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The pancreatic tumor microenvironment drives deregulated nutrient
availability. Accordingly, pancreatic cancer cells require metabolic
adaptations to survive and proliferate. Pancreatic cancer subtypes have been
characterized by transcriptional and functional differences, with subtypes

reported to exist within the same tumor. However, it remains unclear if this
diversity extends to metabolic programming. Here, using metabolomic
profiling and functional interrogation of metabolic dependencies, we
identify two distinct metabolic subclasses among neoplastic populations
withinindividual human and mouse tumors. Furthermore, these populations
are poised for metabolic cross-talk, and in examining this, we find an
unexpected role for asparagine supporting proliferation during limited
respiration. Constitutive GCN2 activation permits ATF4 signaling in one
subtype, driving excess asparagine production. Asparagine release provides
resistance during impaired respiration, enabling symbiosis. Functionally,
availability of exogenous asparagine during limited respiration indirectly
supports maintenance of aspartate pools, a rate-limiting biosynthetic
precursor. Conversely, depletion of extracellular asparagine with PEG-
asparaginase sensitizes tumors to mitochondrial targeting with phenformin.

Pancreatic ductal adenocarcinoma (PDA) remains one of the deadliest
major cancers, contrasting arelatively low incidence rate'. The primary
reasons for this are related to the difficulty with early detection and a
lack of effective therapeutic options. A principal barrier to treatment
of pancreatic cancer is the densely fibrotic tumor microenvironment,
the high interstitial pressure of which acts to collapse blood vessels
and impair the delivery of chemotherapy? This lack of functional vas-
culature leads to deregulated nutrient availability within the tumor?,
causing cancer cells to develop numerous metabolic adaptations to
allow for proliferation under hypoxic and austere conditions*.

Most PDAs express mutant KRAS’, so early efforts to under-
stand metabolism in pancreatic cancer focused on the cell-intrinsic

metabolic rewiring downstream of KRAS signaling. Modulating
oncogenic KRAS expression in pancreatic cancer cells demonstrated
distinct rewiring of central carbon metabolism to shift glycolytic
intermediates into bioenergetic pathways and a preferential use of
glutamine for tricarboxylic acid (TCA) cycle metabolism®’. In addi-
tion, metabolic profiling of a panel of PDA cell lines revealed hetero-
geneity among preferred bioenergetic pathways and sensitivity to
metabolic inhibitors®. However, the malignant cancer cells them-
selves reside within a tumor microenvironment that is a complex
ecosystem’, with diverse populations of fibroblasts and immune
cells functioning to create a niche supporting cancer cell survival
and tumor growth'™.
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Accordingly, this allows for many and varied cooperative intra-
tumoral cross-talkinteractions”. These include the direct metabolic
support of cancer cells from adjacent stromal and immune cells. For
example, PDA cells have been shown to use fibroblast-derived alanine
andlysophosphatidylcholines toserve asalternate carbonand lipid fuel
sources'™?, respectively. These metabolic support mechanisms canalso
directly contribute to PDA therapeutic resistance. Tumor-associated
macrophages and fibroblasts have been found to release pyrimi-
dines, including deoxycytidine, providing chemoresistance through
molecular competition of antimetabolite gemcitabine commonly
used in PDA treatment™*. PDA-derived metabolites also function as
part of the molecular signaling used to polarize tumor-associated
macrophages through lactate secretion®, further demonstrating the
reciprocal nature of the metabolic symbiosis in the pancreatic tumor
microenvironment.

Recently it has become apparent that even the previous recogni-
tion of heterogeneity of the pancreatic tumor microenvironment has
beenunderappreciated. Numerous fibroblast populations have been
described with distinct functions, including structural support and
immune modulation and potential roles in antigen presentation' %,
Further, several studies have also demonstrated spatial heterogeneity
in pancreatic tumors, with distinct immune and stromal behaviors
presentin different regions of individual tumors™%,

Further, the malignant populations within individual tumors are
nothomogenous” . Infact, different clonally isolated populations of
PDA have been shown to engage lineage-specific behavior, such as the
ability to coordinate a strongly immunosuppressive tumor microen-
vironment**. Accordingly, we postulated that epithelial heterogeneity
mightalsoresultindifferential metabolic programming across differ-
ent cancer cell populations within individual tumors. Furthermore,
given the diversity of the neoplastic cell populations found in pan-
creatic tumors, we postulated that clonal differences among cancer
cells within the same tumor might also extend to metabolic behaviors
capable of symbiotic support?.

Results

Characterization stratifies two metabolic classes of PDA

To identify clonal differences in metabolism, we profiled a series of
clonal cell lines derived from a single Kras”®?°; Trp53"/R7*; pdx1-Cre
(KPC) mouse tumor (Fig. 1a and Supplemental Table 1) by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-based
metabolomics. The LSL-Kras®?" allele was recombined in all the
clones, demonstrating that they were derived from epithelial lineages
(Extended Data Fig. 1a). Through unbiased clustering of the metabo-
lomics analysis, we observed that the clones clearly separated into two
distinct groups based on their steady-state metabolite pools (Fig. 1b).
Pathway enrichment analysis demonstrated that these differences
extended across several pathways, with glycolysis and Warburg metabo-
lism topping the list (Extended Data Fig. 1b). Indeed, we found that
clonesV, Eand H (hereafter termed group 1) demonstrated increased
levels of glycolytic metabolites (Extended Data Fig. 1c) compared to
clonesK, M, Nand T (termed group 2).

We also found enrichment of glycolytic intermediates correlated
withenhanced lactate production in the conditioned medium of group
1clones (Extended Data Fig. 1d). By contrast, we observed that group 2
cloneshad elevated pools of glutamine and glutamate relative togroup 1
clones (Extended DataFig. 1e). This observation wasintriguing, aswe have
previously found that PDA cells in vitro use glutamine-derived carbon
to fuel TCA cycle metabolism®’. Given the differences in the glycolytic
versus putative mitochondrial metabolites, we speculated that the clonal
populations might exhibit differential dependency on these pathways.

Accordingly, we next investigated if the differences in baseline
metabolism correlated with metabolic vulnerabilities between these
groups. Indeed, we observed a difference in sensitivity to inhibition
of glycolysis in group 1 clones following treatment with the lactate
dehydrogenase inhibitor FX11 (Fig. 1c), and group 2 clones were more
sensitive to transaminase inhibition (Fig. 1d and Extended Data Fig.
1f). Accordingly, as we hypothesized that glutamine was used to fuel
mitochondrial metabolism, we tested if this differential sensitivity
would extend to directinhibition of mitochondrial respiration. Indeed,
we observed that group 2 clones were more sensitive to inhibition
of mitochondrial respiration through treatment with either the ATP
synthase inhibitor oligomycin or the complex linhibitor phenformin
(Fig.1e,fand Extended Data Fig.1g,h).

To examine the bioenergetic state of the clonal cell lines under
normal growth conditions, we used a phasor fluorescence lifetime
imaging (FLIM) assay of NADH. The fluorescence lifetime of NADH is
longer whenbound to enzymesinvolved in mitochondrial metabolism
(-3.4 ns) in contrast to free cytoplasmic NAPH (-0.4 ns)**, and the ratio
ofthese values correlates to glycolytic versus mitochondrial metabo-
lismincells. As predicted, we found that aset of group 1 clones haveless
protein-bound NADH, indicative of amore glycolytic phenotype, while
asetofgroup2 cloneshave higher levels of protein-bound NADH, dem-
onstrating a preference for mitochondrial metabolism (Fig. 1g). Con-
sistently, we observed amodest, but statistically significantly, increase
in citrate synthase activity (a readout of mitochondrial metabolism)
ingroup 2 clones compared to group 1clones (Extended Data Fig. 2a).
Unexpectedly, we did observe anincreased metabolic phenotypeinthe
group 1clones as measured by aSeahorse instrument (Extended Data
Fig.2b,c), as the higher trend in extracellular acidification rate in the
group1clones was accompanied by anincreased oxygen consumption
rate (Extended DataFig. 2d,e). We also observed anincrease in the spare
respiratory capacity in the group 1 clones compared to in the group 2
clones (Extended Data Fig. 2f), potentially suggesting that the group
1clones are more bioenergeticin general.

To better understand this increase in spare respiratory capacity,
we measured mitochondrial potential across a representative set of
clones. Both tetramethylrhodamine methyl ester perchlorate (TMRM)
and MitoTracker Red staining revealed that group 1 clones have higher
mitochondrial potential (Fig. 1h and Extended Data Fig. 2g,h). Impor-
tantly, the higher intensity of TMRM staining in group 1 clones was
maintained when normalized for total mitochondrial mass (Fig.liand
Extended Data Fig. 2i). Taken together, the higher spare respiratory
capacity and elevated mitochondrial potential may in part explain the

Fig.1|Metabolic characterization reveals two distinct cellular populations
from PDA tumors. a, A polyclonal cell line established from a mouse pancreatic
tumor was subcloned into seven clonal lines and subjected to LC-MS/MS
metabolomics analysis. b, Heat map representation of significantly different
intracellular metabolites pooled from a positive and negative ionization mode
analysis among the clonal cell lines grown under the same media conditions;
fold change of +2; P= 0.01 between group 1clones (E, Vand H) and group 2
clones (K, M, Nand T). Rows are clonal cell lines in triplicate, and columns
represent metabolites (n = 3 biological replicates per cellline). c-f, Sensitivity
of clonal cell lines to 33 pM FX11 (c) and ICy, values for aminooxyacetic acid
(AOA) (d), oligomycin (e) and phenformin (f); n = 3 biological replicates per cell
line.g, Group1clones (H and V) and group 2 clones (N and T) were subjected to

NAD(P)H FLIM. Data are presented as a ratio of free to protein-bound NAD(P)H;
n=104cloneH cells,n=108 clone V cells, n =136 clone N cells and n =105 clone

T cells; OXPHOS, oxidative phosphorylation. h, Histograms of the indicated
clones stained with TMRM and analyzed via flow cytometry. i, Ratio of TMRM

to MitoTracker Green staining of the indicated clonal lines (n = 2 biological
replicates for clone Vand n = 3 biological replicates for clones H, Nand T). Error
barsrepresent mean +s.d.;**P< 0.01,**P< 0.001and ****P < 0.0001 by two-tailed
Mann-Whitney test (c-fand i) or one-way ANOVA with a Tukey post hoc test;
P<0.0001(c); P<0.0001(d); P=0.0018 (e); P<0.0001 (f); Hversus T P< 0.0001,
HversusNP<0.0001,VversusTP<0.0001and VversusNP=0.0003(g);
P=0.0043 (i).
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lower sensitivity of the group 1 clones to mitochondrialinhibitionthan  Clonal cross-talk provides metabolic support

that observed in group 2 clones. Importantly, while we noted small ~ Next, we sought to determine if sensitive clones were protected from
differences in the growth rates of the clonal cell lines, these did not  metabolicinhibition viametabolic support fromless sensitive clones.
correlate with the identified clusters (Extended Data Fig. 2j). To accomplish this, we fluorescently labeled a clonal line from one
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Fig.2| Coculturesreveal cross-talk interactions between clonal groups. a,
Clonalline N was encoded with a fluorescent label, plated in direct coculture
withunlabeled clones and treated with oligomycin or vehicle. b, Representative
images (one of three biological replicates) of a labeled oligomycin-sensitive
clone N cocultured with unlabeled resistant clones (E and V) or with unlabeled
sensitive clones (Kand N) and treated with oligomycin or vehicle; scale bar,
400 pum. ¢, Fluorescent plate area of oligomycin-treated (0.75 nM) versus
vehicle-treated N-labeled cocultures (n = 3 samples). d, Fluorescent plate

area of oligomycin-treated (1 nM) versus vehicle-treated K-labeled cocultures
with unlabeled resistant clones (H and V) or with unlabeled sensitive clones (K
and M; n =3 samples). e, Fluorescent plate area of 1 nM oligomycin (Oligo)- or
25 pM phenformin (Phen)-treated versus vehicle-treated cocultures for labeled
sensitive clone N cocultured with unlabeled clone N or insensitive clone V (n=3
samples). f, Fluorescent plate area of the 1.5 nM oligomycin-treated cocultures

relative to vehicle-treated cocultures (n = 3samples). g, Group 2 clone N was
plated with no transwell or with transwells containing group 1clone V or group 2
clones N and M. Cultures were treated with 0.25 nM oligomycin with fresh drug
added every 48 h for 10 d and were fixed and stained with crystal violet. The
image is representative of three experimental repeats. h, Quantitation of colony
areaof g (n=3samples). Error bars represent mean +s.d.; * P< 0.05,** P< 0.01,
*** P<0.001and **** P < 0.0001 by one-way ANOVA with a Tukey post hoc test (c,
dandf) or by two-tailed Student’s t test (e and h); NS, not significant; +E versus
+KP=0.0007,+E versus +N P=0.0009, +V versus +K P= 0.0157 and +V versus
+N P=0.0207 (c); +H versus +K P=0.0047, +H versus +M P = 0.0266, +V versus
+KP=0.0006 and +V versus +M P=0.0024 (d); oligomycin P= 0.0002 and
phenformin P=0.0012 (e); +V versus +N P= 0.0114, +V versus +M P= 0.0108, +H
versus +N P=0.0137 and +H versus +M P = 0.013 (f); no top P=0.000585, V top
P=0.076023,Ntop P=0.0002277 and M top P= 0.000004 (g).

group and then cocultured it with either an unlabeled version of itself, a
different clonal line from the same group or a clonalline from the oppo-
site group (Fig. 2a). Using this strategy at aconcentration of oligomycin
sufficient toblock the proliferation of group 2 cells, we demonstrated
that the group1clonessupport the growth of oligomycin-treated group
2 clones (Fig. 2b,c). This was reproducible across clones (Fig. 2d and
Extended DataFig.3a-d) and extended to the complexlinhibitor phen-
formin (Fig. 2e and Extended Data Fig. 3e). By contrast, proliferation
of an oligomycin-treated group 1 clone was not similarly enhanced in
coculture with a different group 1clone, and oligomycin-treated group
1clones were less proliferative when cocultured with group 2 clones

(Fig. 2fand Extended Data Fig. 3f,g). To determine if our observations
extended to other clonal PDA cell line models, we obtained a second
set of mouse KPC clones®. Here again we observed differences in oli-
gomycin sensitivity, differential lactate production and the rescue
of mitochondrial inhibition in cocultures (Extended Data Fig. 4a-e).

Asparagine supports proliferation during limited respiration

Next, we used transwell coculture assays with which we demon-
strated that the ability of group 1 cells to facilitate proliferation
of oligomycin-sensitive group 2 cells was not contact dependent
(Fig. 2g,h). Based on this, we hypothesized that clonal cross-talk was
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mediated through metabolite exchange between the group1and group
2 clones. Thus, we profiled the medium from each of the clonal cell
lines by LC-MS/MS-based metabolomics and compared it to the base
medium. Unsupervised clustering segmented the seven clonal lines
into the same two groups observed following analysis of the intracel-
lular metabolomes (Extended Data Fig. 4fand Supplemental Table 2).
Importantly, there was a clear difference in the levels of consumption
andrelease of several metabolites between these groups, largely rep-
resented by amino acids and nucleosides, including the production of
several non-essential amino acids (NEAAs; Fig. 3a,b).

Given these observations, we hypothesized that one or a com-
bination of these amino acids may function to support metabolism
in the presence of an inhibitor of mitochondrial respiration. Indeed,
we found that treatment with a cocktail of NEAAs at 100 pM was suf-
ficient to promote growth in the presence of oligomycin (Fig. 3c and
Extended DataFig. 5a). While aspartate hasbeenidentified asalimiting
metabolite after inhibition of mitochondrial metabolism, we found
thatamong the NEAAs, only asparagine was sufficient to rescue growth
in the presence of mitochondrial inhibition at this concentration”
(Fig. 3d and Extended Data Fig. 5b). Further, asparagine rescue of the
oligomycin-mediated inhibition of proliferation was dose dependent
(Extended DataFig. 5¢,d) and well within the range of the physiological
levelinbothseraand pancreatic tumor interstitial fluid®®. We also dem-
onstrated that aspartate is indeed able to rescue oligomycin-treated
PDA cells at concentrations previously reported (thatis, 20 mM (ref.?);
Fig. 3e and Extended Data Fig. Se); however, this was well outside the
physiological range of both circulating or intratumoral aspartate?®.
Further, inaddition to oligomycin, we found that asparagine was able
to restore growth in the presence of phenformin and IACS-10759, a
distinct complex linhibitor (Fig. 3f and Extended Data Fig. 5f).

Todemonstrate that asparagine mediates the rescue of prolifera-
tion of sensitive clones in cocultures, we targeted the gene encoding
the asparagine biosynthetic enzyme asparagine synthetase (Asns) in
group 1 cells using RNA-mediated interference (RNAi) and then used
our labeled coculture model (Fig. 3g and Extended Data Fig. 5g). As
expected, addition of group 2 cells did not rescue the proliferation
of oligomycin-treated labeled group 2 cells, whereas group 1 clones
transfected with the non-targeting short interfering RNA (siRNA) pro-
vided a robust rescue (Fig. 3h and Extended Data Fig. 5h,i). However,
this rescue was completely abolished by silencing Asnsin the group 1
clone. Lastly, direct add back of asparagine to the group 2-group 1/
siAsns coculturerescued the proliferation, pinpointing asparagine as
therelevant factor mediating this metabolic cross-talk.

Group 1clones show constitutive integrated stress response
(ISR)

To determine what was driving the metabolic programs between the
subtypes, we first queried atranscriptomic dataset from the clonal pop-
ulations®*. We observed that group 1 clones were enriched in pathways

related to KRAS signaling, epithelial-mesenchymal transition and Myc
signaling (Extended Data Fig. 6a,b). Indeed, assessing activation of
these pathways by immunoblotting, we found that mitogen-activated
protein kinase (MAPK) signaling downstream of KRAS, with corre-
spondingactivation of c-Myc, clearly segregated our clonal groupsin
accordance with their metabolism (Fig. 4a,b).

Previous studies have linked c-Myc expression/activity with the
ISR**?, Activating transcription factor 4 (ATF4) signaling downstream
of the ISR supports amino acid homeostasis, suggesting a possible
relationship with our extracellular metabolome profiling (Fig. 3a,b).
Indeed, ATF4 expression clearly demarcated the groups, and this con-
stitutively high expressioninthe group1clones was evident even with
growth under nutrient-replete conditions (Fig. 4c,d). ASNSis among the
most classical ATF4 target genes™. Consistent with both the expression
of ATF4 and the release of asparagine from group 1 clones, these lines
alsoexpress more ASNS than group 2 clones (Fig. 4c). Furthermore, we
also observedthat the ATF4 targets serine hydroxymethyltransferase
2 (SHMT2) and phosphoserine phosphatase (PSPH) are expressed at
ahigherlevelinthe group1clonal populations.

ATF4 drives the ISR and is activated through numerous stresses,
such as amino acid starvation by general control non-derepressible
2 (GCN2), endoplasmic reticulum (ER) stress through protein kinase
RNA-like ER kinase (PERK), viral infection through protein kinase
RNA-activated (PKR) and heme deprivation by heme-regulated ini-
tiation factor 2-a kinase (HRI)**. We performed immunoblotting for
each of these pathways and observed that only GCN2 in consistently
activated in the group 1 versus group 2 clones (Extended Data Fig.
6c). We also observed that group 1 clones are not engaged in a gen-
eral stress response, as we did not find indications of increased ER
stress or an unfolded protein response in the group 1 versus group 2
clones (Extended DataFig. 6d). Conversely, we found inositol-requiring
enzyme 1-a (IRE1a) and ATF6 activation to be enriched in the group 2
clones.

Interestingly, we found GCN2 to be both activated to a higher
extentinthe group 1clonal population and non-responsive to further
activation by oligomycin treatment (Fig. 4e). By contrast, the group
2 clones had a lower basal level of GCN2 phosphorylation and acti-
vated this pathway in response to treatment with oligomycin. Based
onthese collective data, group 1 clones exhibit constitutive activation
ofthe ATF4 arm of the ISR, whereas the group 2 clones caninduce this
response when challenged. Next, to functionally validate the role of the
ISRinmediating the rescue between insensitive and sensitive cells, we
repeated our labeled coculture assaysin the presence of pharmacologi-
cal inhibitors of ISR pathway components (Fig. 4f). We first observed
thatanISRinhibitor (ISRIB) or adirect GNC2 inhibitor (GCN2iB) are suf-
ficienttoreduce the expression of ATF4ina constitutively active group
1clonetosimilarlevelsasagroup 2 clone (Extended DataFig. 6e). Fur-
ther, treatment with these compounds greatly impairs the rescue of pro-
liferation of a sensitive clone treated with oligomycin mediated by the

Fig. 3| Media profiling reveals that asparagine rescues inhibition of
respiration. a, Differentially consumed/released metabolites presentin the
media from group 1and group 2 clones (n = 3 replicates per cell line) after 48 h
of culture. b, Relative abundance of NEAAs present in conditioned medium at
higher levels than in basal medium (n = 3 replicates per cell line). ¢, Doubling
time of clone N treated with 1 nM oligomycin in the presence or absence of
medium containing a100 pM cocktail of all NEAAs (n = 3 samples per condition).
d, Doubling times of clone N treated with 1 nM oligomycin in the presence or
absence of individual NEAAs (n = 3 samples per condition). e, Doubling times
of clone N treated with 1 nM oligomycin in the presence or absence of 100 uM
or 20 mM aspartate (Asp; n =3 samples per condition). f, Doubling times of
clonalline N treated with 1 nM oligomycin, 25 pM phenformin or 25 nM IACS-
10759 + asparagine (Asn). g, Clonal line N was encoded with a fluorescent label
and plated in direct coculture with unlabeled clones transfected with siRNA
targeting Asns or non-targeted (NT) control. h, Fluorescent plate area of 1 nM

oligomycin-treated cocultures of labeled clone N with unlabeled clone N or
insensitive clone V (n = 3 samples) transfected with the indicated siRNA with or
without the addition of exogenous asparagine. Error bars represent mean + s.d.;
*P<0.05,**P<0.01,**P<0.001and *** P < 0.0001 by two-tailed Mann-Whitney
test (b), two-tailed Student’s t test (c and f) or one-way ANOVA with a Tukey

post hoctest (d, eand h); alanine P < 0.0001, asparagine P = 0.0043, aspartate
P=0.0043, glutamate P=0.0184, glycine P= 0.0013 and proline P< 0.0001

(b); P=0.0008 (c); DMEM versus +asparagine P < 0.0001, +asparagine versus
+glycine P=0.0001), +asparagine versus +serine P = 0.0419, +asparagine versus
+alanine P=0.0008, +asparagine versus +proline P= 0.0001, +asparagine versus
+aspartate P=0.0016 and +asparagine versus +glutamate P = 0.0122 (d); DMEM
versus aspartate 20 mM P=0.0002 and aspartate 100 pM versus aspartate

20 mM P=0.0004 (e); mock versus +asparagine for oligomycin P= 0.0011,
phenformin P<0.0001and IACS-10759 P=0.0006 (f); V siNT versus V siAsns
P<0.0001, VsiAsns versus V siAsns + asparagine P= 0.0572 (h).
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coculture withaninsensitive clone (Fig. 4g and Extended DataFig. 6f), predicted from our mouse clonal lines, human PDA tumors revealed
confirming the functional importance of differential ISR expression considerable intratumoral heterogeneity in ASNS expression (Fig. 5a

between clonal lines and the role of GCN2 in driving this response. and Extended DataFig. 7a), with ASNS expression varying from absent
to strong within the same ductal lesions. Next, we examined ISR and
Differential ISR activation and functionin human PDA ATF4 pathway activity in single-cell RNA-sequencing datasets from

To determine if the differential expression of ASNS was also foundin  human PDA*. Here, we observed the ATF4 gene signature to be strongly
human tumors, we immunostained human PDA samples for ASNS.As  enriched within subgroups of malignant epithelial populations, a
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Fig. 4| PDA clones engage different models of activation of the ISR.

a, Immunoblot comparison of phospho-p44/42 MAPK Thr 202/Tyr 204
(PERK), total p44/42 MAPK (ERK), c-Myc and vinculin across group 1
(E,Hand V) and group 2 (K, M, N and T) clonal populations. The image is
representative of three independent experiments. b, Quantification of

Myc expression across clonal groups normalized to vinculin loading
controls (n =3 blots per clone). ¢, Immunoblot comparison of ATF4,

PSPH, SHMT2, ASNS and vinculin across group 1(E, Hand V) and group 2

(K, M, Nand T) clonal populations. The image is representative of three
independent experiments. d, Quantification of ASNS expression across
clonal groups normalized to vinculin loading controls (n = 3 blots per clone).
e, Expression of phospho-GCN2 T899 (pGCN2) and vinculin between
group1(E,Hand V) and group 2 (K, M, N and T) clonal populations treated
with either vehicle or 1 nM oligomycin. f, Schematic representation

of clonal cross-talk between ISR-high or ISR-low clones and key nodes to
inhibit cross-talk. The image is representative of three replicates. g, Clonal
line N was encoded with a fluorescent label, plated in direct coculture with
unlabeled sensitive clone N or insensitive clone V and treated with oligomycin,
ISRIB, GCN2iB, oligomycin and ISRIB, oligomycin and GCN2iB or vehicle
(n=3replicates). Cells were counted, and endpoint data were plotted
relative to vehicle; P< 0.01, *** P< 0.001and **** P < 0.0001 by two-tailed
Mann-Whitney test (b and d) and one-way ANOVA with a Tukey post hoc test
(g); P=0.0043 (b), P=0.0003 (d), +N versus +N + oligomycin P< 0.0001,

+N + oligomycin versus +N + oligomycin P < 0.0001, +N + oligomycin + GCN2iB
versus +V + oligomycin + GCN2iB P= 0.0844, +N + oligomycin + ISRIB

versus +V + oligomycin +ISRIB P> 0.9999, +V + oligomycin versus

+V + oligomycin + GCN2iB P=0.0004 and +V + oligomycin versus

+V + oligomycin +ISRIB P= 0.0038 (g).

feature consistent across multiple human samples (Fig. 5b-d and
Extended DataFig. 7b).

To investigate if the differential expression of the ATF4 pathway
was retained inisolated human PDA cells, we established a set of clonal
celllines derived from a human PDA tumor. Immunoblotting revealed
that the expression levels of c-Myc, ATF4 and ASNS were correlated
in 10 of 11 clones examined (Fig. 5e), with the one outlier expressing
strong ATF4 and ASNS without concurrent c-Myc expression. Func-
tionally validating aset of ASNS" versus ASNS'* lines, we found atrend
toward low ASNS expression and sensitivity to oligomycin (Fig. 5f).
Finally, we observed that the proliferation of a fluorescently labeled
ATF4"°"ASNS"*Myc'" (oligomycin-sensitive, group 2) human PDA
clonalline canberescuedinthe presence of oligomycin through cocul-
ture withan ATF4"ASNS"Myc" (oligomycin-resistant, group 1) human
PDA clonal line (Fig. 5g,h and Extended Data Fig. 7c). Taken together,
these data provide evidence for the existence of these same metabolic
subtypes in human tumors.

Asparagine rescue supports aspartate pools

We next sought to determine how exogenous asparagine mediates
rescue of mitochondrial inhibition. We first noted that concentrations
of oligomycin and phenforminthat can be rescued by asparagine sup-
plementationimpair, but do notabolish, respiration (Fig. 6a). Addition-
ally, we also did not observe caspase 3 cleavage at these concentrations
of mitochondrial inhibition, suggesting that the mechanism by which
asparagine enables proliferation during impaired respiration is not
through suppression of apoptosis, as in other systems*® (Extended
DataFig. 8a).

To determine how asparagine rescues impaired respiration, we
then performed targeted metabolomics on cells treated with oligo-
mycin in the presence or absence of asparagine (Extended Data Fig.
8b and Supplemental Table 3). Consistently, and in line with previous
data using other mitochondrial poisons®***¢, oligomycin treatment
depleted TCA cycle intermediates (Fig. 6b) and associated branching
metabolites, including aspartate (Fig. 6¢). Aspartateis the biosynthetic
precursor for de novo nucleotide biosynthesis, and nucleotide pools
were similarly down after oligomycin treatment (Fig. 6d). The combi-
nation of asparagine with oligomycin treatment did not impact the
poolsize of TCA cycleintermediates (Fig. 6b). By contrast, asparagine
treatmentyielded amodest but significantincrease inaspartate pools
in the oligomycin-treated cells, a more notable increase in nucleic
acid pools” and an expected, yet pronounced, increase of asparagine
levels (Fig. 6¢c-e).

In human and mouse cells, the enzymatic machinery to convert
asparagine to aspartate does not exist”’, which argues against aspara-
gine contributing directly to aspartate pools. Indeed, using stable
isotope tracing metabolomics, we demonstrated that asparagine
carbon is not contributing to aspartate, TCA cycle intermediates or
nucleotide pools (Extended DataFig. 8c-h). Together, these data sug-
gest that the impact of asparagine on proliferation may instead be to
relieve the demand on aspartate pools required for asparagine bio-
synthesis. In other words, asparagine supplementation enables the
limited aspartate, incurred by inhibition of respiration, to be used in
amino acid synthesis and to make other rate-limiting intermediates,
like nucleic acids.

To examine this directly, we performed a pulse-chase assay by
introducing a universally labeled ®>C-glutamine isotope overnight and
challenging cells with oligomycin, with or without asparagine, in the
absence of label for 4 h. Here, we found that that aspartate pools were
robustly labeled (Extended Data Fig. 8i), and the label was retained
in aspartate in the asparagine-treated samples during oligomycin
challenge (Fig. 6f). To further test this model, we inhibited Asns by
RNAi to decrease the asparagine synthesis pull on aspartate pools
during stress, concurrent with 4 h of oligomycin treatment. In doing
so, we observed an increase in aspartate, indicating that the demand
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Fig. 5| Human PDA tumors exhibit differential ISR activation.

a, Immunostaining for ASNS in human PDA tissues; dashed boxes are magnified
ininsets; scale bars, 100 pm. b, UMAP representations of KRT19 expression
delineating the epithelial cell population identified from single-cell RNA analysis
ofatumor biopsy of PDA individual 1229. ¢, UMAP representation of the three
cell clusters within the epithelial populationinb. d, Non-hierarchical clustering
analysis of epithelial clusters across a set of ISR genes. e, Immunoblotting
analysis of c-Myc, ATF4, ASNS and vinculin of clonal cells lines derived from the
PATC53 human PDA tumor model; red, ISR low; blue, ISR high; purple, does not

fit either category. Theimage is representative of three individual experiments.

f, Dose-response of PATC53 clones to oligomycin; blue, insensitive clones; red,
sensitive clones; n =3 biological replicates per clone. g, Clonal line PATC53-23 was
encoded with afluorescent label and plated in direct coculture with unlabeled
clones PATC53-23 or PATC53-34. h, Cell numbers of labeled PATC53-23 cocultures
treated with 0.5 nM oligomycin or 125 uM phenformin relative to vehicle

control (n =3 biological replicates). Error bars are representative of mean £ s.d.;
*P<0.05and **P< 0.001 by two-tailed Student’s ¢-test; oligomycin P= 0.012 and
phenforminP=0.0002 (h).

for asparagine biosynthesis does indeed impact aspartate levels
(Fig. 6g). Furthermore, this also permitted increases in nucleic acid
pools at this time point (Fig. 6h).

Giventhe central role of aspartate revealed through these experi-
ments, we postulated that aspartate metabolism will present a key
difference between our group 1and group 2 clonal populations. To
examine this, we performed a metabolomics time course analysis of
group 1and group 2 clones treated with oligomycin (Extended Data

Fig.9and Supplemental Table 4).Indeed, at the same 4-h time point as
the previous experiment, we observed that the insensitive clone main-
tained higher relative aspartate pools when challenged with oligomycin
thanthe sensitive clone (Fig. 6i). The insensitive clone also presented
with a lower NADH/NAD' ratio (Fig. 6j), which was similarly evident
following oligomycin treatment, suggesting an increased capacity
to maintain aspartate biosynthesis under both conditions. Indeed,
we found that universally labeled ®C-glutamine provided during an
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oligomycin challenge s stillincorporated into aspartate pools, and this
occurstoalarger extent than vehicle-treated controlsin aninsensitive
clone versus a sensitive clone (Fig. 6k and Extended Data Fig. 10a).
Together, these data suggest that the relative insensitivity of group 1
clones to mitochondrial inhibitors may be in part mediated by lower
basal reductive stress and a higher reservoir of aspartate, providing
abuffer against depletion during a period of impaired respiration.

Lastly, consistent with both our model and previous work®, the
electron acceptors pyruvate and a-ketobutyrate rescue proliferation
from impaired respiration (Extended Data Fig. 10b). These rescue
agentsact upstream of asparagine by relieving NADH reductive stress
imparted by electron transport chaininhibition and thereby facilitate
TCA cycle flux and aspartate biosynthesis. In line with this more direct
role, these rescue agents more effectively reverse the proliferative
defectsimposed by inhibition of respiration. Nucleotide supplemen-
tation alone was not sufficient to rescue proliferation (Extended Data
Fig. 10c), suggesting additional roles for asparagine. Collectively,
these data indicate that asparagine rescues the proliferative defects
imparted by mitochondrial inhibition, at least in part, by decreasing
thedemand on aspartate.

Asparaginerescues limited respiration across cell lines

Group 1clones are less sensitive to growth inhibition by oligomycin
(Fig.1e). However, at higher oligomycin concentrations, the prolifera-
tion of group 1 clones can be similarly impaired. More importantly,
this can be reversed by exogenous asparagine supplementation
(Fig. 7a and Extended Data Fig. 10d). This suggests that asparagine
rescue of respiration is not limited to populations of cells highly sen-
sitive to mitochondrial inhibition. In support of this, we determined
that asparagine can also rescue phenformin-mediated inhibition
in polyclonal mouse PDA cells, human pancreatic cancer lines and
non-cancerous HEK-293FT cells (Fig. 7b and Extended Data Fig. 10e).
Importantly, we also found this to be true in a panel of low-passage
human-derived PDA cell lines (Fig. 7c).

Asparagine depletion enhances mitochondrial inhibitors

Ourinvitrostudies demonstrated that exogenous asparagine, derived
from group 1 clones or supplemented in the medium, can enable cel-
lular proliferation when respirationisinhibited. In extending this work
to in vivo models, we hypothesized that the depletion of extracellu-
lar asparagine would function to sensitize tumors to mitochondrial
inhibition”. To test this, we first used our clonal system. As expected,

we observed that growth of tumors from a sensitive group 2 clone
was markedly reduced by treatment with phenformin (Fig. 7d). By
contrast, tumors from a group 1 clone were less responsive to phen-
formin (Fig.7e). Thegroup1cellsappeared to protect the group 2 cells
from phenformin when co-injected in a one-to-one ratio (Fig. 7f). To
confirmthat thiswasindeed the case, we assessed the representation
of labeled clonal lines and did not observe a decrease in the number
of sensitive group 2 clone cells in phenformin-treated tumors relative
to vehicle-treated tumors (Fig. 7g,h). We then combined phenformin
with PEGylated L-asparaginase, a protein therapeutic that degrades
extracellular asparagine®. This combination halted tumor growth in
both the single clone and co-injection tumor models (Fig. 7e,f).

To examine this ina more physiological context of heterogenous
disease, as would be found inhumans, we established syngeneic tumor
allografts inimmunocompetent mice using two KPC transplant mod-
els of pancreatic cancer. These were then treated with PEGylated
L-asparaginase, phenformin or acombination. Asparagine was robustly
depleted both systemically and within orthotopic tumors using this
treatment strategy (Extended Data Fig. 10f). Of note, asparaginase
treatmentdid notresultin pancreatitis pathology, as seenin someindi-
viduals with leukemia*’ (Extended Data Fig. 10g), and we did not find
any clonal differences in response to lipogenic inhibitors (Extended
Data Fig.10h-j). Most importantly, large reductions in tumor growth
were observed across several pancreatic cancer models when treated
with the combination of phenformin and PEGylated L-asparaginase
(Fig. 7i-k).

Discussion

The concept of metabolic heterogeneity in cancer iscomplex and has
been described for (1) different mutations in the same tumor type**,
(2) the same driving oncogene in different tumor types®, (3) the loca-
tion of the same tumor cells when seeded at different sites in the
body?*, (4) regional heterogeneity within the same tumors®***, (5)
metabolite consumption and inhibitor sensitivity®****” and (6) tumor
stage, for example, metastatic versus primary tumor cells***°. In pan-
creatic cancer, a seminal study identified three metabolic subtypes
by profiling metabolic properties and dependencies. These include
the slow proliferating, glycolytic and lipogenic subtypes®. While we
noted a sensitivity toward glycolytic inhibition and increased lactate
productioningroup1clones, we did notidentify differential lipogenic
metabolism (Extended Data Fig.10h-j) nor were significant differences
in growth rate observed between our clonal subtypes. Other recent

Fig. 6 | Asparagine rescues respiration inhibition by supporting aspartate
pools. a, Oxygen consumption of clonal line N treated with vehicle, oligomycin
or phenformin, as measured by a Seahorse metabolic flux analyzer (n =4
samples per condition). b-e, Relative abundance of TCA cycle metabolites

(b), aspartate (c), nucleotides (d) and asparagine (e) presentin clone N cells
treated with asparagine, oligomycin, asparagine + oligomycin or vehicle 4 h
after treatment (n = 3 samples per condition). f, Labeled aspartate pools of clone
N prelabeled with universally labeled C-glutamine and switched to medium
containing unlabeled glutamine and treated with asparagine, oligomycin,
asparagine + oligomycin or vehicle for 4 h (n =3 samples per condition).g,h,
Relative aspartate (g) and nucleotide levels (h) of siNT- or siAsns-transfected
clone N cells treated with 1 nM oligomycin for 4 h (n =3 samples per condition).1,
Aspartate levels of oligomycin-sensitive clone N and oligomycin-insensitive clone
Vrelative to vehicle 4 h after treatment (n = 3 samples per condition). j, Ratio of
NADH/NAD* of clone N and clone V treated for 4 h with oligomycin or vehicle
(n=3samples per condition). k, Labeled aspartate pools of sensitive clone
Nand insensitive clone V were treated for 4 h with oligomycin or vehicle and
switched to medium containing universally labeled *C-glutamine and treated
with oligomycin or vehicle for an additional 4 h (n = 3 samples per condition);
*P<0.05,**P<0.01and ***P < 0.0001 by one-way ANOVA with a Tukey post

hoc test (a-fandj) or two-tailed Student’s t-test (g-iand k); vehicle versus
oligomycin P< 0.0001, vehicle versus phenformin P < 0.0001 (a); pyruvate:
vehicle versus oligomycin P=0.0017, vehicle versus oligomycin + asparagine

P=0.0019, asparagine versus oligomycin P = 0.0021 and asparagine versus
oligomycin + asparagine P= 0.0023; (iso)citrate: vehicle versus oligomycin
P<0.0001, vehicle versus oligomycin + asparagine P < 0.0001, asparagine
versus oligomycin P < 0.0001, asparagine versus oligomycin + asparagine
P<0.0001; aconitate: vehicle versus oligomycin P < 0.0001, vehicle versus
oligomycin + asparagine P < 0.0001, asparagine versus oligomycin P< 0.0001,
asparagine versus oligomycin + asparagine P < 0.0001; a-ketoglutarate (AKG):
vehicle versus oligomycin P < 0.0001, vehicle versus oligomycin + asparagine
P=0.0002, asparagine versus oligomycin P < 0.0001, asparagine versus
oligomycin + asparagine P < 0.0001; succinate: vehicle versus oligomycin
P<0.0001, vehicle versus oligomycin + asparagine P < 0.0001, asparagine
versus oligomycin P < 0.0001, asparagine versus oligomycin + asparagine
P=0.0004; malate: vehicle versus oligomycin P= 0.0208 (b); oligomycin
versus oligomycin + asparagine P = 0.0072 (c); oligomycin versus

oligomycin + asparagine: CTP P=0.0295, AMP P=0.0301, ADP P= 0.0082, ATP
P=0.0449,UMP P=0.0348,UDP P=0.0035, UTP P=0.0429, inosine P= 0.0276,
IDP P=0.0101, guanosine P=0.0015, GTP P=0.0147 (d); vehicle versus
asparagine P< 0.0001, oligomycin versus oligomycin + asparagine P < 0.0001
(e); P=0.0106 (f); P=0.0003 (g); siNT + oligomycin versus siAsns + oligomycin
inosine P=0.0007,IMP P=0.0045, IDP P=0.006, CMP P=0.0058, cAMP
P=0.0022, AMP P=0.0171, ADP P=0.013, UMP P=0.0017,dU P=0.0308 (h); N
versus VP <0.0001(i); N vehicle versus V vehicle P= 0.0002, N oligomycin versus
V oligomycin P < 0.0001 (j); P=0.027 (k).
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studiesin PDA have alsoillustrated how small subpopulations of cancer
cells that survive inhibition of mutant KRAS signaling or are capable
of anchorage-independent growth demonstrate enhanced utilization
of mitochondrial oxidative phosphorylation relative to bulk tumor
cells®**', Our data build on these collective observations by demon-
strating that metabolic complexity is present at baseline within clonal
populations derived from the same tumors with a stable genotype.
Indeed, we identify and describe two different metabolic subtypes
within mouse and human PDA tumors marked by differential activation
of ATF4 by the GCN2 arm of the ISR. Group 2 clones exhibit a more

classical GCN2-ATF4 pathway activation in response to mitochondrial
stress. By contrast, the group 1 clones have constitutively elevated
GCN2-ATF4 signaling and expression of classical ATF4 target genes,
including ASNS. This leads to constitutive production and release
of asparagine through mass action. We then demonstrate that this
asparagine can be captured and used by group 2 clones to support
proliferation when respiration is inhibited.

Despite the considerable potential for metabolic complexity in
tumors, our datastill dlemonstrate thatitis possible to target metabo-
lismin cancer cells. Indeed, tumor metabolism has been an attractive

a b . c
Clone N kg TCA metabolites Aspartate
*kkk
1.2 — oS 15
o o)
S =g , 2T *
= 8= Hl Vehicle % 9
E% 0.8 %E mE Asn -gTEw 1.0 - |
=) 5 SE
£ = = Oligo go
23 o0 gs o c
35 0.4 2805 g5 mm Oligo + Asn 2< o5
x g < 0 © T
< x £ 3@
9] x £
(= —
=~ o- 0 -
&2 &8 AR
© L ¢ O ¥ O ¥
& SO $©@ o
& W
O\\ Q‘Q o\
d 5 Nucleic acids ) e Asparagine
Hl \ehicle 3.00 ool
0T B Asn :
=g 4 mm Oligo °S e
3= N Oligo + Asn £ 250
gE 35
€8 £ E 200
25 2 s c il
5.8 o
3 5 1%
R g5 o
= o 2 005
PE } ) . i .
0 0
@ £ O
X R KK K ¢ R & K ¢ K & K ¢ K RS
T ENTFIFITE LSOO & YT
3 NS N 4\\Q,°
o
f Aspartate 9 Aspartate h Nucleic acids
*
Time - 1.5 [Few 4 -
13 ; :
C label —. S5 * 0D = *% siNT + Oligo
- 1.0+ E=2o) jile} . X
E’E 38 £8 3 [l siAsns + Oligo
h| 8% SF 10 g3
20 Q5 [are) ® £
No label + __ B2 £ o) g5
treatment 29 o5 o c o S
R 2.8 05+ E
z S ® T =8
4h 2T =5 Rohe]
|= EE o g 8
S - x &
o - o-!
Sample e
- 2 L O L O O
collection S SR e
N o %
o NG
S X
i Aspartate j NADH/NAD* k Aspartate
hkk 44 Time @
—_ *k%k *kkk % —_ *
I0) Treatment — Q2 064
52 3 i)
8% 10+ o oo © S
8> © o 4h £Q
ee o 13 8c
E5 0:0:0 > 27 C label + 23
0> = S
€ o054 ks treatment 22
£9 S, <8
T = o 4h 22
0 - 0 - vy &
D D @ & QO
A;\\Qe/ \@@ ‘&(}\,\\c} *o\ *0\ Sampl'e
B\ & ceLls collection
9 @ MNP
\& @ NV
AR Q0°

Nature Cancer | Volume 3 | November 2022 | 1386-1403

1395


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-022-00463-1

Clone V + oligomycin

b

C
18 Kk kK 6 — *
© 7 12
112, _ :
2% 2% 6 | Mook 2%
B0 50 i =9
52, 52 Bl Asperagine 55 .
co c o c9o *
32 32 5% i
3£ S 47 3 < .
g3 St 25 = <
25 o6 2 = o |
52 82 27 52
g2 g2 g2
0 - [ o -
N (2 2. @ 2. @ QL 3V 9 & ¢ D Q &
Q& q,é\{b ,b(\'b(o B ) 0\\@@\ /\qb(o qu :z,db r@(b 0@ \5@ \3@ 0@
SR < & L N ?,Q &
O IR o R
d Clone N Clone V Clone N +V
(sensitive) e (insensitive) f (combination)
900 7 1,200 - 800 7 -~ Control
o = o -N- Asparaglngse
£ S £ 600 | * Phenformin
£ (004 £ 3 Phenformin +
] 800 A * P -¥- .
o ¥ 2 asparaginase « |x
g Start of S * * 5 400 4 Start of * |*
3 ¢ * = Start of * * 3 treatment x
> reatment X Q treatment * > %
* > *
5 300 - * Z 400 4 * 5 ]* *
S g i € 2001 g .-
S| g% ----- 5 S
= ~¥-- 2 =
0 IILO’ b 0 II4 e — (o} A
9 12 15 20 0o 9 12 15 o 9 12 15
Time (d) Time (d) Time (d)
9 h Clone N +V
(combination)
100
T NS
> < 80 | p—
+ S
=z 5] =3 Clone V- Cyto-GFP
g ) mm Clone N- Nuc-Red
kel 3
© ®
o
(O]
o
1 ) KPC-79408 k KPC-MT3
1,000 ~ KPC-7940B 15 — *k 20 — ok
= -e- Control =0.06 ' I *
E 50| "™ Asparaginase . IS . 00 ° u Control'
£ -4 Phenformin M o s o 15 - . Asparaginase
2 _y. Phenformin + . £ 104 £ o P=0.069 M Phenformin
5 5004 asparaginase ¥ 8 8 o Il Phenformin+
S Start of * g e 10+ asparaginase
- treatment . P
9] jd S o5 9]
g 250 - £ O £ &
=} > > 05+
- | BT Yoo v = =
<
o 9 12 15 0 - (O
Time (d)

targetin PDA given the limited impact of conventional chemotherapy
and immunotherapy on survival®. Phenformin was recently identi-
fied as the most effective metabolic inhibitor in a screen of PDA
human-derived xenografts®™. It is currently being examined clinically
inother cancer types (NCT03026517), and our data show that this can
be potentiated by asparagine depletion using asparaginase. Asparagi-
naseisawidely used clinical agent for the treatment of blood cancers*,
and itisin clinical trials for pancreatic cancer combined with chemo-
therapy (NCT02195180)**. Furthermore, there are also more specific
and potent mitochondrial inhibitors currently being deployed in the
clinic®, includingin pancreatic cancer (NCT03291938), and these could
similarly benefit from combination with asparaginase.

Therapeutic application of mitochondrial inhibitors in PDA may
have additional avenues of action. For example, we have shown that
immunosuppressive tumor-associated macrophagesin pancreatic cancer
primarily use mitochondrial metabolism'. Accordingly, the use of phen-
forminand other mitochondria-targeting compounds might also serve
tosensitize pancreatic tumorstoimmune-based therapies, similar to that
seentargeting glutamine metabolism and the hexosamine biosynthetic
pathway®>*°. Moreover, efforts to classify targetable growth-promoting
cross-talk interactions between neoplastic and non-neoplastic cells in
the tumor arelikely tobe enhanced by the growing body of data coming
outof' single-cellanalyses. Together, these will allow us to continue to find
useful new targets for these difficult to treat diseases.
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Fig.7|Asparagine rescues the inhibition of respiration in diverse systems
and is an exploitable vulnerability in pancreatic cancer. a, Doubling times
of respiration inhibition-insensitive clone V treated with 1.5 nM oligomycin in
the presence or absence of medium containing all NEAAs or individual NEAAs
(n=3samples per condition). b, Relative doubling times of cell lines treated
with phenformin with or without 100 pM exogenous asparagine; KPC7940B
and HEK-293FT 150 pM, PA-TU-8902 and MIA PaCa-237.5 uM; n = 3 samples per
condition. ¢, Human-derived PDA lines UM2, UM18, UM19 and UM53 treated
with phenforminin the presence or absence of 100 pM exogenous asparagine
(n=3samples per condition). d-f, Athymic nude mice were implanted
subcutaneously with clone N (d), clone V (e) or acombination of clone N and

V (f), and tumors were allowed to establish for 9 d. Mice were then treated

with asparaginase, phenformin, asparaginase + phenformin or vehicle until
collection (n =10 tumors per treatment.). g, Representative images (one of
three) of frozen sections of vehicle- or phenformin-treated tumors established
from co-injection of nuclear red (Nuc-Red)-labeled clone N and cytoplasmic
GFP (Cyto-GFP)-labeled clone V; scale bar, 90 pm. h, Quantification of the
respective fluorescent labels from g (n = 3 images per treatment group). i,
C57BL/6) mice were implanted subcutaneously with syngeneic mouse KPC7940B
PDA cells, and tumors were allowed to establish for 9 d. Mice were then treated
with asparaginase, phenformin, asparaginase + phenformin or vehicle until
collection (n =10 tumors per treatment group). j,k, Final tumor mass from
C57BL/6) mice implanted orthotopically with KPC-7490B (j; n = 7 per treatment
group) or KPC-MT3 (k; n = 8 vehicle, n = 7 asparaginase, n = 7 phenformin and
n=9 phenformin + asparaginase tumors per treatment group) syngeneic mouse
PDA cells and treated 14 d after establishment with asparaginase, phenformin,
asparaginase + phenformin or vehicle until collection 10 d later. Error bars

represent mean + s.d. (a-cand h) and mean +s.e.m. (d-fandi-k); *P< 0.05,
**P<0.01,**P<0.001and ***P < 0.0001 by one-way ANOVA with a Tukey post
hoctest (a,d-fand i-k) or atwo-tailed Student’s t-test (b and h); DMEM versus
asparagine P< 0.0001, asparagine versus glutamate P < 0.0001, asparagine
versus aspartate P< 0.0001, asparagine versus serine P < 0.0001, asparagine
versus proline P < 0.0001 (a); mock versus asparagine KPC7940B P= 0.0377,
HEK-293FT P=0.0006, MIA PaCa-2 P= 0.0204, PA-TU-8902 P=0.008 (b);
mock versus asparagine UM2 P=0.0377, UM18 P=0.0017,UM19 P< 0.0001,
UMS53 P=0.0032(c); control versus phenformin P < 0.0001, control versus
phenformin + asparaginase P < 0.0001, asparaginase versus phenformin
P<0.0001, asparaginase versus phenformin + asparaginase P < 0.0001 (d);
control versus phenformin P=0.0021, control versus phenformin + asparaginase
P<0.0001, asparaginase versus phenformin + asparaginase P < 0.0001,
phenformin versus phenformin + asparaginase P=0.0029 (e); control

versus phenformin P=0.0043, control versus phenformin + asparaginase
P<0.0001, asparaginase versus phenformin + asparaginase P= 0.0028,
phenformin versus phenformin + asparaginase P=0.028 (f); Nuc-Red

vehicle versus Nuc-Red phenformin P=0.5435 (h); control versus

phenformin P=0.0268, control versus phenformin + asparaginase
P<0.0001, phenformin versus phenformin + asparaginase

P=0.002(i); control versus phenformin + asparaginase P= 0.007,
asparaginase versus phenformin + asparaginase P = 0.1573,

phenformin versus phenformin + asparaginase P=0.0647 (j);

control versus phenformin + asparaginase P=0.0036, asparaginase

versus phenformin + asparaginase P = 0.0193, phenformin versus
phenformin + asparaginase P= 0.0698 (k).

Thesefindings also add to agrowing body of literature describing
the asparagine-mediated cellular processes that promote proliferation
under metabolic stress, such as rescuing apoptosis in the absence of
glutamine®**” and mediating mTOR signaling and anabolism by pro-
moting amino acid exchange®”*®. Furthermore, while the role of aspar-
tate in supporting proliferation in the absence of respiration is now
well established??*, its limited cell permeability requires supraphysi-
ological concentrations for aspartate to serve this role in pancreatic
cancer (Fig. 2e). This likely results from the absence of an appropriate
aspartate transporter, typically restricted to neuronal tissues but seen
insome other cancers**°. Given that asparagine is capable of promot-
ing proliferation under mitochondrial stress, and at physiological
concentrations®, there s likely acombination of these identified and
further unidentified roles for asparagine, the exploration of which will
provide exciting new avenues of study.

Methods

The experiments in this study were performed in compliance with
the Institutional Biosafety Committees and Institutional Animal Care
and Use Committees of the University of Michigan (IBCO0001639
and PRO00008877, C.A.L.) and the University of California, Irvine
(BUA-R315and AUP-20-102, C.J.H.).

Cell culture

The clonal celllines described (E, H, V,K,M, Nand T) wereisolated from
pancreatic tumors from KPC mice and have been previously described™.
Clonal lines 6419c5, 6694c2, 2838c3 and 6499c4 were derived from
KPC mice and have also been previously described**. KPC7940B cells
were a gift from G. Beatty (University of Pennsylvania). KPC-MT3 cells
were a gift from D. Tuveson (Cold Spring Harbor Laboratory). PATC53
cells were obtained from ATCC. Cells were maintained in high-glucose
DMEM (Gibco) supplemented with 10% fetal bovine serum (Corning)
and routinely tested for mycoplasma contamination using MycoAlert
Plus (Lonza). DMSO, oligomycin, phenformin and aminooxyacetic acid
were obtained from Sigma, trans-ISRIB was obtained from Cayman
Chemicaland GCN2iB was obtained from MedChemExpress. IACS-10759
was obtained from Selleck Chem. KPC clonal lines were genotyped for

Kras“*?® recombination using primer sets from Jackson Laboratories.

Metabolite sample preparation

Intracellular metabolite fractions were prepared from cells grown in
six-well plates (Corning) that were lysed with cold (=80 °C) 80% metha-
nol and clarified by centrifugation. Metabolite levels of intercellular
fractions were normalized to the protein content of a parallel sample,
and all samples were lyophilized via speed vac after clarification by
centrifugation. Media samples were prepared by collecting 200 pl
of conditioned medium or basal medium and adding 800 pl of 100%
methanol; the resultant solution was clarified by centrifugation and
dried viaspeed vac. Dried metabolite pellets from cells or media were
resuspended in 35 pl of a 50:50 HPLC-grade methanol:water mixture
for metabolomics analysis.

Metabolomics

Steady-state metabolomics analyses were conducted by running sam-
ples on either an Agilent 1290 UHPLC-6490 triple quadrupole (QqQ)
MS/MS system or an Agilent 1290 Infinity Il UHPLC-6470 QqQ MS/
MS system. Stable isotopolog tracing analysis was performed on an
Agilent 1290 Infinity IlUHPLC and 6545B Accurate-Mass Quadrupole
Time-of-Flight (MS Q-TOF) LC-MS.

6490 parameters. For negative ion acquisition, a Waters Acquity
UPLCBEH amide column (2.1 x 100 mm, 1.7 pm) was used, with mobile
phase A consisting of 20 mM ammonium acetate (pH 9.6) in water and
mobile phase B consisting of acetonitrile. The following gradient was
used: mobile phase B was held at 85% for 1 min, increased to 65% in
12 minand to40% in15 min and held for 5 min before going to the initial
condition and holding for 10 min. For positiveion acquisition, a Waters
Acquity UPLC BEH TSS C18 column (2.1 x 100 mm, 1.7 pum) was used,
with mobile phase A consisting of 0.5 mM ammonium fluoride and
0.1% formicacid in water and mobile phase B consisting of 0.1% formic
acid in acetonitrile. The following gradient was used: mobile phase B
was held at1%for 1.5 min, increased to 80%in 15 min, increased to 99%
in 17 min and held for 2 min before going to the initial condition and
holding for 10 min. The column was kept at 40 °C, and 3 pl of sample
wasinjected into the LC-MS/MS with aflow rate of 0.2 mImin ™. Tuning
and calibration of the QqQ was achieved through Agilent electrospray
ionization (ESI) low concentration tuning mix.
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Optimization was performed on the 6490 QqQ in negative or
positive mode individually for each of the 220 standard compounds to
get the best fragmentionand other MS parameters for each standard.
Retention time for each standard of the 220 standards was measured
from pure standard solution or a mix standard solution. The LC-MS/
MS method was created with dynamic multiple reaction monitoring
((d)MRMs) with retention times, retention time windows and MRMs
of allthe 220 standard compounds.

Inbothacquisitionmodes, key parameters of Agilent Jet Stream ESI
were a gas temperature of 275 °C, gas flow of 14 liters min™, nebulizer
at 20 psi, sheath gas heater at 250 °C, sheath gas flow of 11 liters min™
and capillary voltage of 3,000 V. For negative-mode MS, deltaEMV was
350V, cycle time was 500 ms and the cell accelerator voltage was 4 V.
For positive acquisition mode MS, the delta EMV was set at 200 V with
no changein cycle time and cell accelerator voltage.

6470 parameters. The Agilent QqQ 6470 LC-MS system consists of
a1290 Infinity I LC flexible pump (Quaternary Pump), 1290 Infinity I
multisampler, 1290 Infinity Il multicolumn thermostat with a six-port
valve and a 6470 QqQ mass spectrometer. Agilent Masshunter Worksta-
tion Software LC-MS Data Acquisition for 6400 Series QqQ MS with
version B.08.02 was used for compound optimization and sample
dataacquisition.

Solvent Awas 97% water and 3% methanol, 15 mM acetic acid and
10 mM tributylamine at a pH of 5. Solvent C was 15 mM acetic acid and
10 mM tributylamine in methanol. Washing solvent D was acetonitrile.
The LC system seal-washing solvent was 90% water and 10% isopro-
panol; the needle wash solvent was 75% methanol and 25% water. The
following associated chemicals were obtained: GC-grade tributyl-
amine 99% (Acros Organics), LC-MS-grade aceticacid Optima (Fisher
Chemical), InfinityLab Deactivator additive, ESI-L low concentration
tuning mix (Agilent Technologies), LC-MS-grade solvents of water and
acetonitrile, methanol (Millipore) and isopropanol (Fisher Chemical).

For separation, an Agilent ZORBAX RRHD Extend C18 column
(2.1x150 mm, 1.8 pum) and ZORBAX Extend Fast Guards for UHPLC were
used. The LC gradient profile was at 0.25 mlmin~, 0-2.5 min, 100% A;
7.5min,80% A and 20% C;13 min 55% A and 45% C; 20 min1% A and 99%
C; 24 min 1% A and 99% C; 24.05 min 1% A and 99% D; 27 min 1% A and
99% D; at 0.8 mImin, 27.5-31.35 min, 1% A and 99% D; at 0.6 ml min?,
31.50 min, 1% A and 99% D; at 0.4 ml min™, 32.25-39.9 min, 100% A; at
0.25 ml min™, 40 min, 100% A. The column temperature was kept at
35°C, and samples were at 4 °C. The injection volume was 2 pl.

The 6470 QqQwas calibrated with ESI-L low concentration tuning
mix. The following source parameters were used: gas temperature of
150 °C, gas flow of 10 liters min ™, nebulizer at 45 psi, sheath gas tem-
perature of 325 °C, sheath gas flow of 12 liters min™, capillary voltage
of -2,000 V and delta EMV of -200 V. Dynamic MRM scan type was
used witha 0.07-min peak width and acquisition time of 24 min. Delta
retention time of +1 min, fragmentor of 40 eV and cell accelerator of
5eVwereincorporated in the method.

The MassHunter Metabolomics Dynamic MRM Database and
Method was used for target identification. Key parameters of the Agi-
lentJet Stream ESI were gas temperature of 150 °C, gas flow of 13 liters
min’, nebulizer at 45 psi, sheath gas temperature of 325 °C, sheath gas
flow of 12 liters min™, capillary voltage of 2,000 V, nozzle at 500 V and
detectordeltaEMVat200 V.

6545 parameters. Chromatography followed the same method and
setup as the1290 Infinity Il LC method listed above for the 6740 param-
eters. MS was performed with an Agilent G6545B MS Q-TOF with Dual
AJDESIsourcesinProfile Mode. The following instrument parameters
were used: gas temperature of 250 °C, gas flow of 13 liters min ™, nebu-
lizer at 35 psi, sheath gas temperature at 325 °C and sheath gas flow of
12 liters min . The following scan source parameters were used: nega-
tive polarity, collision energy 0, VCap 3,500 V, nozzle voltage 1,000 V,

fragmentor 130 V, Skimmerl 60 V and OctopoleRFPeak 750 V. Auto
calibration with reference masses of negative ions of 980.01637500
and 59.01390000 Da from the Agilent Reference Mix Solution were
used. Calibration of MS Q-TOF 6545B with Agilent TOF calibration
standard solution with a1:100 dilution with 90% acetonitrile and 10%
water solvent mixture was performed.

The QqQdatawere preprocessed with Agilent MassHunter Work-
station Quantitative Analysis software (B0700). Additional analyses
were postprocessed for further quality control in the programming
language R. In addition to preprocessing normalization by sample
protein concentration, post-run samples were further normalized
by the total intensity of all metabolites up to, but not exceeding, 20%
variation. Samples with greater variation were excluded from further
analysis. Finally, each metabolite abundance level in each sample was
divided by the median of all abundance levels across all samples for
proper comparisons, statistical analyses and visualizations among
metabolites. Data were assessed by a two-tailed ¢-test with a signifi-
cance threshold level of 0.05.

Heat maps were generated and data were clustered using a one
minus Pearson correlation and average linkage across rows and
columns on the Morpheus Matrix Visualization and Analysis tool
(https://software.broadinstitute.org/morpheus).

The stable isotopolog tracing analysis was performed in Agilent
MassHunter Profinder (10.0). Metabolites were verified by independent
standards and used to create a database of retention times in Agilent
MassHunter PCDL Manager (B0700) along with the Agilent 6470 dAMRM
database of the 220-metabolite library, whichincludes retention time
and molecular formulainformation. The metabolite library was applied
to the raw data through the isotopolog wizard to determine isotope
distribution data.

Lactate production measurement

Lactate measurements were performed using the lactate fluorescence
assay kit (Biovision, K607). Assays were performed according to the
manufacturer’s instructions. Lactate levels were measured using a
SpectraMax M3 microplate reader (Molecular Devices).

Citrate synthase assay

Thecitrate synthase assay followed a slightly modified protocol from
http://wiki.oroboros.at/index.php/MiPNet17.04_CitrateSynthase.
Briefly, asmallaliquot of cellsin suspension (72,000 cells) was placed
inasolution containing 300 mM Tris (pH 8.1; T1503, Sigma), 0.25% Tri-
ton X-100 (T8532, Sigma), 0.31 mM acetyl-CoA (A2181, Sigma), 0.1 mM
DTNB (D218200, Sigma) and 0.5 mM oxaloacetate (04126, Sigma) at
30 °C. Immediately, the increase in absorbance was measured at a
wavelength of 412 nm. The rate of increase is directly proportional to
the citrate synthase activity (extinction coefficient of TNB at 412 nm
and pH8.1is13.6 mM ™ cm™). The assays were performed in triplicate,
and the clones were measured on four separate time points from dif-
ferent culture plates.

Seahorse metabolic flux assay

Seahorse assays were performed using a XF-96 Extracellular Flux
Analyzer (Agilent). The day before the assay, sensor cartridges were
preincubated in distilled water overnight, and cells were seeded at
12,000-15,000 cells per well. The next day, cells were washed, and
medium was switched to Seahorse DMEM medium (pH 7.4; Agilent,
103575) supplemented with 25 mM glucose (Agilent, 103577) and
4 mM glutamine (Agilent, 103579). Cells were allowed to equilibrate
for 0.5-1hin anon-CO, incubator at 37 °C before the assay. Sensor
cartridges were hydrated inin XF calibrant (Agilent,100840) for1hin
anon-CO,incubatorat 37 °C. Hydrated cartridges were loaded with oli-
gomycin (2 uM), FCCP (0.5-2 pM) and rotenone/antimycin A (1 pM) for
the mitostress test or rotenone/antimycin A (1 uM) and 2-deoxyglucose
(50 mM) for the glycolytic rate assay. After the assay, measurements
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were adjusted/normalized based on cell density using CyQuant (Inv-
itrogen). The metabolic phenotype was determined based on basal
oxygen consumption rate and extracellular acidification rate measure-
ments (thatis, beforeinhibitor treatment). Spare respiratory capacity
was determined by subtracting basal oxygen consumption rate from
maximal oxygen consumption rate measurements.

NAD(P)HFLIM imaging

FLIM imaging was performed as previously described®. Briefly, 5 x 10*
cellswere seededin eight-well chamber cover glass (CellVis). After 48 h,
the cells were subjected to Phasor FLIM imaging. The imaging plane
was chosen close to the coverslip, and the fraction was evaluated in
the areabelow the nucleus.

Mitochondrial staining

Cells were stained with MitoTracker Red (Thermo Fisher), MitoTracker
Green (Thermo Fisher) or TMRM (Thermo Fisher) for 30 minand detached
and assessed via flow cytometry on an ACEA NovoCyte Quanteon using
NovoExpress flow cytometry software (version1.6.0); representative gat-
ingisshowninSupplemental Fig.1. MitoTracker Redimages were obtained
on Amnis ImageStream X Mk II. Histograms were generated using FloJo
(v10.8) software, and an equal number of cells was plotted per peak.

Cell viability/proliferation assays

One thousand cells were seeded per well in a 96-well plate and placed
on an orbital rocker for 20 min to ensure even spreading. Cells were
equilibrated overnight,and compounds were added the next day. FX11,
oligomycin, aminooxyacetic acid (AOA) and phenformin plates were
read 4 d later on the IncuCyte S3 using phase object confluence as a
readout. The half-maximum inhibitory concentration (ICs,) values of
oligomycin, phenformin and AOA were determined using GraphPad
Prism 9. FX11 sensitivity was determined empirically, and data were
presented by normalizing endpoint confluence to vehicle-treated
cells. To calculate cell doubling times, cell confluence area was tracked
kinetically on an IncuCyte S3 using phase object confluence for 72 h,
and the growth curve was fit to an exponential (Malthusian) growth
function using GraphPad Prism 9.

Amino acid, pyruvate, a-ketobutyrate and nucleoside rescues
Cells were treated in triplicate with either a cocktail containing all
NEAAs at 100 uM (Thermo Fisher) orindividualamino acidsadded ata
final concentration of 100 uM (Thermo Fisher). Aspartate (20 mM) was
prepared directlyin DMEM. Pyruvate (Thermo Fisher) was used at1 mM
and a-ketobutyrate at 500 pM. One hour after treatment, oligomycin
or vehicle was added. Nucleoside cocktail (Millipore, ES-008-D) was
used at1x concentration. Plates were read 4 d later onthe IncuCyte S3
using phase object confluence asareadout. Sensitivity was determined
by treating each cell line at the same concentration and normalizing
endpoint confluence to vehicle-treated cells.

Generation of fluorescent cell lines

Lentiviral constructs containing the orange fluorescent marker were gen-
erously donated from Essen BioScience, Nuc-Red was a gift from G. Luker
and green fluorescent protein (GFP) luciferase was a gift from E. Abel.
Cellswere seeded at 250,000 cells per wellin clear six-well plates (Corn-
ing, 3516) and left to attach overnight. The next day, lentiviral constructs
were added with polybrene transfection reagent (Sigma). Medium was
changed 24 hlater. After 48 h, puromycinwas added to select transfected
cells. New medium with puromycin was refreshed every 48 h. For the
GFPluciferase-labeled cells, infected cells were enriched to a<99% GFP*
population by fluorescence-activated cell sorting (FACS).

FACS
Transduced cells were detached with Accutase (Thermo Fisher), pel-
leted through centrifugation, resuspended in FACS buffer (PBS + 5%

bovine serumalbumin and 0.5 mM EDTA) and filtered througha40-um
cell strainer. Cells were sorted on a FACSAria Fusion (BD) using FACS-
Diva (v8.0.1), gating on live singlets with strong expression of GFP, as
showninthe representative gating strategy in Supplemental Fig. 2.

Coculture assays

Cells were grown on clear 96-well plates (Thermo Fisher, 167425) at
1,000 total cells per well in triplicate and grown for 4 d. Each well was
seeded with 500 fluorescently labeled cells and 500 non-labeled cells
and immediately placed on an orbital rocker for 20 min to ensure
adequate distribution of cells. Cells were left in the incubator to attach
overnight, and inhibitors were added the following day. At endpoint,
total fluorescent area per well was read using the IncuCyte S3 with
IncuCyte Imager Software (2019B). The GCN2iB and ISRIB prolifera-
tion assays were performed with Nuc-Red-labeled cells imaged and
analyzed on a Cytation 5 (Biotek) using Gen5 Software (v3.11). The
PATCS53 clonal experiments were performed with GFP-labeled cells
imaged and analyzed on a Cytation 5 (Biotek).

Asparagine synthetase knockdown

ON-TARGETplus siRNA targeting mouse Asns was purchased from
Dharmacon (L-047839-01-0005) with ON-TARGETplus non-targeting
siRNAsasacontrol (D-001810-10). Celllines were transfected in six-well
plates using Lipofectamine RNAIMAX transfection reagent (Thermo
Fisher) per the manufacturer’s instructions. Coculture viability assays
were performed on the IncuCyte S3 as described. Parallel transfected
and non-transfected cell lines were collected for protein analysis to
confirm Asns knockdown via western blotting.

Westernblotting

Lysates were quantified by bicinchoninic acid assay (Thermo Fisher
Scientific), and equal protein amounts were run on SDS-PAGE gels.
Proteins were transferred from SDS-PAGE gels to Immobilon-FL PVDF
membranes, blocked and incubated with primary antibodies. After
washing, membranes were incubated in secondary antibody, washed
and exposed on a Bio-Rad Chemidoc using Bio-Rad Imager Software
(v6.1) with West Pico ECL (Thermo Fisher Scientific). Quantitation was
done using ImageJ v1.52a.

Antibodies
The antibodies used in this study are detailed in the Reporting
Summary.

Transwell colony-forming assay

Cells visualized for colonies were grown on clear 24-well plates (Corn-
ing, CLS3527) at 200 cells per well for 10 d. Transwell cells were grown
oninserts (6.5 mm, 4-um poresize, polyester) at1,000 cells perinsert
(Corning, 3470). Oligomycin (0.25 nM) or vehicle was refreshed every
48 h. Colonies were fixed with100% methanol, stained with 0.5% crystal
violet and rinsed six times with water. Colonies were imaged with a
Bio-Rad Chemidoc, and area was quantified using ImageJ.

Gene set enrichment analysis

DESeq2 analysis was performed on RNA-sequencing data from the
clones to identify differentially expressed genes (DEGs) between
the two metabolic classes, group 1 (V, E and H) and group 2 (K, M,
N and T). Significant DEGs were selected with an adjusted P value
cutoff of <0.1. Preranked gene set enrichment analysis was then
performed on the significant DEG list to identify hallmark gene set
enrichmentingrouplandgroup 2. Negative normalized enrichment
scores indicate gene set enrichmentin group 1, while positive nor-
malized enrichment scores indicate gene set enrichment in group
2. A false discovery rate g value of <0.25 and a nominal P value of
<0.1 were used to determine significantly enriched hallmark gene
setsinboth groups.
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Single-cell RNA-sequencing analysis

Human data were obtained from previously published deidentified
datasets (GSE155698). PDA human tumor cells (identified by estab-
lished lineage markersincluding KRT18,KRT19, MUCI, TFF1and KRTS)
were processed using the Seurat pipeline in R. Dimensionality reduc-
tionwas performedin Seurat (V3.1.4) via principal-component analysis
onthetop 3,000 highly variable genes followed by uniform manifold
approximation and projection (UMAP) visualization using the top 30
significant components. Clustering was performed using a Louvain
algorithm until distinct populations were identified by differentially
expressed marker genes (resolution of 1.2), and metabolic gene signa-
tures were visualized using pheatmap in R. Code will be deposited on
GitHub after publication.

Tumor model

KPC7940B cells (2 x 10°) were suspended in a 1:1 Matrigel:DMEM
mixture and injected subcutaneously in the flanks of syngeneic
mice, and 5 x10* KPC7940B or KPC-MT3 cells were suspended in a
1:1Matrigel:DMEM mixture and injected orthotopically into C57BL/6)
mice (Jackson Laboratories). A total of 1 x 10 clone N cells, 1 x 10°
cloneV cells or 5 x10° each of clone N and V cells were injected sub-
cutaneously into the flanks of Nu/Nu mice (Jackson Laboratories).
Mice were maintained in specific pathogen-free housing with access
to standard diet (Irradiated 5Lod (LabDiet)) and water ad libitum at
constant ambient temperature and a 12-h light cycle. Female mice
8 weeks of age were used for tumor implantation experiments and
randomized into treatment arms, and all experiments were con-
ducted in accordance with the Office of Laboratory Animal Welfare
and approved by the Institutional Animal Care and Use Committees
ofthe University of Michigan and the University of California, Irvine.
Maximum tumor burden was limited to 2 cm in any direction, and
this metric was not exceeded in this study. Animal numbers were
determined in previous work®. Mice were excluded from analysis in
the case of ulceration or other unrelated complications before the
experimental endpoint. Phenformin was administered in drinking
water containing 5 mg ml™ sucralose, as previously described, and
PEGylated asparaginase (Oncaspar) was injected intraperitoneally
at2 Ul per 100 pl of PBS every 72 h.

Histology

Mice werekilled by CO, asphyxiation, and tissue was quickly collected
and fixed overnight at room temperature with Z-fix solution (Anatech).
Tissues were processed using a Leica ASP300S tissue processor, par-
affin embedded and cut into 5-um sections. Immunohistochemistry
was performed on a Discovery Ultra XT autostainer (Ventana Medical
Systems) and counterstained with hematoxylin. Hematoxylinand eosin
staining were performed per the manufacturer’sinstructions. Human
PDA tissue was obtained from deidentified individuals through the
University of Michigan Central Biorepository.

Statistics and reproducibility

All experiments were run a minimum of two times with at least three
biological replicates, with the exception of the metabolomics studies,
which were run once using samples prepared from biological replicates
(n=23).Statistics were performed using GraphPad Prism 9 (GraphPad
Software). Groups of two were analyzed by two-tailed Student’s t-test
or two-tailed Mann-Whitney test, and groups greater than two were
compared by one-way analysis of variance (ANOVA) with a Tukey post
hoctest. All error bars, group numbers and explanation of significant
values are presented within the figure legends. The following values
are used to denote significance: *P < 0.05, *P< 0.01, **P< 0.001 and
%P < 0.000L1. If multiple significance values were included in acom-
parison, the least significant comparison was indicated in the figure;
all exact Pvalues can be found in the Source Data tables. Sample sizes
were determined by previous experiments performed in our groups.

No data were excluded from the analyses. The experiments were not
randomized, and investigators were not blinded to allocation during
experiments and outcome assessment. Data distribution was assumed
tobe normal, but this was not formally tested.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Clonal cell line (mouse PDA clones V, E, H, K, M, N and T)
RNA-sequencing data have been depositedinthe NCBI's Gene Expres-
sion Omnibus (GEO) database and can be accessed through GEO Super-
Series accession number GSE135436. Human data were reanalyzed
from deidentified single-cell RNA-sequencing data available from
the NIH GEO database under the accession number GSE155698. Other
data that support the findings of this study are available from the
corresponding authors upon reasonable request. Source data are
provided with this paper.

Code availability

Code for the single-cell analyses has been deposited at GitHub at
https://github.com/halbrook/HalbrookLab/blob/main/Clonal%20
Heterogeneity%20NatCan2022.R.
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response curves used to generate ICs, valuesin Fig. 1F. Each line represents an
independent dose response analysis. Error bars are mean + SD, *** P < 0.001; ****
P<0.0001by two-tailed Mann-Whitney test.
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Extended Data Fig. 2| Clonal Metabolic Phenotypes. A. Citrate Synthase

(CS) activity of clonal lines (n = 3 per clone). B. MitoStress profile of the oxygen
consumption rate (OCR) over time, treated with (2 pM), FCCP (0.5-2 uM), and
rotenone/antimycin A (1 M) at the indicated time points. Data are average of
technical replicates normalized to independent experiments for each clone (n=4
cloneV,n=4cloneE,n=3cloneH,n=5cloneN,n=4cloneK,n=2cloneM,n=4
clone T). C. Metabolic phenotypes of clonal cell lines defined as the ratio of the
OCRto extracellular acidification rate (ECAR) (n=4cloneV,n=4cloneE,n=3
cloneH,n=4cloneK,n=2cloneM,n=5cloneN,n=4cloneT).D.Basal ECAR

of clonallines (n=4cloneV,n=4cloneE,n=3cloneH,n=4cloneK,n=2clone
M,n=5cloneN,n=4cloneT).E.Basal OCR of clonallines (n=4cloneV,n=4

cloneE,n=3cloneH,n=4cloneK,n=2cloneM,n=5cloneN,n=4cloneT).F.
Metabolic fitness as defined by the spare respiratory capacity of clonal cell lines
(n=4cloneV,n=4cloneE,n=3cloneH,n=4cloneK,n=2cloneM, n=5clone
N, n=4cloneT).G. Histogram representation of the MitoTracker Red intensity
of group1clones (H,V) and group 2 clones (T,N). H. Representative images of
MitoTracker Red staining at the mean fluorescence index (MFI) of I. Scale bar =

7 um.J. Histogram representation of the MitoTracker Green intensity of group 1
clones (H,V) and group 2 clones (T,N). K. Doubling times of the individual clone
lines (n =3 per clone). Error barsare mean + SD, * P < 0.05; ** P< 0.01; **P < 0.001;
**% P < 0.0001by two-tailed Mann-Whitney test.
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Extended Data Fig. 4 | See next page for caption.
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Extended DataFig. 4 | Consistent Metabolic Features ina Second PDA oligomycin or 100 pM phenformin treated co-cultures relative vehicle (n =5). E.
Clonal Cell Model and Media Metabolite Profiling. A. Dose response curves Representative images from Extended Data Fig. 4D. F. Heatmap of unsupervised
of oligomycin treated KPC clones 2838C3, 6499c4, 6419c5, and 6694c2 (n=3 2-dimensional hierarchical clustering for metabolites from conditioned media
per clone). B. Lactate production by clones 2838c3 and 6499c4 (n = 3 per clone). after 48 hours of culture with +2 fold difference and p = 0.01between groups
C.Group 2 clone 2838c3 was labeled with a fluorescent probe and co-cultured (n=3perclone). Error bars are mean + SD, Scale Bars =400 pm, ** P < 0.01 by
with either unlabeled 2838¢3 or with unlabeled group 1 clone 6499c4 and then two-tailed student’s t test.

treated with either phenformin, oligomycin, or vehicle. D. Viability of 5nM
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Asparagine Rescues the Inhibition of Respiration. A.
Relative confluence of clone N treated with 1 nM oligomycin in the presence or
absence of media containing a100 pM cocktail of all NEAAs after 5 days (n = 3).

B. Relative confluence of clone N treated with 1 nM oligomycin in the presence

or absence of individual NEAAs after 5 days (n = 3). C,D. Dose dependent rescue
of doubling time (C) and confluence after 5 days of culture (D) by exogenous
asparagine (Asn) following treatment with 1 nM oligomycin. E. Relative
confluence of clone N treated with 1 nM oligomycin in the presence or absence of
100 pM or 20 mM aspartate (n = 3). F. Relative confluence of clonal line N treated

with 1nM oligomycin, 25 pM phenformin, or 25 nMIACS-10759 after 5 days + /-
Asn (n=3).G.Immunoblot analysis of siRNA targeting Asns or non-targeted
(NT) controlin clonalline N or V. H,I. Representative images of vehicle vs1nM
oligomycin treated co-cultures of labeled clone N with unlabeled clone N (H)
orinsensitive clone V (I) transfected with the indicated siRNA with or without
the addition of exogenous Asn. Error bars are mean + SD, Scale Bars =400 um,
*P<0.05;*P<0.01;**P<0.001;***P< 0.0001 by two-tailed student’s t test
(A,F), or one-way Anova with Tukey post hoc (B,E).
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Transcriptional Programs and Stress Response in PDA
Populations. A. Gene Set Enrichment Analysis (GSEA) of pathways differentially
expressed between group 1and group 2 clones. Negative NES scores indicate
pathways enriched in group 1and positive NES scores are pathways enriched
ingroup 2. B.Immunoblot analysis of Slug and Hypoxia Inducible Factor 1
Subunit Alpha (HIF-1at) across group 1clones (E,V,H) vs. group 2 (K,M,N,T). C.
Immunoblot analysis of integrated stress response (ISR) activation proteins
general control nonderepressible 2 (GCN2), protein kinase RNA-like ER kinase
(PERK), protein kinase RNA-activated (PKR), and heme-regulated initiation
factor 2 alphakinase (HRI) across group 1 clones (E,V,H) vs. group 2 (K,M,N,T).

D.Immunoblot analysis of ER stress and the unfolded-protein response (UPR)
pathway activation proteins inositol-requiring enzyme 1 « (IRE1at) and activation
transcription factor 6 (ATF6) across group 1 clones (E,V,H) vs.group 2 (K,M,N,T).
E.Immunoblot analysis of ATF4 of insensitive clone V and sensitive clone N
treated with DMSO, and insensitive clone V treated with 1,2, and 5 uM of ISRIB or
GCN2iB. F. Representative images from Fig. 4G of clonal line N was encoded with
afluorescent label, plated in direct co-culture with unlabeled sensitive clone N or
insensitive clone V, and then treated with oligomycin, ISRIB, GCN2iB, oligomycin
and ISRIB, oligomycin and GCN2iB, or vehicle. Scale bar =1 mm.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Interrogation of Human PDA Clonality. A. hierarchical clustering analysis of epithelial clusters across a set of integrated
Immunostaining for ASNS in human PDA patient tissues, dashed boxes magnified ~ stress response (ISR) genes. C. Representative images from Fig. SH. Clonal line
ininsets. Scale bars =100 pm. B. Uniform Manifold Approximation and PATC53-23 was encoded with a fluorescent label, plated in direct co-culture with
Projection (UMAP) representation of 3 epithelial cell clusters identified from unlabeled clones PATC53-23 or PATC53-34, then treated with 0.5 nM oligomycin

single cell RNA analysis of a tumor biopsy of PDA Patients 1238 and 1314, withnon-  or 125 pM phenformin relative to vehicle control. Scale bar =1 mm.
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Extended Data Fig. 8 | Impacts of Asparagine Rescue on Metabolism. A.
Immunoblot analysis of Vinculin and Cleaved Caspase 3 across 1 nM treated
oligomycin group 1clones (E,V,H) vs. group 2 (K,M,N,T). Staurosporine treated
clonalline Nisincluded as a positive control. B. Non-hierarchical clustering
heatmap of metabolites that differed between experimental conditions (p = 0.1)
from clone N cells treated with asparagine, oligomycin, asparagine + oligomycin,
or vehicle 4 hours post treatment (n = 3). C-H. Isotopic labeling patternsin clones
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Nand V using media supplemented with universally-labeled *C-asparagine (Asn),
BC-glucose, or *C-glutamine, relative to unlabeled controls, for asparagine
(C,n=3),aspartate (D, n =3), citrate (E, n = 3), or uridinylates (F-H,n =3).1.
Isotopologue abundance of aspartate from clone N pre-labeled with universally
labeled *C-glutamine, then switched to media containing unlabeled-glutamine
and treated with asparagine, oligomycin, asparagine + oligomycin, or vehicle for
4 hours (n=3).Error bars are mean + SD.
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Extended Data Fig. 9| Time Course Metabolomics. Non-hierarchical clustering heatmap of metabolites that differed between experimental conditions (p = 0.1)
from sensitive clone N or insensitive clone V cells treated with asparagine, oligomycin, asparagine + oligomycin, or vehicle and harvested at1, 2,4, 8, and 12 hours post
treatment (n = 3).
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Extended Data Fig.10 | Asparagine Rescue and Tumor Study Controls. A.
Isotopologue abundance of aspartate from sensitive clone N and insensitive
cloneVtreated for 4 hours with oligomycin or vehicle, then switched to media
containing with universally labeled ®>C-glutamine and treated with oligomycin
or vehicle for anadditional 4 hours (n = 3). B. Relative doubling time of clone N
cells treated with 1 nM oligomycin with or without the addition of exogenous
asparagine, pyruvate, or alpha-ketobutyrate (AKB) (n = 3). C. Dose response
curve of clone N cells treated with oligomycin in the presence of absence of
100 pM exogenous nucleosides (n = 3). D. Plate confluence at endpoint of
respiration-inhibition insensitive clone V treated with 1.5 nM oligomycin in the

[TVB-2640] (uM)

presence of absence of media containing all NEAAs or individual NEAAs (n =3). E.
Plate confluence at endpoint of cell lines treated with phenformin with or without

[BMS303-141] (uM)

100 pM exogenous asparagine; KPC7940B and HEK-293FT 150 pM, PA-TU-8902
and MIA PaCa-237.5 uM (n = 3). F. Relative metabolite levels of asparagine in the
serum and tumor lysate of mice bearing orthotopic KPC-7940B treated with
vehicle, phenformin, asparaginase, or phenformin + asparaginase (n = 5 each).
G. H&E staining of pancreas from WT C57BL/6 ] treated with either vehicle or
asparaginase. H-J. Dose response curves across clonal lines of the Stearoyl-CoA
desaturase-1(SCD) inhibitor CAY10566 (H, n = 3), Fatty Acid Synthase (FASN)
inhibitor TVB-2640 (I, n = 3), and ATP citrate lyase inhibitor (ACLY) BMS303-141
(J,n=3).Scalebar =100 um. Error bars are mean + SD, * P < 0.05; ** P < 0.01; ***
P <0.001;****P < 0.0001 by two-tail student’s t test (E) or one-way Anova with
Tukey post hoc (B,D,F).
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Data collection  Agilent Mass Spectrometry software (vBO700), BioRad Imager Software (v6.1), Gen5 Cytation Software (v3.11), FACSDiva (v8.0.1),
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Gene Expression Omnibus database under the accession number GSE155698. Other data that support the findings of this study are available from the
corresponding authors upon reasonable request.
Code for the single-cell analyses has been deposited at Github at https://github.com/halbrook/HalbrookLab/blob/main/Clonal%20Heterogeneity%20NatCan2022.R.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex and gender were not provided or used in the selection of slides for histological analysis.

Population characteristics University of Michigan patients with confirmed Pancreatic Ductal Adenocarcinoma eligible for surgical resection.
Recruitment Deidentified samples from the tissue repository supported by IRB (HUMO00025339) were used for histological analysis.
Ethics oversight University of Michigan Institutional Review Board (HUM00025339).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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metabolomics studies which were run once using samples prepared from biological replicates (n=3).

Randomization  Tumor bearing mice were randomized onto treatment arms.

Blinding Blinding was not possible as the treatments were administered by the same party responsible for data collection.
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Antibodies used

Validation

Asparagine synthetase antibody 14681-1-AP Proteintech 1:250 (Immunohistochemistry)
ATF-4 (D4B8) Rabbit mAb #11815 Cell Signaling 1:1000

ATF-6 antibody #75478 Novus 1:1000

SHMT2 Antibody #12762 Cell Signaling 1:1000

Phospho-GCN2 (Thr899) (E1VIM) #94668 Cell Signaling 1:500

IRE1a Antibody (14C10) #3294 Cell Signaling 1:1000

Anti-IRE1 (phospho $724) antibody #ab48187 Abcam 1:1000

HRI Antibody #MBS2538144 MyBioSource 1:1000

Phospho-PERK-T982 #AP0886 AbClonal 1:1000

PERK antibody (C33E10) #3192 Cell Signaling 1:1000

Anti-Phospho-PKR (Thr446) #37704 Invitrogen 1:1000

PKR Antibody #3072 Cell Signaling 1:1000

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (E10) Mouse mAb #9106 Cell Signaling 1:1000
p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb #4695 Cell Signaling 1:1000
c-Myc (D84C12) #5605 Cell Signaling 1:1000

Slug (C19G7) Rabbit mAb #9585 Cell Signaling 1:1000

HIF-1a (D1S7W) XP® Rabbit mAb #36169 Cell Signaling 1:1000

Cleaved Caspase-3 (Asp175) (SA1E) Rabbit mAb #9664 Cell Signaling 1:1000
Vinculin (E1EQV) XP #13901 Cell Signaling 1:5000

Anti-rabbit 1gG, HRP-linked Antibody #7074 Cell Signaling 1:5000
Anti-mouse IgG, HRP-linked Antibody #7076 Cell Signaling 1:5000

All antibodies were validated by their commercial sources as indicated below:

Asparagine synthetase Antibody (G-10) sc-365809 Santa Cruz, Asparagine synthetase Antibody (G-10) is a high quality monoclonal
Asparagine synthetase antibody suitable for the detection of the Asparagine synthetase protein of mouse, rat and human origin.
Antibody is suitable for western blot, immunohistochemistry, immunoprecipitation, and immunofluorescence.

Asparagine synthetase antibody 14681-1-AP Proteintech is validated in human and predicted to react with mouse and rat. It is
suitable for Western Blot, immunoprecipitation, and immunofluorescence.

ATF-4 (D4B8) Rabbit mAb #11815 Cell Signaling recognizes endogenous levels of total ATF-4 protein. Species Reactivity:

Human, Mouse, Rat. Validated applications: Western Blotting, Immunoprecipitation, Immunofluorescence (Immunocytochemistry),
Chromatin IP, Chromatin IP-seq, CUT&RUN

ATF-6 antibody #75478 Novus is suitable for detection of Human and Mouse ATF6. Suitable applications include Western Blot, Simple
Western, ICC/IF.

SHMT2 Antibody #12762 Cell Signaling antibody recognizes endogenous levels of total SHMT2 protein. Species Reactivity include
Human, Mouse, Rat, Monkey. It is suitable for western blotting.

Phospho-GCN2 (Thr899) (E1VIM) #94668 Cell Signaling rabbit mAb recognizes endogenous levels of GCN2 protein only when
phosphorylated at Thr899. Species Reactivity: Human Species predicted to react based on 100% sequence homology: Mouse, Rat.
Suitable applications Western Blotting, Immunofluorescence (Immunocytochemistry), Flow Cytometry (Fixed/Permeabilized).

IRE1a Antibody (14C10) #3294 Cell Signaling rabbit mAb detects endogenous levels of total IRE1a protein. Species Reactivity:

Human, Mouse, Rat. Suitable applications western blot, immunoprecipitation.

Anti-IRE1 (phospho S$724) antibody #ab48187 Abcam Suitable for: WB, ELISA, IHC-P

Reacts with: Mouse, Human, Recombinant fragment.

HRI Antibody #MBS2538144 MyBioSource is a Rabbit polyclonal antibody. Species Reactivity includes Human, Mouse, Monkey.
Suitable for Western Blot (WB), Immunohistochemistry-paraffin (IHC-p), and ELISA (EIA).

Phospho-PERK-T982 #AP0886 AbClonal is a rabbit polyclonal antibody. Cross-Reactivity Human, Mouse, Rat. Suitable application:
Western Blot.

PERK antibody (C33E10) #3192 Cell Signaling is a rabbit monoclonal antibody reactive to Human, Mouse, Rat, and Monkey. Suitable
application is western blot.

Anti-Phospho-PKR (Thr446) #37704 Invitrogen is a rabbit polyclonal antibody suitable for western blots, reactive to human.

PKR Antibody #3072 Cell Signaling is a rabbit polyclonal antibody rabbit suitable for immunoprecipitation and western blots, reactive
to human.

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (E10) Mouse mAb #9106 Cell Signaling is reactive to Human, Mouse, Rat, Hamster,
Monkey, Mink, Zebrafish, Bovine, Pig. It is suitable for flow cytometry and western blotting.

p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb #4695 Cell Signaling is reactive to Human, Mouse, Rat, Hamster, Monkey, Mink,
Zebrafish, Bovine, Pig, D. melanogaster, Dog, and C. elegans. Suitable applications include western blotting, immunoprecipitation,
immunohistochemistry, immunfluorescence, and flow cytometry.

c-Myc (D84C12) #5605 Cell Signaling is reactive to human, mouse, and rat. Appropriate applications include western blotting and
immunofluorescence.

Slug (C19G7) Rabbit mAb #9585 Cell Signaling is reactive to human and mouse. Appropriate applications include western blotting and
immunofluorescence, and flow cytometry.

HIF-1a (D1S7W) XP® Rabbit mAb #36169 Cell Signaling is reactive to human, mouse, and monkey. Suitable applications include
western blotting, immunoprecipitation, immunohistochemistry, immunfluorescence, flow cytometry, chromatin IP, and CUT and Run.
Cleaved Caspase-3 (Asp175) (SAL1E) Rabbit mAb #9664 Cell Signaling is reactive to human, mouse, rat, and monkey. Appropriate
applications include western blotting and immunofluorescence, and flow cytometry.

Vinculin (E1EQV) XP #13901 Cell Signaling is reactive to human, mouse, rat, and monkey. It is suitable for western blotting,
immunohistochemistry, and flow cytometry.

Anti-rabbit IgG, HRP-linked Antibody #7074 Cell Signaling is designed for use with rabbit polyclonal and monoclonal antibodies, this
affinity purified goat anti-rabbit IgG (heavy and light chain) antibody is conjugated to horseradish peroxidase(HRP) for
chemiluminescent detection. This product is thoroughly validated with CST primary antibodies.

Anti-mouse 1gG, HRP-linked Antibody #7076 Cell Signaling is an affinity purified horse anti-mouse 1gG (heavy and light chain) antibody
is conjugated to horseradish peroxidase(HRP) for chemiluminescent detection. This product is thoroughly validated with CST primary
antibodies.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Clonal cell lines E, H, K, M, N, T, V were derived from murine KrasG12D; PDX-1Cre, Trp53R172H (KPC) tumors and previously
reported (doi:http://dx.doi.org/10.2139/ssrn.3486019.). Clonal lines 6419¢5, 6694c2, 2838c3, and 6499¢4 were derived
from KPC tumors and previously described (doi:10.1016/j.immuni.2018.06.006). PATC53 clones were obtained commercially
through ATCC.

Cell lines were not authenticated commercially.

All cell lines were routinely tested for mycoplasma.

No cell lines on this list were used to generate any data presented in this manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals C57BL/6J, and Nu/Nu mice were obtained from Jackson Laboratories and used at 8 weeks of age. Mice were maintained in specific
pathogen-free housing with access to standard diet (Irradiated 5Lod ) and water ad libitum at constant ambient temperature and a
12-hour light cycle.
Wild animals This study did not involve wild animals.
Reporting on sex Female animals were used for tumor studies, as outlined in the methods, and sex was not considered in the study design.

Field-collected samples  This study did not involve field-collected samples.

Ethics oversight The animal experiments in this study were performed in compliance with the Institutional Animal Care and Use Committees of the
University of Michigan (PRO00008877, Lyssiotis) and the University of California, Irvine (AUP-20-102, Halbrook).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

g All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Transduced cells were detached with Accutase (Thermo Fisher), pelleted through centrifugation, resuspended in FACS buffer
(PBS+5%BSA, 0.5mM EDTA) then filtered through a 40uM cell strainer.

A BD FACSAria Fusion machine was utilized for FACS, an ACEA NovoCyte Quanteon for mitochondrial characterization.

FACSDiva (v8.0.1) software was used for the FACSAria, NovoExpress flow cytometry software (version 1.6.0) for the
NovoCyte.

For FACS, GFP positive cells ~10% of live cells) were enriched from bulk transduced population, and verified to be a 99% GFP+
population post-sort. Singlet cells were used for mitochondrial characterization.

For FACS, singlet cells were identified by forward and side scatter, than GFP expression used to define the sorting gates to
isolate cells strongly expressing GFP, excluding the top 5% of brightest cells to achieve better uniformity of expression. For
mitochondrial characterization, singlet cells were analyzed.

|Z Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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