound closure was detected comparing control and Asns-
silenced atg5-KO SDC cells (Figure S7C). The lack of effect by
aspartate might reflect the poor cellular uptake (Figure 6A-D).
These results suggest that the higher autophagy-competent
tumor cell motility rate, compared to corresponding autoph-
agy-compromised cells, is likely due to greater asparagine avail-
ability. Furthermore, impaired mitochondrial dynamics and
the reduced cell motility were correlated in KRASG12V;atg5Δ/Δ

cells, since silencing Mff reverted the in vitro scratch wound
assay (Figure S7A).

ASNS overexpression is associated with poor prognosis

In order to further extend our understanding of asparagine or
ASNS in stress response and homeostasis control in human
cancers, we determined ASNS representations and clinical
implications. First, we cross-referenced the ASNS expression
pattern in multiple human cancers using a collection of publicly
available datasets. Elevated ASNS expression in primary
tumors, relative to normal tissues, was consistently detected
across human cancer types, including breast cancer, in The
Cancer Genome Atlas (TCGA) Pan-Cancer RNA-seq dataset
[22] (Figure 7A). We next compared the ASNS expression lev-
els across various breast cancer subtypes (triple negative
[TNBC], ERBB2/HER2+ [erb-b2 receptor tyrosine kinase 2]
and others), with that of normal breast tissues in the TCGA
breast cancer (BRCA) cohort, based on samples’ IHC informa-
tion. Notably, the TNBC samples showed the highest ASNS
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Figure 4. Impaired mitochondrial dynamics in autophagy-compromised tumor cells. (A) Increased abundance of mitochondrial fission-related proteins, DNM1L and MFF,
in KRAS-transformed tumors. Equal amounts of total tissue lysates prepared from control and tumor-induced mice (d 24) of both genotypes were subjected to western
blot analyses as indicated. Levels of 5 oxidative phosphorylation enzyme complexes subunits including NDUFB8 (complex I), SDHB (complex II), UQCRC2 (complex III),
MT-CO2 (complex IV) and ATP5A (complex V) were detected with total OXPOHS rodent WB antibody cocktail. Mitochondrial complex IV is shown as a loading control. A
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expression level (3.3-fold increase over normal) compared with
the 1.67- and 1.47-fold increase observed in the ERBB2+ sub-
type and others, respectively (Figure 7B). We then validated the
observation, using another breast cancer meta-analysis dataset
from The Netherlands Cancer Institute (NKI [23]). The ASNS
expression levels of 4 Pam50 subtypes (determined by Affyme-
trix expression arrays, including basal, HER2-like, luminal A,
and luminal B) were compared to the expression levels in the
normal-like subtype. Again, the basal type, which largely over-
laps with TNBC, displayed the highest ASNS expression (1.61-
fold increase compared with the 1.29-, 0.97-, and 1.27-fold
increase over normal observed for HER2-like, luminal A, and
luminal B, respectively) (Figure 7C).

Active tumor cell migration is a prerequisite for invasion
and metastasis. Because our observation suggested that extra-
cellular asparagine supplementation rescues motility in autoph-
agy-compromised and/or ASNS-KD SDC tumor cells
(Figure 6A-C and S7C), as well as in ASNS-KD MDA-MB-231
cells (Figure 6D), we probed the correlation of ASNS expression
with breast cancer brain metastasis. As expected, ASNS expres-
sion levels in breast-to-brain metastatic samples showed an
average of 2.24-fold increase compared with normal breast tis-
sues, using a National Center for Biotechnology Information-
Gene Expression Omnibus (NCBI-GEO) dataset (GSE52604
[24]) (Figure 7D). Finally, we evaluated the correlation between
ASNS expression levels and the breast cancer metastasis

representative western blot of 2 mice per group is shown. Relative abundance of each protein is calculated by designating the level in control mouse (ID 51) as 1 after
normalization with COX4I1 and shown in italics. Multiple bands in MFF western blot represent splice variants of MFF [58]. D14 (B) Knockdown of KRAS decreases MFF and
DNM1L levels in KRASG12V;atg5Δ/Δ cells. Primary tumor cells were transfected with siRNA against human KRAS at 48 h prior to analyses. Relative fold change (siKRAS over
Control) of each sample is calculated by designating the densitometry tracing value in the control as 1 after normalization with ACTA1, as shown in italics. (C and D)
Knockdown of MFF reverts the fragmented mitochondrial phenotype notably in KRASG12V;atg5Δ/Δ (C) compared to KRASG12V;Atg5+/+ (D) cells. Knockdown of MFF is shown
by western blot analysis (upper panel, lower-right inset) with ACTA1 serving as a loading control (lower panel, lower-right inset). Multiple bands of MFF are likely due to
alternative splicing. Scale bar: 10 mm. (E) Oxygen consumption rate (OCR) was measured in control (shCtrl) and Mff-KD (shMff) KRASG12V;Atg5+/+ (WT) and KRASG12V;atg5Δ/
Δ (KO) cells. Data are shown as the mean§ S.D.; n = 3. (F) Levels of ATP were measured in control and Mff-KD KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ cells. The ATP levels
were normalized to cell number. Data are shown as mean § S.D.; n = 3. �: p < 0.05; ��: p < 0.01; ���: p < 0.001 (Student t test, 2-tailed, unpaired).

Figure 5. Metabolomics analysis of KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ SDC cells. (A) Clustering analysis and Heatmap of metabolites from both KRASG12V;Atg5+/+ and
KRASG12V;atg5Δ/Δ SDC cells. Seven replicates were included in each group. Data is shown in log2 scale. (B) Overview of pathway analysis. Scatter plot represents p-value
and pathway impact from pathway topology analysis of the differentially expressed metabolites from KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ SDC cells. The color and size
of each node is based on its p-value and pathway impact value, respectively. Pathways with statistical significance (p < 0.05) are shown in red. (C) The numerical details
of results from the pathway analysis shown in (B). The cut-off p-value is set at p < 0.05. FDR; false discovery rate.
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outcomes using 3 different NCBI-GEO datasets (GSE25066
[25], D19 GSE17705 [26], D20 and GSE12276 [27]). Kaplan-Meier analy-
ses revealed that the high ASNS expression was significantly
associated with worse distal metastasis-free survival outcome
compared with the low expression group (Log-rank p-value
<0.01 for all 3 datasets; Figure 7E-G). In addition to breast can-
cer, elevated expression of ASNS was significantly associated
with poor overall survival in multiple human cancers (Figure
S8). To link expression level between ATG5 and ASNS, TCGA
datasets were analyzed and there is a positive correlation
between the expression of these 2 genes in both breast cancer
and head and neck cancer datasets (Figure S9A and S9B). Fur-
ther, we examined the same sets of distal metastasis-free sur-
vival of breast cancer cohorts (Figure 7E-G) and likewise found
positive correlation between ATG5 and ASNS expression
(Figure S9C). Altogether, our data support a model wherein
compromised autophagy leads to compensatory increase in
Asns expression, which produces some asparagine, however,
insufficient to offset the loss in asparagine output from auto-
phagic recycling, in order to meet the metabolic demands of
tumor growth. Together, we conclude that the combined aspar-
agine deficiency and excessive mitochondrial fragmentation
reduce proliferation, migration and invasion of autophagy-
impaired tumor cells, conferring a survival advantage on
tumor-bearing KRASG12V;atg5Δ/Δ mice (Figure 1F).

Discussion

Our study revealed a widespread yet specific homeostatic con-
trol of asparagine availability to promote tumor cell motility
and the ability of activated autophagy to shift mitochondrial
constraints, suggesting that autophagy may have a direct rele-
vance to the oncogenic KRAS-mediated metabolic reprogram-
ming. The importance of autophagy in cancer, whether
autophagy promotes or inhibits cancer, depends on the timing
and context [28,29]. D21 Insight into the mechanisms linking

autophagy to tumor progression is needed to resolve such a
complex role of autophagy in cancer. We investigated the bio-
logical outcome and key metabolic events that autophagy regu-
lates in transgenic mice expressing conditionally-activated
oncogenic KRAS with concomitant ablation of Atg5. These
autophagy-deficient mice undergo rapid onset of ductal hyper-
plasia and dysplasia; however, which persists and progresses
into invasive SDC at a reduced rate. An overall extended sur-
vival of KRASG12V;atg5Δ/Δ tumor-bearing transgenic mice,
compared to KRASG12V;Atg5+/+ mice, was demonstrated. Our
study further identified impaired asparagine availability and
mitochondrial integrity as important metabolic barriers to
autophagy-compromised, KRAS-transformed tumor cell
migration and invasion. These results support a model wherein
autophagy fuels cellular metabolism by maintaining mitochon-
drial dynamics and providing asparagine to reinforce tumor
cell migration and promote invasion, thereby accelerating the
progression of KRASG12V-transformed tumors (Figure S10).

We found that disruption of autophagy promotes excessive
mitochondrial fission phenotype and slows tumor cell migra-
tion in SDC. Mitochondrial fission proteins play essential roles
in mitochondrial function [30] and KRAS-driven tumorig
ene

-
sis [31-33]. D22 It is possible that the excessive mitochondrial

fragmentation in the atg5-KO tumors causes the observed
decrease in oxidative phosphorylation and ATP production,
thereby impairing ATP-dependent tumor cell migration. Con-
ceivably, the compromised autophagy failed to remove fissed
mitochondria, exacerbating mitochondrial over-fission pheno-
type. Furthermore, this phenotype may result from nutrient
depletion-associated kinase activation. AMPK (AMP-activated
protein kinase) [34,35] and MAPK [31,32] phosphorylate the
mitochondrial fission proteins MFF and DNM1L, respectively,
to regulate mitochondrial dynamics and, in the case of
DNM1L, promote RAS-induced tumor growth and/or tumori-
genesis [31-33]. D23 Our report on the partial alleviation of exces-
sive mitochondrial fragmentations and increased ATP
production by shMff in atg5-KO tumor cells supports a multi-
factorial nature of autophagy and mitochondrial dynamics.
Perhaps most importantly, the observation that excessive mito-
chondrial fission interfered with atg5-KO, but not Atg5-WT,
tumor cell migration assigns a key role of mitochondrial equi-
librium in the regulation of cell metabolism and migration in
the context of stress from the absence of autophagy.

In our oncogenic KRAS model, tumor cells’ demand for
asparagine for both anabolic process and tumor cell migration,
together with our systematic analyses on the overexpression of
ASNS across multiple different cancer types and impact on clin-
ical outcome, argue that increased asparagine availability by
autophagy or ASNS overexpression escalates tumor progres-
sion. Autophagy-mediated degradation of intracellular compo-
nents provides tumor cells with recycled nutrients, including
amino acids [36,37], D24 and rapidly dividing tumor cells are
thought to be “addicted” to autophagy to meet their anabolic
needs [38,39]. D25 Moreover, activated KRAS increases protein
scavenging via macropinocytosis [40,41] or macropinocytosis-
associated autophagy [42] to supply nutrients. We have previ-
ously shown that, compared to Atg5-WT mouse embryonic
fibroblasts (MEFs), atg5-KOMEFs have lower levels of intracel-
lular nonessential amino acids, including asparagine [43]. D26 In

Table 1. Relative intracellular concentration of amino acids from KRASG12V;Atg5+/+

and KRASG12V;atg5Δ/Δ SDC tumor cells.

Amino acid Ratio (Atg5D/D:Atg5+/+) p-value

Ala 0.73 0.031
Arg 0.55 <0.001
Asn 0.70 0.012
Asp 0.70 0.039
Cys-Cys 1.02 0.949
Gln 1.69 0.035
Glu 0.96 0.887
Gly 0.80 0.314
His 0.68 0.047
Ile 0.71 0.019
Leu 0.74 0.040
Lys 0.55 <0.001
Met 0.67 0.025
Phe 0.70 0.052
Pro 0.63 0.007
Ser 0.66 0.019
Thr 0.76 0.120
Trp 0.95 0.700
Tyr 0.79 0.150
Val 0.71 0.010

Essential amino acids: histidine, isoleucine, leucine, lysine, methionine, phenyl-
alanine, threonine, tryptophan and valine.

Nonessential amino acids: alanine, arginine, asparagine, aspartic acid, cysteine,
glutamic acid, glutamine, glycine, proline, serine, and tyrosine.
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Figure 6. Compromised autophagy decreases tumor cell invasion. (A) Asparagine promotes KRASG12V;atg5Δ/Δ cell motility as shown by in vitro scratch assays. Live cell
images were taken right after the “scratches” were created (0 h) and at 24 h post-treatment (or not) of NAC (10 mM, upper left panels), and asparagine/aspartate (8 mM,
lower left panels). Quantification of percent wound closure (right panels) was conducted by measuring the decrease in the denuded area at 24 h (n = 3). (B) Asparagine
promotes KRASG12V;atg5Δ/Δ cell migration as shown by transwell migration assays. Standard transwell migration assays with a full media supplemented with Asn (8 mM),
Asp (8 mM) or without (Ctrl) were perfomed. Following 24 h incubation, the cells on the other side of the membrane were fixed with ice cold methanol and stained with
crystal violet. Representative images (left panel) and quantification (right panel) are shown (n = 3). (C) Autophagy is required for SDC cell invasion. In the invasion assay,
KRASG12V;Atg5+/+ and KRASG12V;atg5Δ/Δ tumor cells were grown as in (B) and quantified for Matrigel invasion using collagen I as a chemoattractant. Representative images
(left panel) and quantification (right panel) are shown (n = 3). (D) Knockdown of ASNS reduces MDA-MB-231 cell motility while supplementation of asparagine reverses the
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this study, we found that autophagy disruption slowed KRAS-
driven tumor cell migration, at least in part, by limiting aspara-
gine availability despite a compensatory increased Asns expres-
sion (Figure S6D). In contrast, the glutamine level increased in
these tumor cells with compromised autophagy (Table 1; Figure
S6A), further attesting the critical role for asparagine in sup-
porting tumor progression [44,45]. D27 Consistent with our find-
ings, asparagine is one of 4 amino acids significantly decreased
in the tumor core regions of xenografted human melanoma
[46] and among the most strongly depleted metabolites in
human pancreatic tumors [41]. D28 In line with our data, other
studies have shown that asparagine levels regulate other amino
acids homeostasis [47,48], D29 a mechanism that likely helps tumor
cells in meeting the anabolic demand. The requirement of milli-
molar range of asparagine to rescue the phenotype of compro-
mised autophagy or ASNS-knockdown suggests the
inefficiency of asparagine transport across cell membrane and/
or the importance of asparagine compartmentalization. The lat-
ter possibility is supported by the lack of clinical efficacy of
asparagine-depleting asparaginase therapy in treatment of can-
cers expressing high levels of ASNS [49]. D30

Conceptually, our results are consistent with the observa-
tions that asparagine serves as a cellular sensor of reduced TCA
cycle intermediates or nitrogen availability [45,50] to coordi-
nate protein and nucleotide synthesis [47]. D31 Although whether
there is a direct functional dependence between endogenous
asparagine level and mitochondria dynamics remains unclear
and warrants further studies, our findings provide a mechanis-
tic explanation for the broader notion that autophagy promotes
oncogenic RAS-driven invasion and complement other alterna-
tives that autophagy enables focal adhesion disassembly in
motile cells or provides secreted factors, such as IL6 in a con-
text-dependent manner [51]. D32 Finally, the availability of aspara-
gine in tumor cells is tightly co-regulated by the combined
actions of degradative and recycling functions of autophagy
and elevated ASNS expression; whether these 2 biological pro-
cesses are co-regulated is yet to be determined. However, posi-
tive correlation between expression of ATG5 and ASNS were
found in selected cancers (Figure S9). Interestingly, The
Human Protein Atlas (v18; www.proteinatlas.org) analyzed the
proteome of 17 major cancer types and high expressions of
ATG5 and ASNS, respectively, were both unfavorably associ-
ated with survival rate of patients with renal and liver cancer,
as demonstrated by Kaplan-Meier plots. Amino acid starvation
is known to induce autophagy while ASNS is activated by ATF4
(activating transcription factor 4) following amino acid depri-
vation [48]. D33 To meet the demand from the highly proliferative
cancer cells, it is perhaps not surprising to find upregulations
and unfavorable associations with certain types of human can-
cer for both. ASNS was likely compensatorily elevated due to
amino acid depletion in our autophagy-compromised SDC
tumor cells, however, its increased expression might not have
been sufficient to offset declined intracellular asparagine as a

result of autophagy deficiency. Consequently, the overall sur-
vival was lower in mice bearing autophagy compromised SDC
tumor even when ASNS was upregulated in tumors. These
results implicate asparagine availability as a common metabolic
vulnerability in multiple cancers and propose that ASNS inhibi-
tion, combined with autophagy suppression, such as by chloro-
quine [52], D34 and/or other therapies, may represent a
personalized strategy for managing ASNS-overexpressing
tumors. In summary, our findings reveal that low asparagine
and excessive mitochondrial fragmentation represent previ-
ously unrecognized metabolic barriers against malignant
KRAS-driven tumor invasion potential in the context of com-
promised autophagy. The association between the ASNS over-
expression and the poor clinical outcomes of multiple cancers
suggests that the potential of limiting asparagine availability,
including by autophagy inhibitors, should be further tested for
impeding tumor cell migration and progression.

Materials and Methods

Mouse breeding

Animal care and experimental procedures were conducted in
accordance with the guidelines and regulations of the Institu-
tional Animal Care and Use Committee at City of Hope. The
Institutional Animal Care and Use Committee at City of Hope
approved all animal experiments. All mouse colonies were main-
tained in pathogen-free barrier facilities. LGL-KRASG12V and
Ela-CreERT transgenic mice were described previously [11].D35
LGL-KRASG12V mice, Ela-CreERT mice, and Atg5flox/flox mice
[13] were crossed to derive Ela-CreERT;LGL-KRASG12V;Atg5flox/
flox (KRASG12V;Atg5flox/flox), Ela-CreERT;LGL-KRASG12V;Atg5flox/+

(KRASG12V;Atg5flox/+), and Ela-CreERT;LGL-KRASG12V;Atg5+/+

(KRASG12V;Atg5+/+) mice. Mice at 8- to 10-wk of age were gav-
aged with tamoxifen (3 mg/40 g body weight) (MilliporeSigma,
T5648) or vehicle daily for 5 consecutive d. Genotyping was con-
ducted as we described previously [11,13].D36

Tissue preparation and characterization

Salivary glands were harvested at the indicated time after the
first day of tamoxifen feeding. Tumor masses were excised en
bloc with adjacent tissues. Tissue samples were fixed in 10%
neutral-buffered formalin (MilliporeSigma, HT501128) for
48 h. Tissue embedding, sectioning, and staining with modified
Mayer’s hematoxylin (American MasterTech, HXMMHGAL)
and eosin Y stain (American MasterTech, STE0157) were per-
formed in the City of Hope Pathology Core. Briefly, after
deparaffinization and rehydration, the sections were stained
with modified Mayer’s hematoxylin for 4 min, rinsed in tap
water; and destained with 0.3% acid alcohol. After rinsing in
tap water, sections were stained with eosin Y for 2 min, fol-
lowed by dehydration, clearing, and mounting.

ASNS-KD effect. MDA-MB-231 cells (shCtrl or shASNS) were incubated in full media or full media supplemented with the indicated concentrations of asparagine or aspar-
tate after the wounds were created. Representative images taken at 0 and 16 h post-wounding are shown (left panel). Quantification of wound closure (%) is shown (upper
right panel). Western analysis confirmed knockdown of ASNS by shASNS (lower right panel). ACTA1 serves as a loading control. �: p< 0.05; ��: p< 0.01; ���: p< 0.001, N.S.:
not significant (Student t test, 2-tailed, unpaired).
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Figure 7. Association of ASNS expression with clinical prognosis. (A) ASNS is overexpressed in human cancers. Red dots in standard boxplots indicate the average expres-
sion values. Fold change (FC) of normalized expression values and the number (N) of samples are labeled at the bottom. P-values between groups were determined using
Welch’s t test. ���: p< 0.001; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; HNSC, head
and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellu-
lar carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PRAD, prostate adenocarcinoma; READ, rectal adenocarcinoma; UCEC, uterine corpus
endometrial carcinoma. (B) ASNS is overexpressed in tumor samples of all breast cancer subtypes, compared to normal breast tissues, in the TCGA dataset. Triple-negative
breast cancer (TNBC), HER2+ and other subtypes were determined by immunohistochemistry. (C) ASNS expression levels across Pam50 breast cancer subtypes (basal,
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Immunohistochemistry and quantification

Immunohistochemistry (IHC) was performed using Citrate-
based Antigen Unmasking Solution (Vector Laboratories,
H-3300), Vectastain Elite ABC-HRP Kit (Vector Laboratories,
PK-6100), Avidin/Biotin Blocking Kit (Vector Laboratories,
SP-2001), and ImmPACT DAB Peroxidase (HRP) Substrate
Kit (Vector Laboratories, SK-4105) according to the manufac-
turer’s protocols. Briefly, the paraffin sections were deparaffi-
nized and hydrated through xylenes and graded alcohol
solutions. The tissue slides were pressure-cooked in citrate-
based unmasking solution for 30 min and washed in phos-
phate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) for 5 min, fol-
lowed by quenching of endogenous peroxidase activity in H2O2

(0.3%; MilliporeSigma, H1009) for 30 min. The slides were
then blocked for 20 min with a mixture of Avidin D solution
and diluted normal blocking serum, which was prepared from
the species in which the secondary antibody is made. The slides
were then incubated with a mixture of primary antibody and
biotin solution for 30 min and washed in buffer 3 times. The
slides were incubated in the Vector biotinylated secondary anti-
body for 30 min, washed for 5 min, and then incubated in Vec-
tastain Elite ABC Reagent for 30 min. After being washed for
5 min, the slides were processed with the DAB Substrate Kit.
The slides were counter-stained with hematoxylin, dehydrated,
and mounted. The cells that stained positive by IHC in 3 non-
overlapping 5 X or 10 X fields were counted with Image-Pro
Premier 9.0 (Media Cybernetics) and slides from at least 4 mice
were included in each group.

Primary tumor cell isolation

Isolation and culture of primary tumor cells was conducted as
previously described [53]. D37 In brief, d 23 and d 24 tumors were
minced into small pieces and digested for up to 60 min at 37�C
in digestion medium containing collagenase (1 mg/ml; Milli-
poreSigma, C6885), hyaluronidase (100 units/ml; Millipore-
Sigma, H3506), DNase I (50 mg/ml; MilliporeSigma, D4527),
bovine serum albumin (1 mg/ml; MilliporeSigma, A2153),
HEPES (pH 7.3, 20 mM; Corning, 25-060-CI) in Dulbecco’s
Modified Eagle’s Medium/Ham’s F-12 50/50 Mix (Corning, 16-
405-CV). The suspension of digested tumor cells was passed
through a 100 mm sieve to remove the remaining tissue chunks.
The red blood cells were lysed by incubating cell suspensions in
1X red blood cell lysis buffer (155 mM NH4Cl, 12 mM
NaHCO3, 0.1 mM EDTA, pH 7.3) for 3 min on ice. The result-
ing cells were plated on collagen I-coated dishes (Corning,
354450), and maintained in a medium consisting of Dulbecco’s
Modified Eagle’s Medium (Corning, 10-013-CV) with fetal
bovine serum (10%; Thermo Fisher Scientific, 10437028), L-
glutamine (5 mM; Thermo Fisher Scientific, A2916801), hydro-
cortisone (400 ng/ml; MilliporeSigma, H0888), insulin (5 mg/

ml; Thermo Fisher Scientific, 12585014), EGF (20 ng/ml;
Thermo Fisher Scientific, PHG0311), HEPES (15 mM; Thermo
Fisher Scientific, 15630080) and antibiotic-antimycotic (1X;
Thermo Fisher Scientific, 15240112). After 1 to 2 wk of incuba-
tion, colonies of the GFP-negative tumor cells were manually
picked and transfer to new cell culture dishes.

Antibodies and reagents

The primary antibodies used were: rabbit polyclonal anti-
MKI67/Ki67 antibody (abcam, ab15580), rabbit polyclonal
anti-pan-KRT/cytokeratin antibody (abcam, ab9377), mouse
monoclonal anti-COX4I1/COX IV antibody (abcam, ab14744),
rabbit polyclonal anti-SNAI1/SNAIL + SNAI2/SLUG antibody
(abcam, ab180714), rabbit polyclonal anti-phospho-H3F3/his-
tone H3 (Ser10) antibody (MilliporeSigma, 06–570), mouse
monoclonal anti-actin antibody (MilliporeSigma, MAB1501R),
rabbit anti-CDKN2A/p16 antibody (Santa Cruz Biotechnology,
sc-1207) and anti-CDKN1A/p21 antibody (Santa Cruz Bio-
technology, sc-6246), rabbit anti-SQSTM1/p62 antibody (Pro-
teintech Group, 18420-1-AP), rabbit anti-ASNS antibody
(Proteintech Group, 14681-1-AP), rabbit anti-MFF antibody
(Proteintech Group, 17090-1-AP), mitoprofile total OXPOHS
rodent WB antibody cocktail (abcam, ab110413), rabbit anti-
DLP1 antibody (BD Biosciences, BD 611112), mouse
anti-human KRAS antibody (Bio-Rad, MCA3223Z), rabbit
anti-ATG5 antibody (Novus Biologicals, NB110-53818), and
rabbit anti-LC3B antibody (Novus Biologicals, NB100-2220).

N-acetyl-L-cysteine (A7250), L-asparagine (A4159), and
aspartic acid (A8959) were from MilliporeSigma. siRNA
against human KRAS was obtained from MilliporeSigma
(SASI_Hs02_00361210) and siRNA against mouse Asns was
from Santa Cruz Biotechnology (Santa Cruz Biotechnology, sc-
60213). Transfections of siRNA were performed with Lipofect-
amine RNAiMAX transfection reagent (ThermoFisher Scien-
tific, 13778150), according to the manufacturer’s instructions.

RNA extraction and qRT-PCR

Total RNA was prepared from primary tumor cells with
RNeasy Mini Kit (Qiagen, 74104), following the manufacturer’s
instructions. The concentration and purity of RNA were mea-
sured by NanoDrop spectrophotometry (NanoDrop Technolo-
gies). Real-time reverse-transcription PCR (qRT-PCR) was
conducted as we described previously [13]. D38 The sequence of the
primers used for qPCR: Atg5 forward primer 5’-CAGAAGGT-
TATGAGACAAGAAGATG-3’, reverse primer 5’-TGGATG-
GACAGTGTAGAAGGTC-3’; Asns forward primer 5’-GCAG
TGTCTGAGTGCCATGAA-3’, reverse primer 5’-TCTTATCG
GCTGCATTCCAAAC-3’; Rn18s rRNA forward primer 5’-CG
GCGACGACCCATTCGAAC-3’, reverse primer 5’-GAATC-
GAACCCTGATTCCCCGTC-3’.

HER2-like [HER2], luminal A [LumA], and luminal B [LumB]) compared with normal-like subtype using the Netherlands Cancer Institute (NKI) breast cancer dataset. n.s., not
significant. (D) Elevated ASNS expression in breast-to-brain metastatic samples, compared with normal breast tissues, in an NCBI-GEO dataset (GSE52604). (E, F and G)
Kaplan-Meier analyses of the distal metastasis-free survival of 3 breast cancer cohorts, based on ASNS expression (GSE25066, GSE17705, and GSE12276). The analyses
employ log-rank score tests to identify the optimal cut-point for grouping patients. A gray dotted line shows the 5-y mark. The p-value for log-rank test is shown.
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Western blot analyses

Whole tissue lysates were prepared using cOmplete Protease
Inhibitor Cocktail (MilliporeSigma, 4693116001) supplemented
lysis buffer from Qproteome Mammalian Protein Prep Kit
(Qiagen, 37901), according to the protocol from the manufac-
turer. Whole cell lysates were prepared by directly lysing cells
in 1x Laemmli buffer (45 mM Tris-HCl, pH 6.8, 10% glycerol,
1% SDS, 50 mM DTT, 0.01% bromophenol blue) with protease
inhibitor. Equal amounts of total protein were subjected to
SDS-PAGE and immunoblotted with primary antibodies of
interest followed by horseradish peroxidase conjugated second-
ary antibody following manufacturer’s instruction. After
chemiluminescent reaction, blots were visualized with a Chemi-
Doc Touch Imaging System (Bio-Rad). The signal intensities of
the captured images were analyzed with Image Lab Software
(Bio-Rad, version 5.2.1). Results of western analyses shown are
representatives of at least 3 independent experiments.

Measurement of intact cellular respiration and glycolytic
function

Mitochondrial OCR and ECAR were measured by the Agilent
Seahorse XF24 Extracellular Flux Analyzer using Seahorse
XF24 FluxPaks (Agilent, 100850-001) according to the manu-
facturer’s instructions. Briefly, 1 £ 105 cells were seeded in col-
lagen I-coated XF24 cell culture microplates overnight. On the
next day, the cells were washed and incubated with Seahorse
XF base medium (Agilent, 102353-100) supplemented with glu-
cose (25 mM; MilliporeSigma, G7021) and sodium pyruvate
(1 mM; Thermo Fisher Scientific, 11360070), pH 7.4. OCR was
assayed by sequential injections of oligomycin A (1 mM; Milli-
poreSigma, 75351), FCCP (0.5 mM; MilliporeSigma, C2920)
and rotenone (2.5 mM; MilliporeSigma, R8875). ECAR was
assayed by sequential addition of glucose (10 mM), oligomycin
(1 mM), and 2-deoxyglucose (2-DG, 100 mM; MilliporeSigma,
D6134). After the measurements, the cells were trypsinized,
and the cell numbers were counted for normalization. The data
are presented as mean § S.D..

NAC treatment and intracellular ROS measurement

ROS measurement was performed using the cell-permeant
reagent 2’,7’-dichlorofluorescin diacetate (DCFDA; Millipore-
Sigma, D6883), as described previously [54]. D39 Briefly, the cells
were stained with DCFDA (1 mM) for 30 min and the resulting
DCF was analyzed by flow cytometry with a maximum emis-
sion »530 nm (Beckman Coulter Gallios or Accuri C6 flow
cytometer). For NAC treatment, the cells were seeded at 50%
confluence in 12-well plates and incubated with full media sup-
plemented with NAC (5 mM or 10 mM) for 24 h before
DCFDA staining.

ATP assay

The cellular ATP level was measured using the ENLITEN ATP
Assay System (Promega, FF2000) following the manufacturer’s
manual. In brief, the cells were grown to sub-confluence and
harvested in ice-cold PBS by scraping. ATP was extracted by

adding 5% trichloroacetic acid (TCA; J.T. Baker, 0414-04) and
then the reaction was neutralized with Tris-acetate-EDTA
buffer (100 mM Tris, 2mM EDTA, pH 7.75). The extracts were
further diluted 1:100, and an equal volume of rL/L reagent was
added to measure the luminescence using a TD-20e luminome-
ter (Turner Biosystem). An ATP standard curve was generated
according to the manufacturer’s instructions. The ATP levels
were normalized to the cell number.

Mitochondrial membrane potential

The cells were stained with 3,3’-dihexyloxacarbocyanine iodide
(DiOC6, 10 nM; MilliporeSigma, 318426) for 30 min at room
temperature and the fluorescence intensity was analyzed by
flow cytometry using an Accuri C6 flow cytometer (BD
Biosciences).

Cell migration assay

The in vitro wound healing assay was performed as described
[55]. D40 Briefly, the cells were grown to confluence in 35 mm
dishes and the cell monolayer was scratched in a straight line
with a p200 pipet tip. The images were acquired with a phase-
contrast microscope at the time of scraping (0 h) and again
after 24 h of incubation. The rate of cell migration was calcu-
lated as a percentage of wound closure using Image-Pro Pre-
mier software. All experiments were repeated 3 times.

Transwell migration assay

The Transwell migration assay was performed in triplicate
using Transwell-permeable support inserts with 8 mm pores
(Corning, 3464). Both sides of the insert membrane were pre-
coated with collagen I (ThermoFisher, A1048301) before cell
seeding. The cells (1 £ 105) were seeded in the upper chamber
in full media. Full media, supplemented with collagen I (40 mg/
ml) as a chemoattractant, was placed in the lower well. After
24 h of incubation, the cells in the upper chamber were
removed using a cotton swab, and the migrated cells from the
underside of the membrane were fixed with ice-cold methanol
and stained with crystal violet (Aqua Solutions, C8126). The
cell numbers from 5 random fields from each experimental
group were counted.

Invasion assay

Cell invasion was determined using BioCoat Matrigel invasion
chambers (Corning, 354480). Briefly, the cells (1 £ 105) were
seeded in the upper chamber in full media after the chambers
were rehydrated. The lower chamber was filled with full media
supplemented with collagen I (40 mg/ml). After 24 h of incuba-
tion, the cells that invaded through the Matrigel-coated mem-
brane were stained with crystal violet and counted.

Nutrient depletion and cell viability

The acid phosphatase (ACP) assay was used to measure cell
viability, as described previously [13]. D41 Briefly, 5 £ 103 cells/well
were seeded into 96-well plates and incubated in the presence
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of different concentrations of glucose or glutamine for 48 h.
The cells were then washed with PBS and incubated with
p-nitrophenyl phosphate disodium hexahydrate (5 mM; Milli-
poreSigma, N4645) in 100 ml of sodium acetate (0.1 M; Fisher
Chemical, S210-500) and Triton X-100 (0.1%; Fisher Biore-
agents, BP151-100), pH 5.0, for 30 min at 37�C. The reaction
was stopped with the addition of NaOH (10 ml, 1 N; Fisher
Chemical, S318-500) and absorbance was measured at 405 nm
using a microplate reader.

Cell proliferation assay

Cells were seeded into 24-well plates at 2 £ 104 cells per well.
Asparagine was added during cell seeding if required. Cell via-
bility was measured every 24 h to monitor cell growth by using
the ACP assay. Experiments were repeated 3 times.

Apoptosis assay

Apoptosis was analyzed by ANXA5/annexin V-propidium
iodide (PI) staining (BD Pharmingen, 556547) following the
manufacturer’s instructions. In brief, Atg5-WT and atg5-KO
cells were trypsinized and diluted to 1 £ 106 cells/ml. The cells
(100 ml) were incubated with ANXA5 and PI at room tempera-
ture in the dark for 15 min and analyzed with an Accuri C6
flow cytometer.

Metabolite extraction and mass spectrometry

Atg5-WT and atg5-KO cells were allowed to grow to 70% con-
fluence and harvested in ice-cold PBS by scraping. The cell pel-
lets were then snap frozen in liquid nitrogen and stored at
-80�C. Seven biological replicates, consisting of 1 £ 107 cells,
were included in each group. The metabolite extraction, mass
spectrometry analysis, and data analysis were carried out at the
Center for Metabolomics and Mass Spectrometry at The
Scripps Research Institute. In brief, metabolite extraction was
done by adding 80% methanol (400 ml) to each cell pellet, vor-
texed, and placed in liquid nitrogen for 10 min. The samples
were then allowed to thaw and sonicated for 10 min. The
freeze/thaw cycle was repeated 3 times before centrifuging the
samples at 16,000 xg for 10 min. The supernatant was harvested
and evaporated to dryness in a SpeedVac at room temperature.
The samples were reconstituted in 50% methanol (100 ml), son-
icated for 15 min, and then transferred to autosampler vials
with inert inserts.

The negative mode analysis was performed on a 6538
Q-TOF mass spectrometer (Agilent) coupled with an 1100
series HPLC system (Agilent). Samples (8 ml) were injected to a
phenomenex Luna-NH2 2.1 £ 150 mm column at a flow rate
of 200 ml/min. The scan range was set as m/z = 70–1100. The
mobile phase was composed of A = water:acetonitrile 95:5
(v/v), ammonium acetate (20 mM), ammonium hydroxide
(40 mM) and mobile phase B = 95% acetonitrile. Gradient was
T0 = 0:100, T5 = 0:100, T45 = 100:0, and T60 = off with a
10 min re-equilibration time.

For the amino acid profile, an 1100 series HPLC system
(Agilent) was coupled to a 6490 triple quadrupole mass spec-
trometer (Agilent), operated in multiple reaction monitoring

mode. The samples (10 ml) were injected into an amino acid
column 2.1 £ 100 mm (Imtakt) with a flow rate of 300 ml/min.
The mobile phase was composed of A = acetonitrile/tetrahy-
drofuran/25 mM ammonium formate/formic acid at
9:75:16:0.3 (v/v/v/v) and B = acetonitrile, ammonium formate
(100 mM) at 20:80 (v/v). The gradient was T0 = 100:0, T12 =
100:0, T15 = 0:100, and T25 = off with a 5-min re-equilibration
time.

Bioinformatics

The analyses of ASNS gene expression pattern presented here
are in part based upon dataset downloaded from the TCGA
Research Network (http://cancergenome.nih.gov/). It includes
TCGA Pan-Cancer RNA-seq expression data (level 3 data using
Illumina HiSeq platform from February 2015) [22], D42 NKI breast
cancer data (Affymetrix Human Genome HG U133A arrays)
[23] and NCBI-GEO dataset GSE52604 (Agilent Whole
Human Genome Microarray 4 £ 44K G4112F) [24]. D43 TCGA
cancer types having no more than 5 samples of normal tissues
were excluded from the analysis. Log2 transformed expression
values were used for plotting and statistical analysis. Standard
box plots were used to visualize the expression distribution and
differences among different sample types. Statistical signifi-
cance of the expression differences between groups was deter-
mined using Welch’s t test. Differences in overall survival
between “high” and “low” expression groups (defined by
the optimal cut-point derived using log-rank score tests)
[56] were compared by Kaplan-Meier curves usi ng the
Survival package in R software. Three different datasets
were used for Distal metastasis-free survival (DMFS) analyses.
The first dataset (GSE25066 [25]) recruited a neoadjuvant
cohort of 508 HER2-negative breast cancer cases treated with
chemotherapy pre-operatively and endocrine therapy if
ER-positive. The second dataset (GSE17705 [26]) recruited 298
ER-positive breast cancer patients uniformly treated with
tamoxifen for 5 y. The third dataset (GSE12276 [27]) collected
204 primary tumors from breast cancer patients with known
distal site(s) of relapse. Clinical and expression data for survival
analysis were downloaded from January 2016. Patients having
both clinical information and expression data were included in
this study. TCGA breast cancer and head and neck cancer data-
sets were used for Pearson correlation analysis. Pearson’s R-
squared and p-value were calculated using Graphpad Prism 7.

Statistical analysis

All results are given as the mean § S.D. of at least 3 indepen-
dent experiments. The Student t test and one-way analysis of
variance (ANOVA) were used to ascertain statistical signifi-
cance. Statistical significance was set as p < 0.05, 2-tailed. The
log-rank test for survival analysis was done using GraphPad
Prism 7. The comparative and statistical analyses of metabolites
were performed using the XCMS software package (http://
XCMSOnline.scripps.edu/) and unpaired parametric t test
(Welch’s t test). Analysis of the untargeted metabolomics data
was first done with MetaboAnalyst 3.0 web server (http://www.
metaboanalyst.ca D44[57]) using unequal variance t test, followed
by Mummichog program (version v1.0.9) with the following
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parameters: p-value cutoff = 0.05, network model = Mus mus-
culus BioCyc 17.0, analytical mode of mass spec = negative.
Putative metabolites were then run through MetaboAnalyst 3.0
using a hypergeometric test for overrepresentation analysis and
relative-betweenness centrality for pathway topology analysis
based on the KEGG database (Release 82.1).
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