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ABSTRA Given the propensity of aggressive epithelial tumors to form hepatic metastases,

we performed an in vivo cDNA screen using the mouse liver and KRASG12D/TP53R273H
pancreatic cells that identified the RNA-binding protein GCNI as an integral component of hepatic
outgrowth. RNA{ experiments reveal that GCN1 triggers the integrated stress response (ISR) to
activate serine, folate, and methionine biosynthetic pathways together with amino acid transporters,
which act in concert to facilitate acquisition of metabolites and to restore redox homeostasis.
Alongside the activation of the ISR, we found that GCNI also functions in the nucleus where it interacts
with HNRNPK to suppress the expression of MHC-I molecules and NK ligands. Intriguingly, we
identified IMPACT as an endogenous competitive inhibitor of GCN1 that blocks both ISR-dependent
metabolic control and disrupts HNRNPK interaction. In doing so, IMPACT enhances tumor immu-
nogenicity to unleash NK cell killing, in addition to sensitizing metastatic tumor cells to immune
checkpoint blockade.

SIGNIFICANCE: Metastatic tumor cells display profound immunometabolic plasticity to colonize distant
organs. We identify IMPACT, an inhibitor of GCN1-stress signaling, expression of which curtailed
metabolic plasticity and augmented tumor immunogenicity, sensitizing metastatic tumor cells to NK

cell-mediated destruction.
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INTRODUCTION

The metastatic cascade is a complicated series of steps that,
when successfully executed, results in the appearance of ra-
diographically apparent disease at site(s) remote from the pri-
mary tumor (1). Despite the knowledge that metastases are
responsible for the overwhelming majority of cancer deaths,
prevention has proved exceedingly difficult. Cancer genomic
studies have identified few recurrent metastasis-specific mu-
tations, indicating that determinants of successful outgrowth
are likely related to modifiable gene expression (2). Accordingly,
metastasis-initiating cells have demonstrated remarkable
plasticity through the utilization of many genes, allowing
successful circumvention of microenvironment-specific hur-
dles (3-5). For patients with gastrointestinal cancers, liver me-
tastases are very common, frequently result in morbidity, and
limit overall survival (OS). For example, nearly half of patients
with localized pancreatic cancer who undergo curative-intent
surgery will develop recurrence of disease in the liver follow-
ing primary tumor extirpation (6).

From a tumor cell-intrinsic perspective, the liver microen-
vironment differs substantially from that of the primary
tumor and presents significant challenges for the newly arriving
tumor cell(s). For example, the liver maintains energy balance
through the biosynthesis and breakdown of glucose, fatty
acids, ketones, and protein, but this requires high oxygen ten-
sion markedly different from poorly vascularized pancreas
tumors (7). The liver also has a robust NK cell repertoire to
neutralize threats arising from exposure to dietary and mi-
crobial products from the gut (8). We recently characterized
the molecular, cellular, and metabolic profiles of intraoper-
atively collected liver biopsies among patients with localized
pancreatic adenocarcinoma (PAAD) undergoing resection (9).
In doing so, we identified and defined metabolic alterations
in the livers of patients with primary pancreatic cancer that
differed significantly from the livers of patients without
pancreatic cancer (e.g., arginine metabolism and urea cycle),
including a panel of 15 metabolites that associated with sub-
sequent liver metastases. These association-level data indicate
that the metabolic status of the liver microenvironment can
have a profound effect on tumor cell capacity to cope with
and subsequently outgrow. Intriguingly, the study also iden-
tified an increase in the presence of activated NK cells (high
GZMB and GNLY expression) in the livers of patients with
localized pancreatic cancer. The levels of activated NK cells
did not associate with liver recurrence, suggesting that tumor
cell capacity to avoid innate immune cell-mediated death was
requisite for hepatic metastasis formation.

NK cell responses are driven by recognition and direct cy-
tolysis of tumor cells through secretion of perforin and gran-
zyme and via production of cytokines such as IFNy and TNFa
(10-12). The activation of NK cells is governed by a dynamic
balance of signals received from the engagement of numer-
ous activating and inhibiting surface receptors. Inhibitory
receptors on NK cells such as killer cell immunoglobulin-like
receptors (KIR), leukocyte immunoglobulin-like receptor
family B (LILRB) in human, and Ly49 family of receptors in
mice, and NKG2A/NKG2C display robust inhibitory effect on
NK cell cytolytic function through recognition of classical
and nonclassical MHC-I (self-recognition) molecules (13-16).

Activating receptors such as NKG2D and natural cytotoxicity
receptors promote NK cell effector function by recognizing a
wide array of non-MHC-I ligands (10, 11). Not surprisingly,
tumor cells downregulate the surface expression of NK cell-
activating ligands through various mechanisms, including
intracellular retention, shedding surface ligands with metal-
loproteinases or via exosome secretion, while upregulating in-
hibitory receptors/ligands to tilt the balance toward evasion
of NK cell recognition (17-22).

NK cells make up to 50% of the liver lymphocyte popula-
tion, and although a mature tumor microenvironment (TME)
can suppress function, skew differentiation, and alter pheno-
type, newly arriving tumor cells face an NK cell population
primed to kill (8, 9, 23, 24). We therefore hypothesized the
presence of a gene expression program that is actionable prior
to or upon arrival that links metabolic plasticity to NK cell
escape in order to facilitate subsequent outgrowth. To sys-
tematically identify and define candidate genes phenotypi-
cally linked to hepatic outgrowth, we conducted an unbiased
in vivo overexpression screen using two isogenic pancreatic
tumor cell lines harboring KRASS12P and TPS53®?73H mutations
that differ in capacity to form lesions in the liver.

RESULTS

A cDNA Expression Screen Identifies GCNI as a
Mediator of Metastatic Outgrowth

To identify genes that may confer coupled metabolic and
immunoevasive plasticity, we adopted a previously described
cDNA screening strategy and used the mouse liver as a filter
(25, 26). To employ the screen, we required cell lines that
differ in capacity for hepatic growth. For this, we decided
to use pancreatic cancer cells given the well-documented
profound metabolic alterations that occur in the pancreatic
primary TME, which differ substantially from unaffected
organs including the liver, and the tumor’s well-described
metastatic fitness (27). We used the 4964 cell line derived
from a KPC (from Pdx-1-Cre, KrasS12P, Trp53R273H) mouse,
which is a clinically relevant model as it recapitulates the var-
ious stages seen in human disease and contains a conditional
point mutation in TP53 (TP53%73H) and a point mutation in
KRAS (KRASS1?P) commonly found in pancreatic adenocar-
cinoma (28, 29). Given our desire for isogenic cell lines to
employ in the screen, we genetically engineered 4964 cells
to stably express an mCherry-luciferase-puromycin cassette
to facilitate in vivo imaging and selection in antibiotic growth
medium. The labeled 4964 cells were then injected into the
spleen of mice for dissemination into the liver through the
mesenteric circulation and monitored weekly for outgrowth
via bioluminescence imaging. The 4964 cells gave rise to dis-
crete lesions in the liver upon splenic injection in 4 weeks. To
generate a variant with high outgrowth potential, we excised
a visible liver lesion, digested it with trypsin, and after filtra-
tion and centrifugation, plated the cells in the presence of
puromycin. The cell line obtained from the liver lesion was
sorted for mCherry and then further passaged (two cycles) in
mice through splenic injection to generate a variant highly
enriched with hepatic outgrowth capacity. This clone was
labeled as 4964 high outgrowth potential (4964-HOP).
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We hypothesized that the ostensibly normal-appearing areas
of the liver might contain 4964 tumor cells that lack out-
growth potential and therefore do not produce overt lesions
during this timeline. To isolate 4964 cells with poor out-
growth potential, we excised the normal-appearing areas of
the liver tissue without any visible lesions at 4 weeks, chopped
it into small pieces, and digested the tissue with collagenase.
The tissue homogenate containing normal liver populations
was filtered, centrifuged, and plated in 2D with puromycin.
After 2 weeks, several 4964 tumor colonies grew in the pres-
ence of puromycin and were expanded and sorted for mCherry
positive cells. These 4964 cells with poor outgrowth capacity
in the liver were further passaged (two cycles) in mice through
splenic injection to generate the clone 4964 poor outgrowth
potential (4964-POP). The general schema of the cell deriva-
tion strategy is depicted in Supplementary Fig. S1A. To vali-
date the two variants derived by serial passaging in nude mice,
we introduced 4964-HOP or 4964-POP in the liver by splenic
injection. Whereas 4964-HOP produced a multitude of visible
overt liver metastases by 4 weeks, 4964-POP did not produce
visible liver lesions in this timeframe (Fig. 1A; Supplementary
Fig. S1B and S1C).

Next, we generated high-complexity retroviral cDNA librar-
ies from size-fractionated mRNA isolated from 4964-HOP as
previously described (25, 26). These cDNA libraries were then
transduced into 4964-POP cells at a low multiplicity of in-
fection (MOL MOI = 1), and thereafter these cells were intro-
duced into the liver through injection into the spleen of nude
mice. The transduced 4964-POP cells produced a total of 44
macroscopic liver lesions in multiple mice within 6 weeks
(Fig. 1B). The macroscopic liver lesions were dissected to iso-
late clonogenic tumor cells, which were further expanded in
selective medium. Following this, genomic DNA was isolated
from the tumor cells, and integrated proviral cDNAs were
identified by sequencing as documented previously (25). In
parallel, 4964-POP cells infected with an empty vector were
injected into the spleen of nude mice and did not produce
macroscopic liver lesions, indicating that insertional muta-
genesis does not appreciably contribute to metastasis in this
cell line. The result of the screen is summarized in Supple-
mentary Fig. S1D, and the putative cDNA targets identified
by sequencing are listed (Supplementary Table S1).

In line with our hypothesis, the screen unveiled multiple
genes with defined roles in metabolic regulation (Fig. 1C) but
interestingly did not reveal any genes known to be involved
in the regulation of innate immunity. Of the six metabolic
regulators identified in the screen, the mRNA expression of
GCN1 and SFXN1 were highly elevated in primary and met-
astatic PAAD compared with the normal pancreas (Fig. 1D; Sup-
plementary Fig. S1E). The mRNA expression of the other four
regulators was either downregulated in the primary tumor
in comparison with the normal pancreas, or was unchanged
in metastasis compared with the primary tumor (Supplemen-
tary Fig. S1F). However, only mRNA expression of GCN1
was associated with poor survival (Fig. 1E; Supplementary
Fig. S1G). Intriguingly, GCN1 expression was also associ-
ated with poor survival in other solid tumors (gastric, liver,
lung, and sarcoma) in which metastases play a dominant role
in limiting patient survival (Supplementary Fig. S1H). This
prompted us to investigate the molecular function of GCNT1.

A review of the available pancreatic cancer sequencing data
did not reveal any significant mutations or amplifications
in GCNI (Supplementary Fig. S1I), although GCN1 protein
expression was highly elevated in all the human pancreatic
cancer cell lines tested compared to the normal immortal-
ized line, HPNE (Fig. 1F).

To validate a causal role of GCN1 in hepatic outgrowth
using immunocompetent mice, we attempted to generate
GCN1 CRISPR knockout (KO) cells using an aggressive
mouse cell line, KPC177669 (hereafter KPC, containing
KRASC12D/TPp53R172H) " which was derived from an autoch-
thonous KPC C57BL/6 mouse. However, our attempts to
generate GCN1 KO cells were not successful, likely because
GCN1 KO cells do not survive, consistent with embryonic
lethality of GCN1 KO mice (30). Instead, we generated stable
GCN1 knockdown (KD) cells using two different short hair-
pins (Fig. 1G). Injection of GCN1 KD cells into the spleen of
C57BL/6 mice dramatically abrogated liver lesion formation
(Fig. 1H). We reasoned that if GCN1 was important for out-
growth in the liver, it should similarly be important for met-
astatic outgrowth in the lung, which is also a common site of
solid tumor metastases and contains high oxygen tension and
robust innate immunity in order to contend with constant
pathogen/toxin exposure associated with respiration (31). We
therefore injected KPC GCN1 KD cells into the tail vein of
CS57BL/6 mice for dissemination into the lung, which simi-
larly resulted in a dramatic abrogation of pulmonary lesion
formation (Fig. 1I).

Previous studies in budding yeast have indicated a role
for GCN1 in activating the integrated stress response (ISR)
through its interaction with GCN2, although it plays no
known role(s) in circumventing innate immunity (32, 33). To
gauge if GCN1 may play a role in mediating immune escape
along with a potential role in metabolic stress signaling, we
simulated the acute nutrient alterations experienced by cells
in vivo with in vitro reduction in glutamine concentration.
Glutamine availability is substantially reduced in murine
plasma and liver/lung compared with standard cell culture
media, and 4964 cells experienced this reduction immediately
upon introduction into the mouse circulation. We altered
glutamine levels in vitro from 4 mmol/L (supraphysiologic
levels used in standard cell culture) to 0.5 mmol/L (average
plasma glutamine level, henceforth referred to as physiologic
glutamine) to mimic the constraints experienced by cells
in vivo during our screen and subsequently evaluated the result-
ing transcriptomes (with and without GCN1 expression).
In doing so, we identified downregulation of pathways that
support glutathione (GSH) production and amino acid (AA)
import and biosynthesis with concomitant upregulation of
pathways associated with innate and adaptive immune sur-
veillance with GCN1 KD (Fig. 1J). Thus, GCN1 may couple
metabolic reprogramming with immune escape.

GCN1 Regulates Metabolic Homeostasis and Tumor
Growth by Activating ATF4

We hypothesized that pancreatic tumor cells utilize
GCN1 to cope with acute alterations in nutrient availability
and oxygen tension. To investigate, we evaluated the effects
of physiologic glutamine on GCN1 signaling in KPC cells.
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Figure 1. Aliver-specific cDNA expression screen identifies GCN1 as a mediator of metastatic outgrowth. A, 4964-HOP and 4964-POP cells were
injected into the spleen of nude mice, and metastatic outgrowth in the liver was monitored using bioluminescence imaging at 30 minutes, 2 weeks,

4 weeks, and 6 weeks. Representative images of mice. B, Design of the retroviral gain-of-function cDNA screen. Retroviral cDNA libraries generated from
4964-HOP cells were transduced into 4964-POP cells. After transduction with 4964-HOP libraries, the 4964-POP cells were injected into the spleen of
nude mice and monitored weekly using bioluminescence imaging. (continued on following page)
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Physiologic glutamine modestly enhanced GCN1 protein
expression while strongly inducing the phosphorylation of
GCN2 and elF2a, leading to robust activation of ATF4
(Fig. 2A, lanes 1 and 2). Interestingly, GCN1 KD abolished
the phosphorylation of GCN2 and elF2a and strongly impaired
ATF4 activation both at physiologic and supraphysiologic
levels of glutamine (Fig. 2A, lanes 3-6). Concordantly, cell
proliferation in 2D was dramatically reduced under both
conditions, suggesting that GCN1-dependent activation
of the ISR drives cell proliferation both at physiologic and
supraphysiologic levels of glutamine (Fig. 2B). Previous work
in budding yeast has documented that GCN1 interacts
with GCN2 at translating ribosomes, leading to its kinase
activation (33). We found that GCNI1 interacts strongly
with GCN2 using in vitro GSH transferase (GST) pull-down
assay (Supplementary Fig. S2A). Although the transcript
levels of GCN1 and GCN2 remained unaltered at differ-
ential glutamine levels, GCN2 KD impaired downstream
elF2a phosphorylation and ATF4 expression, mirroring the
effect observed with GCN1 KD (Supplementary Fig. S2B
and S2C). Importantly, GCN1 expression positively cor-
related with GCN2 expression, which in turn positively as-
sociated with eIF2al expression in PAAD (Supplementary
Fig. S2D).

As ATF4 is the major effector molecule of the ISR, we in-
vestigated its regulation by GCN1. It is known that upon AA
limitation and activation by the ISR, ATF4 translocates to
the nucleus to trigger the transcription of genes containing
C/EBP-ATF response elements to modulate a wide spectrum
of cellular events designed to adapt to stress. If adaptation is
unsuccessful, activation of ISR leads to apoptotic cell death
(34-36). We observed that Atf4 mRNA was strongly induced
with physiologic glutamine (~3 fold) and this induction was
abrogated by GCN1 KD (Fig. 2C). In addition, treatment with
the transcriptional inhibitor actinomycin D completely col-
lapsed ATF4 activation at physiologic glutamine levels, sug-
gesting that GCN1-dependent ATF4 induction is completely
transcriptional in KPC cells (Fig. 2D). Physiologic glutamine
also induced ATF4 mRNA expression in some human pancre-
atic cancer cell lines (Supplementary Fig. S2E). Interestingly,
physiologic glutamine led to robust phosphorylation of
GCN2 and elF2o and induction of ATF4 protein expression
in KLM1 cells, whereas GCN1 KD abrogated ATF4 protein ex-
pression (Supplementary Fig. S2F). This suggests that GCN1
drives transcriptional and translational activation of ATF4 in
pancreatic cancer cells in response to alterations in glutamine
availability. To directly gauge the effects of ATF4 on hepatic
outgrowth, we knocked down ATF4 in KPC cells using two

<

specific short hairpins and injected the cells into the spleen
of C57BL/6 mice for dissemination into the liver through the
mesenteric circulation. ATF4 KD significantly abrogated the
formation of liver lesions, mirroring the phenotype seen with
GCN1 KD (Fig. 2E; Supplementary Fig. S2G).

To better understand the breadth of metabolic alterations
mediated by GCN1 in response to physiologic glutamine, we
first reviewed the RNA sequencing (RNA-seq) data for enzymes
involved with GSH metabolism and its precursor AAs glycine,
glutamate, and cysteine. We identified the serine biosynthetic
pathway enzymes PHGDH, PSPH, and PSAT1, which sug-
gests that generated serine and glycine were affected by GCN1
KD (Fig. 2F; ref. 37). Serine is further catabolized by the folate
cycle enzymes, ALDH1L2 and MTHFD?2, to generate reducing
equivalents (NADPH) needed to convert oxidized GSH to its
reduced form (38). The enzymes CTH and CBS that produce
cysteine through the transsulfuration pathway, and the re-
versible transaminases BCAT1 and GPT2 that generate gluta-
mate through catabolism of branched chain AAs and alanine,
respectively, were significantly altered (39-41). Although GSH
precursors are nonessential AAs (NEAA), highly proliferative
cells (outgrowing cells) are thought to acquire a portion of
these AAs from external sources as the demand exceeds the ca-
pacity for endogenous synthesis (42). Not surprisingly, the AA
transporters, SLC7A11 and SLC6A9 that mediate the import
of cysteine and glycine, respectively, were also significantly
affected by KD of GCN1 (Fig. 2G; refs. 43, 44). Additionally,
members of the GSH family conjugating enzymes, GSTP1
and GSTKI1, which are required for detoxification of reac-
tive electrophiles, and the GSH-degrading enzyme, CHACI,
which maintains intracellular homeostatic balance of GSH, were
also altered (45, 46). Furthermore, the expression of SHMT2 and
MTHFDI1L, two critical enzymes required for mitochondrial-
cytoplasmic folate cycle maintenance and therefore produc-
tion of NADPH, was similarly affected (Fig. 2F; refs. 47, 48).
Besides these critical enzymes, other enzymes involved in
GSH metabolism through the y-glutamyl cycle including
GCLC and OPLAH were also significantly affected by KD of
GCN1 (Supplementary Table S2; ref. 46). Notably, the majority
of these GSH-related enzymes are transcriptional targets of
ATF4 (35, 49). Not surprisingly, the Ingenuity upstream regula-
tor analysis of differential genes in the GCN1 KD KPC cells pre-
dicted A#f4 to be the most downregulated transcription factor
gene (Supplementary Fig. S2H). As expected, RNA-seq data
showed that the expression of these metabolic genes and AA
transporters was upregulated at physiologic glutamine, which
was abrogated by GCN1 KD (Fig. 2F and G). Importantly, the
reduction in the expression of these GSH-related genes in

Figure 1. (Continued) Candidate mediators and drivers of metastatic outgrowth were recovered from macroscopic liver lesions and identified through
sequencing. C, List of the metabolic regulators identified in the screen. D, GCNI and SFXN1 expression across primary and metastatic pancreatic adeno-
carcinoma (PAAD) compared with the normal pancreas. E, Kaplan-Meier OS analysis of GCN1 and SFXN1 in pancreatic adenocarcinoma tumors from the
Moffitt dataset (95). F, Protein expression of GCN1 in human pancreatic cell lines compared with the normal immortalized HPNE (blue) cell line. G, KPC
cells stably expressing emerald luciferase (KPCEL) were transduced with two different short hairpins (SH1 and SH2) targeting GCN1. Western blots showing
reduction in GCN1 protein expression. H, Control KPC (SCR) and GCN1 KD (SH1 and SH2) cells were injected into the spleen of syngeneic C57BL/6 mice,
and metastatic outgrowth and colonization in the liver were measured using bioluminescence imaging weekly. Top, representative images of mice from
each group at specific days; bottom, quantification of liver metastatic outgrowth. Data represent mean+SD, n=5.1, Control KPCEL (SCR) and GCN1
KD (SH1 and SH2) cells were injected via tail vein in syngeneic C57BL/6 mice, and pulmonary outgrowth was measured on day 24 using bioluminescence
imaging. Representative images of lungs with bioluminescence signal on day 24. Data represents mean+ SD; n=6.J, Gene Ontology signaling pathways
affected by GCN1 KD KPC cells grown in DMEM containing 0.5 mmol/L glutamine in comparison with 4 mmol/L glutamine. P values were calculated by
Student t test: *, P <0.05;*, P <0.01;*** P <0.0001.NES, normalized enrichment score.
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Figure 2. GCN1 drives metastatic growth through activation of ATF4. A,KPC control (SCR) and GCN1 KD (SH1 and SH2) cells were grown in DMEM containing
either 4 or 0.5 mmol/L glutamine for 24 hours. Cell lysates were subjected to immunoblotting as indicated. B, Cell proliferation of KPC control (SCR) and GCN1 KD
(SH1 and SH2) cells at 4 or 0.5 mmol/L glutamine using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent at indicated days. C, ATF4 mRNA in
control (SCR) and GCN1 KD (SH1 and SH2) KPC cells grown at 4 and 0.5 mmol/L glutamine for 24 hours. D, ATF4 mRNA in control (SCR) KPC cells grown at
either 4 or 0.5 mmol/L glutamine in the presence and absence of 10 pmol/L actinomycin D (ACTD) for indicated times. (continued on following page)
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Expression of IMPACT Abrogates Metastatic Growth

GCN1 KD cells could be rescued by ATF4 expression (Fig. 2H
and I; Supplementary Fig. S2I). Accordingly, after 72 hours
of growth at physiologic glutamine, we found that GCN1
KD significantly attenuated the intracellular homeostatic
abundance of all three precursor AAs required for the biosyn-
thesis of GSH, which could be rescued by ATF4 expression
(Fig. 2]). Consequently, GCN1 KD led to a marked decrease in
the intracellular levels of GSH at physiologic glutamine, which
again could be rescued by the re-expression of ATF4 (Fig. 2K).
To evaluate if the lower levels of GSH observed in GCN1 KD
cells sensitize to reactive oxygen species (ROS)-induced cell
death, we treated KPC cells with the ROS inducer ter-butyl hy-
drogen peroxide. We observed that ter-butyl hydrogen perox-
ide treatment at physiologic glutamine induced a significant
increase in the endogenous ROS in all cells [Supplementary
Fig. S2J (left)]. Intriguingly, GCN1 KD cells were significantly
more susceptible to ROS-induced death compared with con-
trol cells at physiologic glutamine, and ATF4 expression
rescued susceptibility [Supplementary Fig. S2J (right)]. Con-
sidering the vast array of metabolic genes downregulated
by GCN1-dependent ISR signaling including Phgdh, we also
looked at the possibility of other four metabolic regulators
identified in the screen to determine if they are also regulated
by GCN1-ATF4 signaling. We found that the expression of
Urod, Gamt, and Impdh2 was instead significantly upregulated
upon GCN1 KD, whereas Sfxnl1, which was downregulated by
GCN1 KD, was not rescued by re-expression of ATF4, suggest-
ing alternate metabolic pathway regulation of these genes
(Supplementary Fig. S2K). These data suggest that tumor
cells majorly utilize the GCN1-ATF4 signaling to exert con-
trol over the expression of serine biosynthetic pathway, the
folate cycle, and the transsulfuration pathway enzymes to
buffer the oxidative stress.

In addition to counteracting oxidative stress, outgrowth
requires continuous acquisition of essential AAs (EAAs) and
NEAAs. We observed that KPC cells cope with 16 hours of
physiologic glutamine through transcriptional upregula-
tion of several AA transporters including SLC1AS5, SLC7A1,
SLC38A1, and SLC3A2, which mediate the uptake of NEAAs,
as well as SLC7AS, which is responsible for importing EAAs
(Fig. 2G; refs. 50, 51). Interestingly, GCN1 KD largely abro-
gates this upregulation, which can be rescued by re-expression
of ATF4 (Fig. 2G and I). Accordingly, we observed stability of
the intracellular levels of all EAAs and NEAAs after 72 hours
of physiologic glutamine as measured by mass spectrome-
try, which was deregulated by GCN1 KD and rescued with

<

ATF4 expression (Supplementary Fig. S2L and S2M). Addi-
tionally, we measured L-leucine uptake in KPC cells using a
stable isotope (D10, 15N). Cells greatly increased the uptake
of L-leucine with 16 hours of physiologic glutamine, which
was largely abrogated by GCN1 KD and rescued with ATF4
expression (Supplementary Fig. S2N). We also observed di-
minished intracellular levels of alpha-ketoglutarate (o-KG)
and acetyl-CoA in GCN1 KD cells after 72 hours of growth
at physiologic glutamine, which could be rescued by ATF4
expression, suggesting the involvement of GCN1 in regulat-
ing a-KG flux through the tricarboxylic acid cycle (TCA) and
its role in lipid biosynthesis, respectively (Supplementary
Fig. S20 and S2P; refs. 52, 53). The changes in the expression
of these enzymes and transporters were also consistent in the
human pancreatic cell line KLM1 upon GCN1 KD at physi-
ologic glutamine, demonstrating conservation of a signaling
mechanism downstream of GCN1 (Supplementary Fig. S2Q).
These data suggest that GCN1-ATF4 signaling-mediated
regulation of transporters is a major route of AA assimilation
necessary for maintenance of metabolic homeostasis in re-
sponses to acute alterations. Concordantly, we found that
ATF4 mRNA levels were significantly higher in human
metastatic PAAD compared with primary PAAD (Fig. 2L).
Moreover, we found that human PAAD tumors expressing
higher levels of GCN1 and ATF4 are associated with poor
survival and display significantly higher expression of AAs,
GSH-related biosynthetic genes, and AA transporters (Fig. 2M
and N). Consistent with these observations, ectopic expression
of GCN1 in KLM1 cells in which endogenous GCN1 levels
were depleted using a short hairpin targeting its 3’ untrans-
lated region (UTR) not only restored the phosphorylation of
GCN2 and elF2a and activated ATF4 expression at physio-
logic glutamine levels but also restored i vivo tumor growth
in immunodeficient NOD-SCID IL2Ry KO mice (Supple-
mentary Fig. S2R and S2S). In aggregate, our data indicate
that GCN1 mediates a survival program through ATF4 that
couples AA acquisition to redox homeostasis, which endows
cells with a growth advantage in response to acute microenvi-
ronment alterations.

IMPACT Limits ATF4 Activation through
Competitive Inhibition of GCN1

To explore GCN1 regulation, we treated 4964-POP and
4964-HOP cells with physiologic and supraphysiologic lev-
els of glutamine in vitro. Intriguingly, we found that GCN1

Figure 2. (Continued) GCN1 KD (SH1 and SH2) KPC cells were used as the control. E, KPCEL control (SCR) and ATF4 KD (SH1 and SH2) cells were injected
into the spleen of immunocompetent syngeneic C57BL/6 mice. Left, representative images of livers with bioluminescence signal from each group on day 25;
right, metastatic growth quantified using bioluminescence imaging of the liver at day 25. Data represent mean = SD; n=6. F, Heatmap of genes supporting
GSH metabolism in control (SCR) and GCN1 KD (SH1 and SH2) KPC cells grown at 4 and 0.5 mmol/L glutamine. G, Heatmap of AA transporters in control
(SCR)and GCN1 KD (SH1 and SH2) KPC cells grown at 4 and 0.5 mmol/L glutamine. H and I, RT-gPCR showing the mRNA levels of various metabolic enzymes
and AA transporters required for GSH metabolism in KPC control (SCR), GCN1 KD (GCN1_SH2), and GCN1 KD cells stably expressing ATF4 (GCN1_SH2 +
V5-ATF4) after growth in DMEM containing either 4 or 0.5 mmol/L glutamine as indicated for 16 hours. Black asterisk denotes a significant decrease
between KPC control (SCR, 0.5 mmol/L) and the GCN1 KD (GCN1_SH2, 0.5 mmol/L) group, and red asterisk denotes a significant increase between GCN1 KD
(GCN1 SH2,0.5 mmol/L) and ATF4 rescue (GCN1_SH2 +V5-ATF4, 0.5 mmol/L). J, Intracellular abundance of GSH precursors glutamate, glycine, and cysteine
in KPC control (SCR), GCN1 KD (GCN1_SH2), and GCN1 KD cells stably expressing ATF4 (GCN1_SH2 + V5-ATF4) after growth in 4 or 0.5 mmol/L glutamine for
72 hours. K, Intracellular abundance of GSH in KPC control (SCR), GCN1 KD (GCN1_SH2), and GCN1 KD cells expressing ATF4 (GCN1_SH2 + V5-ATF4) grown at
either 4 or 0.5 mmol/L glutamine as indicated for 72 hours. L, ATF4 mRNA expression in primary and metastatic PAAD tumors (95). M, Kaplan-Meier survival
plot of GCNI-high, ATF4-high vs. GCNI1-low, ATF4-low expressing PAAD tumors. N, PAAD tumors with high mRNA expression of GCN1 and ATF4 positively
correlate with the expression of various AAs and GSH metabolic enzymes as well as AA transporters. P values calculated by Student t test: non signifi-
cant (ns), P>0.05;% P<0.05;**, P<0.01;"* P<0.001; *** P <0.0001. Glutamine (Gln).
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Figure 3. IMPACT limits ATF4 activation through competitive inhibition of GCN1. A, 4964-POP and 4964-HOP cells were cultured in DMEM containing
4 or 0.5 mmol/L glutamine for 24 hours, and extracted lysates were subjected to immunoblotting. B, ATF4 mRNA expression in 4964-POP and 4964-
HOP cells grown in DMEM containing 4 or 0.5 mmol/L glutamine for 24 hours. C, Transcript levels of GSH-related metabolic enzymes assayed using
RT-qPCR in 4964-POP and 4964-HOP cells grown in DMEM containing either 4 or 0.5 mmol/L glutamine for 24 hours. Red and black asterisks indicate
significant difference at 4 and 0.5 mmol/L glutamine, respectively. (continued on following page)
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Expression of IMPACT Abrogates Metastatic Growth

protein expression was similar between the two cell lines,
although the phosphorylation of GCN2 and elF2a with sub-
sequently increased ATF4 expression in response to physio-
logic glutamine was far more robust in 4964-HOP compared
with 4964-POP (Fig. 3A). The increase in ATF4 protein ex-
pression reflected proportionally to its increase in mRNA,
which was induced twofold higher in 4964-HOP compared
with that in 4964-POP (Fig. 3B). Accordingly, 4964-HOP cells
demonstrated significantly increased expression of GSH-
related biosynthetic genes and AA transport genes with phys-
iologic glutamine compared with 4964-POP cells (Fig. 3C;
Supplementary Fig. S3A). Moreover, in comparison with
4964-POP cells, 4964-HOP cells uptake higher levels of glu-
tamine heavy isotope (DS5), accumulate higher intracellular
levels of GSH-precursor AAs in response to physiologic glu-
tamine, and demonstrate higher intracellular abundance of
EAAs (Fig. 3D and E; Supplementary Fig. S3B). Consequently,
4964-HOP cells were able to circumvent the arresting effects
of physiologic glutamine and proliferate, wherease 4964-POP
cells were susceptible (Fig. 3F). To summarize, 4964-POP cells
are unable to circumvent the growth constraints induced
by physiologic glutamine despite some induction of GCN1
expression and ostensibly adequate endogenous expression
of GCN2.

These observations led us to postulate the presence of
novel GCNI mutations in 4964-HOP cells that activate the
pathway or the presence of an endogenous inhibitor in 4964-
POP, which antagonized GCN1 function. cDNA sequencing
of GCNI from 4964-POP and 4964-HOP cells did not reveal
any new mutations (Supplementary Table S3). We therefore
subjected 4964-HOP and 4964-POP cells to RNA-seq and
examined the transcriptomic differences for candidates. We
identified IMPACT as the sixth highest expressing gene in
4964-POP cells (Supplementary Table S4). IMPACT has been
previously shown to inhibit GCN1-dependent activation of
GCN2 in budding yeast and in neuronal cells during AA star-
vation by binding to the C-terminal RWD-binding domain
(RWDBD) of GCN1 (Supplementary Fig. S3C; refs. 54-56). In
addition to the RWDBD, GCN1 has 47 HEAT (Huntingtin,
Elongation factor 3, A subunit of Protein Phosphatase 2A,
and TOR)-repeat domains dispersed throughout its length
including three in the RWDBD that serve as a scaffold for

<

higher-order protein-protein and protein-nucleic acid inter-
actions (www.uniprot.org/uniprotkb/Q92616/entry; ref. 57).
However, the role of IMPACT in cancer and regulation of
GCN1 function has not been investigated. To confirm the
RNA-seq results, we evaluated IMPACT expression by RT-qPCR
and found significantly abrogated expression in 4964-HOP
and KPC cells compared with 4964-POP cells (Fig. 3G). To
verify that IMPACT binds GCNI1 to prevent its interaction
with GCN2, we performed a GST pull-down assay using
full-length recombinant GST-GCN2. Specifically, lysates from
293T cells overexpressing Flag-GCN1 or both Flag-GCN1
and Flag-IMPACT were incubated with bead-bound GCN2.
293T lysates from Flag-GCN1 overexpression, but not from
overexpression of both Flag-GCN1 and Flag-IMPACT, were
able to interact with GCN2 (Fig. 3H). A similar experiment
using the RWDBD of GCN1 also yielded identical results
(Supplementary Fig. S3D). These data indicate that IMPACT
is a competitive inhibitor of GCN1 and causally contributes
to the outgrowth phenotype of 4964-POP.

To investigate if IMPACT also plays a role in limiting
outgrowth in other pancreatic tumor cells, we overexpressed
IMPACT in KPC cells. Stable overexpression of IMPACT in
KPC cells strongly inhibited the phosphorylation of GCN2
and elF2a and impaired ATF4 expression at physiologic
glutamine levels, mirroring the effects seen with GCN1 KD
(Fig. 3I). Consequently, IMPACT overexpression abrogated liver
lesion formation in KPC cells following splenic injection in
immunocompetent C57BL/6 mice (Fig. 3]). Identical results
were obtained with lung lesions when IMPACT-overexpressing
(IMPACT-OE) KPC cells were introduced into the tail vein of
immunocompetent C57BL/6 mice (Supplementary Fig. S3E).
We next examined the expression of IMPACT in human
pancreatic cancer cell lines. Immunoblot revealed that IMPACT
expression was variable across the panel but was lowest in
metastatic lines SU.86.86, SW1990, and KLM1 (Fig. 3K). We
therefore stably overexpressed IMPACT in KLM1 cells and
evaluated the effects on downstream pathway activation.
IMPACT overexpression prevented the phosphorylation of
GCN2 and elF2a and strongly impaired ATF4 activation
both at supraphysiologic and physiologic glutamine levels
(Fig. 3L). IMPACT overexpression also inhibited the expression
of GSH-related metabolic enzymes and AA transport genes

Figure 3. (Continued) D, Intracellular uptake of stable isotope of glutamine (GIn-D5) in 4964-POP and 4964-HOP cells grown in DMEM for 16 hours.

E, Intracellular abundance of GSH precursors glutamate, glycine, and cysteine in 4964-POP and 4964-HOP KPC cell lines when grown in DMEM containing

0.5 mmol/L glutamine for 16 hours. F, 4964-POP, and 4964-HOP cells were grown in DMEM containing 4 or 0.5 mmol/L glutamine, and cell proliferation
was assayed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide at days indicated. Results are represented as mean + SD (n=10).
G, mRNA expression of IMPACT in 4964-POP, 4964-HOP, and KPC cells using RT-qPCR. H, In vitro pull-down assay. Top, full-length human recombinant
GST-GCN2 proteins bound to GSH Sepharose beads (lanes 2-5) were incubated with 293T control lysate (lane 2), 293T lysate overexpressing full-length
Flag-GCN1 alone (lane 3), and 293T lysate overexpressing Flag-GCN1 together with increasing amounts of Flag-IMPACT (lanes 4-5). Five percent of 293T
overexpressing Flag-GCN1 lysate used for the pull-down was used as the input control (lane 1). Binding efficiency was detected using a-Flag antibody.
Bottom, expression of Flag-GCN1 and Flag-IMPACT in 293T lysates used in the pull-down assay in a single gel. I, KPC-CNTRL and IMPACT-OE (V5-IMPACT)
cells were grown in DMEM containing 4 and 0.5 mmol/L glutamine for 16 hours, and lysates were subjected to immunoblotting with antibodies indicated.

J, KPC-CNTRL and IMPACT-OE (V5-IMPACT) cells were injected into the spleen of immunocompetent C57BL/6 mice, and metastatic outgrowth and coloni-
zation in the liver were measured using bioluminescence imaging at day 25. Top, representative images of the liver with bioluminescent signal at day 25;
bottom, metastatic outgrowth quantified. K, IMPACT expression across human pancreatic cell lines in comparison with the normal hTERT-immortalized
pancreas cell line HPNE (blue). L, KLM1-CNTRL and IMPACT-OE (V5-IMPACT) cells were grown in DMEM containing 4 or 0.5 mmol/L glutamine for 24 hours.
Lysates were subjected to immunoblotting by antibodies shown. M, Boxplot showing ATF4 expression in IMPACT high- vs. IMPACT low-expressing
pancreatic adenocarcinoma (PAAD) tumors. N, Kaplan-Meier survival between ATF4-high, IMPACT-low vs. ATF4-low, IMPACT-high expressing PAAD
tumors. 0, IMPACT expression inversely correlates with the expression of ATF4 and ATF4 gene targets in PAAD tumors. P, IMPACT mRNA expression in
MDAMB231 and lung metastatic variant LM2 cell lines. Q, IMPACT mRNA levels in normal breast tissue and invasive breast cancer (The Cancer Genome
Atlas/UALCAN dataset]. P values by Student t test: *, P < 0.05; **, P < 0.01; ** P < 0.001; *** P <0.0001. Gln, glutamine.
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Figure 4. IMPACT abrogates GCN1-mediated immune cell evasion. A, Gene Ontology enrichment analysis of significantly altered molecular pathways
in GCN1 KD KLM1 cells. B, Heatmap of immunomodulatory genes (brown), and AA/GSH metabolism genes (green) altered in GCN1 KD KLM1 cells. C and
D, Surface expression of NKG2D ligands (MICA, MICB, and ULBP2/5/6) and MHC-| (classical and nonclassical) in KLM1 control (SCR) and GCN1 KD (SH1
and SH2) cells (left); KLM1 control (KLM1-CNTRL) and IMPACT-OE (KLM1-IMPACT) cells (right). Mean fluorescent intensity (MFI) values for samples
provided. E, Liver images from C57BL/6 WT mice after intrasplenic injection of control and IMPACT-OE KPC cells at day 25. (continued on following page)

2354 | CANCER DISCOVERY NOVEMBER 2025

AACRlJournals.org

6202 Joquiaoeq Z0 U0 158nB Aq Jpd-S501L-Z-PO/8LLYIOEIPYEZ/L L/ LAPd-aIoIE/AIBA0SIPISOUED/BIO"S[RUINOLIOEE/:d}Y WOJ) PapEOjUMOQ



Expression of IMPACT Abrogates Metastatic Growth

compared with control cells, irrespective of glutamine con-
centration (Fig. 3L, lanes 1 and 3). Accordingly, IMPACT-OE
KLM1 cells have reduced expression of AA transporters,
showed reduced ability to uptake L-leucine stable isotope
(D10, 15N), and have significantly lower intracellular GSH
abundance (Supplementary Fig. S3F-S3H). Consequently,
IMPACT overexpression abrogated liver lesion formation
following splenic injection in athymic nude mice (Sup-
plementary Fig. S3I). To verify this relationship in human
PAAD, we categorized tumors as IMPACT high or IMPACT
low using median expression and found that ATF4 mRNA
expression was significantly lower in tumors with high
IMPACT expression (Fig. 3M). Additionally, we found that
PAAD tumors expressing high levels of ATF4 and low levels
of IMPACT were associated with significantly abbreviated
survival (Fig. 3N) and display higher expression of genes
involved in GSH metabolism and AA transport (Fig. 30).
Considering that our preliminary RNA-seq data indicate
that GCN1 may play a role in activation of innate and
adaptive immune responses, we injected IMPACT-OE KPC
cells into the tail vein of immunodeficient NOD-SCID
IL2Ry KO mice that lack both NK and T cells and evaluated
pulmonary lesion formation. Overexpression of IMPACT
significantly reduced lung lesion formation in these severely
immunodeficient mice (Supplementary Fig. S3]), suggesting
that the inhibition of metabolic plasticity alone (indepen-
dent of any effects on immune evasion) is sufficient to sup-
press outgrowth capacity.

To evaluate if IMPACT plays a similar role in metastatic
outgrowth in another isogenic cell line pair, we choose the
well-characterized breast cancer cell line MDA-MB-231 and
its lung metastatic variant LM2 (58). Exposure of LM2 cells
to physiologic glutamine levels robustly induced the phos-
phorylation of GCN2 and eIF2aq, and expression of ATF4
with consequent activation of its downstream targets (Sup-
plementary Fig. S3K). However, phosphorylation of GCN2
and expression of ATF4 and its targets were only mildly
enhanced in MDA-MB-231 cells under physiologic gluta-
mine levels, whereas phosphorylation of elF2a, although
expressed at a higher basal level compared with LM2 cells,
remained unchanged (Supplementary Fig. S3K). The inhi-
bition in the full activation of GCN2 phosphorylation and
ATF4 expression in MDA-MB-231 cells at physiologic gluta-
mine levels hinted the presence of IMPACT. RT-qPCR con-
firmed that MDA-MB-231 cells express significantly higher
levels of IMPACT (>3 fold) compared to LM2 cells (Fig. 3P).
Analysis of The Cancer Genome Atlas dataset also showed
significant loss of IMPACT expression in invasive breast cancer
compared with normal tissue (Fig. 3Q). Furthermore, as ex-
pected, IMPACT overexpression in LM2 cells blocked ISR
pathway activation and pulmonary lesion formation in com-
parison to control LM2 cells or MDA-MB-231 cells (Supple-

<

mentary Fig. S3L-S3N). Recently, MIRO2, a small Ras super-
family GTPase, has been shown to bind GCN1 and activate
GCN1-ATF4 signaling in prostate cancer (59). This prompted
us to investigate the status of MIRO2 in pancreatic and breast
cancers. Intriguingly, we found MIRO2 expression to be sig-
nificantly upregulated in the same metastatic PAAD and in-
vasive breast cancer datasets in which IMPACT expression is
lost (Supplementary Fig. S30 and S3P). Together, these data
suggest that loss of IMPACT expression with concomitant
gain in the expression of MIRO2 leads to hyperactivation
of the GCN1-ATF4 signaling and is a general evolutionary
survival mechanism to buffer oxidative stress and metabolic
growth constraints associated with tumor progression and
metastasis.

IMPACT Abrogates GCN1-Mediated Immune Cell
Evasion

To begin to examine the role of GCN1 in immune regu-
lation, we carried out RNA-seq analysis in KLM1 cells. With
GCN1 KD, we observed strong upregulation of pathways
associated with immune cell activation [lymphocyte activa-
tion and antigen processing and presentation (APP) via MHC
class I (MHC-I) pathways; Fig. 4A; Supplementary Fig. S4A|
and a strong increase in the expression of genes that control
tumor-immune responses (Fig. 4B). We validated the changes
in immune genes at the transcript level and surface expres-
sion using RT-qPCR and FACS, respectively. Among the
tumor-immune responsive genes, we observed significant
upregulation of the expression of various NKG2D activation
ligands, including MHC-I polypeptide-related sequence A/B,
and the ULBP family of proteins (Fig. 4C; Supplementary
Fig. S4B; ref. 60). The ligand B7-H6, recognized by natural
cytotoxicity receptor 3 (NKp30) on NK cells, was also signifi-
cantly upregulated by KD of GCN1 (Supplementary Fig. S4B;
ref. 61). Natural cytotoxicity receptors including NKp46,
NKp30, and NKp44 recognize abnormal or altered expression
of proteoglycans like syndecans on the tumor cell surface
and activate NK cell cytotoxicity (10, 61). Abnormal expres-
sion of other glycoproteins like cell adhesion molecule 5/6
(CAECAMS/6) has been shown to inhibit NK cell effector
function (62-64). Intriguingly, we found increased expres-
sion of some syndecans (SDC3 and SDCBP2) and decreased
expression of cell adhesion molecules 5/6 (CAECAMS5/6) in
GCN1 KD cells (Fig. 4B). We also observed significant upregu-
lation of the expression of various classical and nonclassical
HLAs, B2 microglobulin, antigen processing and transport
molecules (TAP1/2), and peptide transport and loading
molecule Tapasin (TPSN; Fig. 4C; Supplementary Fig. S4C
and S4D). In the presence of proper co-stimulation in the TME,
the expression of these APP machinery genes on tumor cells is
crucial to elicit CD8 T-cell responses through engagement with

Figure 4. (Continued) Tumor lesions are shown by arrows. F and G, Leukocytes isolated from the livers of mice that received control or IMPACT-OE KPC
cells were stained with immune-specific antibodies. NK cell proliferation was assayed using Ki-67+ staining after gating CD3- population and percentage
of CD8+ T effector memory cells (CD8+/CD62L-/CD44+; gated on CD8*) positive for granzyme B (CD8+/CD44+/GZMB*). Hand |, Leukocytes isolated from
the liver of mice that received either control or IMPACT-OE KPC cells at day 25 were subjected to single-cell RNA-seq. Pie chart and t-SNE plot show the
percentage distribution of various immune cells in the liver seeded with control and IMPACT-OE cells. J and K, Heatmaps of NK and CD8 cell clusters
from H and I. Activation markers are highlighted in bold red. P values calculated by Student t test: *, P<0.05; **, P < 0.01. CNTRL, control; MICA/B, MHC-I
polypeptide-related sequence A/B; Treg, regulatory T cells; t-SNE, t-distributed stochastic neighbor.
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Figure 5. NK cells eliminate IMPACT-expressing tumor cells through NKG2D recognition. A, Pulmonary outgrowth assay by immune cell depletion.
Schema showing days (black arrows) on which C57BL/6 immunocompetent mice were intraperitoneally dosed with 200 pg/mouse control a-lgG2a, or
a-CD8 (CD8 depletion), or a-NK1.1 (NK depletion) antibodies. Tumor cell (KPC-CNTRL or KPC IMPACT-0OE) was injected through the tail vein on day

0 (red arrow). B, Bioluminescent lung images of mice at day 20 that received control IgG2a or o-CD8 or a-NK depletion antibodies in the KPC-CNTRL
(left) or KPC IMPACT-OE (right) cohort. Whole-body bioluminescent images at day O within 30 minutes of tumor cell injection. C, Pulmonary outgrowth was
quantified using bioluminescent imaging at experimental endpoint. (continued on following page)
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Expression of IMPACT Abrogates Metastatic Growth

antigen-specific T-cell receptors (TCR; ref. 65). Interestingly,
the negative regulators of T-cell responses, PD-L1 and PD-L2,
were also upregulated on tumor cells (Supplementary Fig. S4D
and S4E; refs. 66, 67).

To identify the plausible mechanism behind these wide-
spread changes in the immunoregulatory genes, we per-
formed the Ingenuity upstream regulator analysis in KLM1
cells with GCN1 KD. Surprisingly, the cytokines TNFa and
IFNy were predicted to be among the top 10 regulators that
could be driving the observed gene expression changes (Sup-
plementary Fig. S4F). Although the expression of both TNFa
and IFNy were barely detectable in control tumor cells, GCN1
KD modestly upregulated them (Supplementary Fig. S4G).
Additionally, the expression of MHC-I regulator, NLRCS,
was also significantly upregulated by KD of GCN1 (Supple-
mentary Fig. S4H). Importantly, loss of expression of IFNy,
TNFa, and NLRCS is a major mechanism of immune escape
and immune checkpoint resistance in metastatic cancers
(68-70). As IMPACT can inhibit GCN1, we examined if block-
ing GCN1 function by expression of IMPACT can mimic the
gene expression changes observed with GCN1 KD. Indeed,
overexpression of IMPACT in human KLM1 cells significantly
upregulated the expression of NKG2D ligands, MHC-I (both
classical and nonclassical), APP genes, and NLRCS together
with checkpoint ligands PD-L1/PD-L2, as well as TNFo. and
IFNy (Fig. 4D; Supplementary Fig. S4I-S4L). Stable overex-
pression of IMPACT in mouse KPC cells also induced similar
upregulation in the expression of mouse MHC-I and NK
ligands (Supplementary Fig. S4M).

To evaluate the effects of these immune-related gene alter-
ations on outgrowth potential, IMPACT-OE or control KPC
cells were introduced into the liver via splenic injection in
syngeneic C57BL/6 mice. Whereas an abundance of hepatic
lesions was observed with the introduction of control KPC
cells into the mouse liver, the livers of mice seeded with
IMPACT-OE cells had significantly fewer lesions, with some
livers demonstrating almost no lesions at all (Fig. 4E). To iden-
tify the changes in the immune repertoire within these livers,
we isolated hepatic leukocytes and analyzed them via FACS.
We found significant enrichment in the percentage, but not
total number, of NK cells (CD37/NK1.1*) positive for Ki-67
and effector CD8" T cells positive for granzyme B, suggesting
that introduction of IMPACT-OE tumor cells in the liver ro-
bustly activated the cytolytic activity of NK and effector CD8*

T cells (Fig. 4F and G; Supplementary Fig. S4N). To further
characterize the immune subsets, we performed single-cell
RNA-seq analysis on isolated hepatic leukocytes. We analyzed
a total of 12,490 cells from the KPC control (KPC-CNTRL)
group and 12,244 cells from the KPC-IMPACT-OE group
(Fig. 4H). Although the relative cellular composition of B cells
was found to be similar, we found significantly increased fre-
quencies of innate lymphoid cells [innate lymphoid cell group
1(ILC1)— NK1.1¥/Cd49a*] and NK cells (NK1.1*/Cd49a") in
the IMPACT-OE leukocyte population compared to con-
trol KPC leukocyte population (Fig. 4H and I). Similar to
conventional NK cells, ILC1s are liver-resident NK cells that
produce IFNy and exhibit robust cytotoxic activity against
tumor cells (71-73). Other innate cells including dendritic
cells and monocytes also showed increased frequencies in
the IMPACT-OE group. Surprisingly, we observed decreased
frequencies of adaptive immune T cells including CD8, CD4,
and Tregs with IMPACT-OE cells (Fig. 4H and I). Differential
gene expression analysis of NK, CD8, and ILC1 cell clusters
on a single-cell basis as shown by heatmaps revealed increased
expression of NK, CD8, and ILC1-specific activation markers
including perforin, granzyme, I12ra, and I12rb (Fig. 4] and K;
Supplementary Fig. S40). Accordingly, pathway analysis in these
cell clusters showed significant upregulation of TNFa-NF-xB
and IL2-STATS proliferative signaling pathways (Supple-
mentary Fig. S4P and S4Q; refs. 74-76). Collectively, these
data suggest that GCN1 KD or IMPACT overexpression in-
creases tumor immunogenicity and activates both innate
and adaptive antitumor immune responses in mice.

NK Cells Eliminate IMPACT-Expressing Tumor Cells
through NKG2D Recognition

To elucidate the immune cell populations that recognize
and eliminate IMPACT-OE tumor cells, we depleted NK cells
or CD8' T cells through intraperitoneal injection of neutral-
izing antibodies prior to and following the introduction of
tumor cells into the lung via tail-vein injection in C57BL/6
mice (Fig. 5A). As expected, IMPACT-OE KPC cells abro-
gated pulmonary lesion formation (Fig. 5B, top images and
Fig. 5C). Surprisingly, depletion of NK cells but not CD8*
T cells led to large increases in pulmonary lesion formation
with the introduction of control or IMPACT-OE KPC cells
(Fig. 5B, bottom images and Fig. 5C). Depletion of CD8* T cells

-

Figure 5. (Continued) D, Bioluminescent lung images of C57BL/6 RAG KO mice on day 28 that received KPC-CNTRL or IMPACT-OE cells through the tail
vein after treatment with a-PD1 (200 pg/mouse), or a-NKG2A (200 pg/mouse) alone, or in combination every 3 days from the day of tumor cell injection
until the experimental endpoint. E, Quantification of pulmonary metastases using bioluminescence imaging of lungs on day 28 between KPC-CNTRL and
IMPACT-OE cohorts in the presence and absence of a-PD1, a-NKG2A, or combination (a-P + a-N) treatment. F, Leukocytes isolated from the lungs of RAG
KO mice were stained with a-NK1.1 and analyzed using FACS. Total number of NK cells in each group provided. G and H, CNTRL and IMPACT-0E KLM1 cells
were subcutaneously implanted on the upper right flank of NSG-Tg (Hu-IL15) mice and allowed to develop tumors for 2 weeks. On day 14 (black arrow),
NK cells (CD16+CD56%) isolated from a healthy donor expressing NKG2D (I) were retro-orbitally injected into the tumor-bearing mice (10x106 cells/mouse).
Tumor images at the endpoint (day 40), and tumor volume at different days are shown. J-L, Tumors resected from the right flank of KLM1-CNTRL and
KLM1 IMPACT-OE mice that were adoptively engrafted with healthy donor NK cells were mechanically dissociated at day 40, and tumor-infiltrating leuko-
cytes were isolated and stained with a-CD45, a-CD16, and a-CD56; percentage and total number of NK cells (CD45*CD16+CD56dim) gated on live hCD45+
cells. M, Schematic showing days (black arrows) on which C57BL/6 immunocompetent mice were intraperitoneally dosed with control a-lgG2a or a-PD1
antibodies (200 pg/mouse). KPC-CNTRL or IMPACT-OE cells were injected through the spleen on day O (red arrow). N, Representative bioluminescent
liver images of mice on day 28 that received either KPC-CNTRL or IMPACT-OE cells via the spleen and were either treated with isotype control antibody
(a-1gG2a) or antibody targeting PD1 (a-PD1) at a concentration of 200 pg/mouse. 0, Quantification of liver metastatic growth from bioluminescent liver
images on day 28.P and Q, Leukocytes isolated from the livers from N were stained with immune-specific antibodies, and live cells were analyzed using FACS.
Percentage and total number of NK (NK1.1), ILC1 (CD49a), and CD8 T cells in control and IMPACT-OE cohorts that received isotype antibody (a-IgG2a) or
a-PD1. P values calculated by Student t test: ns P> 0.05; % P < 0.05; **, P < 0.01; *** P <0.001; **** P <0.0001. CNTRL, control.
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had no visible effect and mirrored the lung lesion formation
observed in the control groups that received isotype IgG2a
antibodies (Fig. 5B, middle images and Fig. 5C). Interestingly,
we observed liver lesion formation following tail-vein injection
in mice without NK cells (Supplementary Fig. SSA and SSB,
bottom livers), indicating the robustness of lesion formation in
the absence of NK cells and highlighting the important role of
NK cells in limiting multiorgan outgrowth. It should be noted
that depletion of NK cells also depletes ILC1s as all ILC1 cells
express NK1.1.

Activated and exhausted NK cells express PD1, and its en-
gagement by PD-L1+ tumor cells suppresses NK cell-mediated
antitumor immunity (77). Similarly, activated and exhausted
NK cells express the inhibitory NKG2A receptor and its engage-
ment with nonclassical MHC-I molecule HLA-E (human) or
Qa-1 (mice) potently suppresses NK cell-mediated antitumor
activity (14, 78). Interestingly, both a-PD1 and o-NKG2A have
been shown to independently augment NK cell activation by
blocking the engagement of PD1 and NKG2A receptors on
NK cells with PD-L1 and Qa-1/HLA-E ligands expressed on
tumor cells, respectively (14, 77, 78). To investigate if NK cell
activity could be further enhanced pharmacologically beyond
that observed with the introduction of IMPACT-OE tumor
cells, we utilized the checkpoint inhibitors a-PD1 and
a-NKG2A in RAG KO mice, which lack T cells. Control KPC or
IMPACT-OE KPC cells were introduced into the lung of RAG
KO mice via tail-vein injection with or without a-PD1 and
a-NKG2A antibodies. IMPACT-OE KPC cells alone dramati-
cally abrogated lung lesion formation compared with control
KPC cells when treated with isotype IgG2a control antibody
(Fig. 5D, R1 and Fig. SE). Interestingly, a-NKG2A treatment
alone and in combination with a-PD1 but not a-PD1 alone
significantly abrogated pulmonary growth in the KPC-control
group (Fig. 5D, R2 vs. R3/R4 and Fig. SE). In the IMPACT-OE
group, the addition of 0-NKG2A or a-PD1 alone or in combi-
nation did not further abrogate pulmonary lesion formation
(Fig. 5D and E, R1 vs. R2/R3/R4). However, the abrogation
of pulmonary lesion formation was significantly more dra-
matic in IMPACT-OE KPC cells with and without a-NKG2A
and a-PD1 treatment than the control KPC cells receiving the
same treatment. To investigate the plausible cause for the ab-
rogation of pulmonary growth in the IMPACT-OE group, we
isolated the pulmonary leukocytes from these RAG KO mice
and analyzed the NK cell population. We found signifi-
cantly increased total NK cell abundance in the lungs of the
IMPACT-OE group compared with the KPC-control group
(Fig. SF). We also observed significantly higher abundance of
NK cells in the KPC-control group that received a-NKG2A
alone or a-PD1 and a-NKG2A combined but not in the group
that received a-PD1 alone. This suggests that a-NKG2A can
more effectively induce pulmonary NK cell activation than
a-PD1 and that IMPACT-OE KPC cells are more susceptible
to NK cell killing because of their enhanced immunogenic-
ity compared with the control KPC cells. Although the total
NK cell abundance was clearly and significantly elevated on
day 28, we did not observe any significant change in the per-
centage of NK cells either in the KPC-control or IMPACT-OE
group that received o-PD1 or a-NKG2A. This could be likely
due to the attainment of NK-mediated immune homeostasis

(10-12).

To determine if the NKG2D receptor on NK cells mediates
the prevention of pulmonary lesion formation with the intro-
duction of IMPACT-OE tumor cells, we depleted endogenous
NK cells actively expressing the NKG2D receptor through
intraperitoneal injection of NKG2D neutralizing antibodies
(Supplementary Fig. S5C). Depletion of NKG2D-expressing
NK cells markedly increased pulmonary lesion formation
with the introduction of control KPC cells or IMPACT-OE
KPC cells into the lungs via tail-vein injection (Supplemen-
tary Fig. S5D and SSE). To test if introduction of NK cells
can eliminate or restrict established tumors, we performed
adoptive transfer of human NK cells expressing the NKG2D
receptor from a healthy donor into NSG-hIL15 transgenic
mice harboring subcutaneous tumors at day 14 (79). Whereas
the engraftment of NK cells into mice bearing control tumors
resulted in some growth restriction, transfer of NK cells into
mice bearing IMPACT-OE tumors resulted in substantial growth
restriction (Fig. 5G-I). Furthermore, tumor-infiltrating leu-
kocytes isolated from NK cell-engrafted tumors and gated on
live hCD45* cells showed a marked increase in the frequency
and abundance of CD45*CD16" NK cells in IMPACT-OE
tumors compared with the control tumors (Fig. 5]-L). These
results indicate that IMPACT overexpression unveils tumor
cells for recognition and elimination by NK cells through
NKG2D-dependent ligand-receptor interactions, consistent
with prior work demonstrating that mice deficient in NKG2D
expression are defective in tumor surveillance (80).

To further test if NK cells can mount similar antitumor
immune response upon IMPACT overexpression in other poorly
immunogenic tumor cell lines in addition to KPC, we over-
expressed IMPACT in the B16F10 melanoma cell line that is
commonly used as a highly aggressive model for murine
immunotherapy studies. Stable overexpression of IMPACT
enhanced the expression of murine NKG2D ligands (MULT-1
and RAET1A) as well as the expression of murine MHC-I mole-
cules (H2-Db and H2-Kb; Supplementary Fig. SSF and S5G).
As expected, intravenous injection of IMPACT-OE B16F10
cells through the tail vein in both C57BL/6 WT and C57BL/6
RAG KO mice led to complete abrogation of pulmonary
lesions (Supplementary Fig. SSH), again highlighting the role
of IMPACT in eliciting NK-dependent antitumor immune
responses. Consistent with the ability of NKG2D ligands to
augment antitumor NK cell responses, we found that 4964-
HOP cells significantly downregulate the expression of sev-
eral NKG2D ligands to escape NK cell immune surveillance
(Supplementary Fig. SSI). Consequently, we also observed
downregulation of surface expression of mouse MHC-I in
these cells (Supplementary Fig. SSJ). Similar to the human
pancreatic cell line KLM1, stable overexpression of IMPACT
in the human colorectal cell line SW480 also upregulated the
expression of various NKG2D stress ligands and the ligand B7-
H6 for the NKp30 receptor as well as the expression of vari-
ous HLAs (Supplementary Fig. SSK-S5M). Likewise, the breast
cancer metastatic variant LM2 cells, which have low IMPACT
expression compared with its parental line MDA-MB-231, also
show significantly reduced endogenous expression of NK
ligands and MHC-I expression (Supplementary Fig. SSN
and SS50). Taken together, these data indicate that IMPACT-
dependent regulation of NK ligands plays a critical role in innate
immune surveillance and tumor progression to metastasis.
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Expression of IMPACT Abrogates Metastatic Growth

Human pancreatic adenocarcinoma is a poorly immuno-
genic tumor that does not respond to immune checkpoint
blockade (ICB) (81). Tumor cell-intrinsic factors have been
documented to shape the tumor immune landscape and in-
fluence the outcome of immunotherapy (82). As IMPACT-OE
KPC tumor cells activated the cytolytic activity of effector
CD8" T cells when injected in C57BL/6 mice via the spleen
(Fig. 4G and K), we examined if expression of IMPACT can
augment the efficacy of a-PD1 checkpoint inhibition in
KPC cells. For this, IMPACT-OE KPC cells or control cells
were introduced into the liver via splenic injection followed
by intraperitoneal injection of either a-IgG2a or a-PD1 every
4 days until experimental endpoint (Fig. SM). Although
the expression of IMPACT alone significantly abrogated
metastatic outgrowth as expected, the administration of
a-PD1 in the IMPACT-OE group further reduced meta-
static outgrowth (Fig. SN and O). Additionally, analysis
of leukocytes isolated from the liver demonstrated a sig-
nificant increase in the frequency and abundance of NK
(NK1.1+Cd49a"), ILC1 (NK1.1*/CD49a%), and CD8* T cells
in the IMPACT-OE group that received a-PD1 compared to
the control group that also received a-PD1 (Fig. 5P and Q,
bar 2 and 4). Collectively, these data suggest that IMPACT
overexpression can robustly augment metabolic stress-induced
tumor immunogenicity to engage antitumor innate and
adaptive immune responses, rendering resistant cells sus-

ceptible to checkpoint blockade.

Nuclear GCN1 Stabilizes HNRNPK, Leading to
Immune Escape

Although the increased expression of TNFa and INFy upon
GCN1 KD or IMPACT overexpression may explain the gene
expression changes observed in MHC-I and APP machin-
ery, it does not explain the widespread changes observed
in the expression of NK ligands. To gain insights into the
mechanism, we conducted an endogenous GCN1 immuno-
precipitation from KPC whole-cell lysate followed by mass
spectrometry to identify the interacting partners of GCN1.
Among the top hits were mitotic spindle protein KIF11, the
DNA repair protein RADSO, and the nucleic acid-binding
protein HNRNPK (Supplementary Fig. S6A). Intriguingly,
RADS0 and HNRNPK are nuclear proteins, whereas GCN1
has been predominantly reported as a cytoplasmic protein re-
siding in close association with ribosomes. Whereas RADS0
plays a very specific and defined role in DNA double-strand
break repair, HNRNPK plays a more widespread role in gene
regulation by affecting transcription, RNA stability, splic-
ing, and translation (83-87). Subcellular extracts from normal
and pancreatic tumor cell lines indicated that around 20%
of GCN1 resides in the nucleus where HNRNPK is predom-
inantly localized (Supplementary Fig. S6B). Intriguingly,
the algorithm NLStradamus predicted a moderately strong
nuclear localization signal (NLS) in GCN1 (score: 0.7; 70%
probability; Supplementary Fig. S6C; ref. 88). Furthermore,
immunoprecipitation of HNRNPK from nuclear lysate of
KPC cells showed strong interaction with GCN1, confirming
that GCN1 interacts with HNRNPK in the nucleus (Sup-
plementary Fig. S6D). Interestingly, GCN1 KD lysates from
KLM1 cells showed reduced HNRNPK protein levels without

any alteration in the transcript, indicating that GCN1 may
regulate HNRNPK protein stability (Fig. 6A and B). As ex-
pected, the stability of HNRNPK is substantially reduced
(>50%) after 12 hours of cycloheximide treatment in the ab-
sence of GCN1 (Fig. 6C). This suggests that GCN1 executes
anuclear function by maintaining the stability of HNRNPK.
Not unexpectedly, HNRNPK protein levels are elevated across
all pancreatic tumor cell lines compared with the normal
immortalized HPNE cells, although transcript levels do not
correlate with protein expression at least in MIAPACA and
KLM1 cell lines (Supplementary Fig. SGE).

Like GCN1, HNRNPK KO is embryonically lethal (89). To
investigate if HNRNPK KD can mimic the immunopheno-
type seen with GCN1 KD, we generated doxycycline-inducible
HNRNPK KD KLM1 cells. As shown, doxycycline treatment
reduced endogenous HNRNPK protein levels, whereas the
mRNA expression of NK-activating ligands, checkpoint pro-
teins PD-L1 and PD-L2, and MHC-I molecules, APP genes,
and their regulators TNFa, IFNy, and NLRCS all increased
concomitantly (Fig. 6D; Supplementary Fig. S6F-S6I). The
changes in the mRNA expression of NK ligands and MHC-I
genes were also reflected on the cell surface (Fig. 6E). To
examine the in vivo outgrowth effects of these gene expres-
sion changes, we generated stable HNRNPK KD KPC cells
using short hairpin RNA (shRNA) and confirmed the cell
surface changes described above (Fig. 6F and G). Introduc-
tion of HNRNPK KD KPC cells in the liver via splenic injec-
tion demonstrated significant abrogation of liver metastatic
growth compared with control KPC cells in C57BL/6 mice
(Fig. 6H; Supplementary Fig. S6J), mimicking the phenotype
observed with GCN1 KD. To examine changes in the immune
cells after the introduction of tumor cells in the liver with or
without HNRNPK KD, we isolated the leukocytes from the
liver on day 28 and analyzed the immune cells using flow
cytometry. We observed a significant increase in the percent-
age of activated NK cells (NK1.1+Cd49a") positive for Ki-67*
and ILC1 (NK1.1+CD49a") as well as in effector CD8" T cells
(CD44*CD697Ki-67") compared to control cells without alter-
ation in their total numbers (Fig. 6I; Supplementary Fig. S6K).
Analogous to IMPACT-OE, HNRNPK KD augments both
innate and adaptive immune responses.

HNRNPK is a poly-C-binding protein and is known to
regulate 3'-end pre-mRNA transcription termination and
stability through binding to the cytosine-rich sequences
(90-92). We therefore predicted an enrichment of poly-C se-
quences in the 3'-UTRs of GCN1 KD transcriptomes. Indeed,
we found that the density of poly-C content in the 3'-UTRs is
significantly higher in GCN1 KD transcripts compared with
the control (Fig. 6]). Additionally, we used Transite, a compu-
tational motif-based platform that nominates RNA-binding
proteins motifs, which are overrepresented in the 3'-UTRs of a
gene expression dataset (93). Analysis of GCN1 KD transcripts
using Transite demonstrated enrichment of HNRNPK-binding
motifs in the 3’-UTRs of GCN1 KD transcriptomes and
predicted HNRNPK as the top regulator (Fig. 6K; Supple-
mentary Table S5). To evaluate, we inserted the 3'-UTRs for
several immunomodulatory genes altered by GCN1 expres-
sion downstream of a dual-luciferase reporter. Insertion of
the 3’-UTR sequences alone modestly decreased the reporter
activity, indicating the presence of destabilizing elements
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Figure 6. Nuclear GCN1 stabilizes HNRNPK leading to immune escape. A, RT-gPCR showing mRNA levels of HNRNPK in GCN1 KD KLM1 cells.

B, Western blots showing HNRNPK protein levels in GCN1 KD KLM1 cells. C, Western blots showing HNRNPK protein stability in GCN1 KD (SH1 and SH2)
and control (SCR) mouse KPC cells after treatment with 50 pg/mL cycloheximide (CHX) for 24 hours. D, Western blots showing HNRNPK KD in human
KLMI cells using two different doxycycline-inducible short hairpins (SH1 and SH2) after treatment with 20 pg/mL doxycycline for 96 hours compared
with control (SCR). E, Surface expression of NKG2D ligands and MHC-I (classical and nonclassical) in HNRNPK KD KLM1 cells. F, HNRNPK KD in mouse
KPC cells using two different shRNAs. G, Surface expression of mouse MHC-I in HNRNPK KD KPC cells. (continued on following page)
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Expression of IMPACT Abrogates Metastatic Growth

in the 3'-UTR. The reporter activity was further suppressed
in the presence of HNRNPK, suggesting destabilization of
luciferase transcript by HNRNPK (Supplementary Fig. S6L).
Consequently, we also observed an increased half-life of the
immune transcripts in HNRNPK KD samples compared to
control KLM1 cells when grown in the presence of actino-
mycin D (Fig. 6L). These data suggest that GCN1-HNRNPK
impairs tumor cell immunogenicity to facilitate immune es-
cape. To this end, we speculated that IMPACT would disrupt
this interaction to cause an increase in the expression of im-
mune genes as has been shown in Supplementary Fig. S4I-
S4M. Accordingly, we found that the binding of full-length
GCN1 (Flag-GCN1: top panel) or the RWD domain of GCN1
(Flag-RWDBD: bottom panel) to recombinant HNRNPK is
completely lost in the presence of IMPACT using a GST pull-
down assay (Fig. 6M). This led us to hypothesize that IMPACT
must reside in the nucleus to disrupt the GCN1-HNRNPK in-
teraction. Indeed, the NLStradamus algorithm (88) predicted
a strong NLS sequence (score: 0.9; 90% probability; Fig. 6N).
Subcellular fractionation and immunoblot analysis in the nu-
clear and cytoplasmic lysates demonstrated that like GCN1,
around 20% to 30% of endogenous IMPACT resides in the nu-
cleus of pancreatic and breast tumor cell lines (Fig. 60 and P).
As expected, IMPACT expression was completely lost in the
metastatic pancreatic KLM1 cells. Also, IMPACT expression
was substantially reduced in the metastatic LM2 breast cancer
cells in both the nuclear and cytoplasmic fractions compared
with its parental MDA-MD-231 cell line. A similar percentage
of IMPACT was also observed in the nucleus when overex-
pressed in KLM1 cells (Supplementary Fig S6M). Surprisingly,
we also observed reduced expression of HNRNPK in the nu-
clear fraction of IMPACT-OE cells, suggesting that HNRNPK
stability is dependent on GCNI1 binding (Supplementary
Fig. S6M). Furthermore, although HNRNPK KD in human
KLM1 cells did not alter the phosphorylation of GCN2 and
elF20. or ATF4 activation at physiologic glutamine levels,
some ATF4 target genes involved in GSH metabolism were
significantly upregulated, whereas some were significantly
downregulated and many others remained unaltered upon
HNRNPK KD (Supplementary Fig. S6N and S60). This sug-

<

gests that besides immunomodulatory genes, HNRNPK regu-
lates other metabolic pathways/genes independently of ATF4.
To further narrow down the mechanism by which HNRNPK
regulates innate immune function, we performed endogenous
immunoprecipitation of HNRNPK in the nuclear fraction
of KLM1 cells and identified the nuclear exoribonuclease
XRN2 (Supplementary Fig. S6P). XRN2 has been recently
shown to cause transcription termination by interacting with
HNRNPK (91). We first validated the interaction of XRN2
and HNRNPK in the nuclear fraction of KLM1 cells (Supple-
mentary Fig. S6Q). Intriguingly, KD of XRN2 in KLM1 cells
led to significant upregulation of several NKG2D ligands,
the ligand B7-H6 for the NKp30 receptor, the expression
of various classical and nonclassical HLAs, 32 microglobu-
lin, APP genes (TAPI), peptide transport and loading gene
TPSN, and expression of PD-L1, mimicking the phenotype ob-
served with both GCN1 and HNRNPK KDs (Supplementary
Fig. S6R-S6T). In human PAAD tumors, the expression of
GCNI, HNRNPK, and XRN2 is upregulated, with HNRNPK-
and XRN2-expressing tumors associated with poor survival
(Fig. 6Q; Supplementary Fig. S6U). Additionally, PAAD tumors
expressing higher levels of GCN1 and HNRNPK display lower
expression of immune genes involved in innate and adap-
tive immune responses (Fig. 6R; Supplementary Fig. S6V).
Collectively, these data suggest that GCN1 drives a tran-
scriptional program that mediates immune escape through
HNRNPK.

Expression of IMPACT Is Lost through Genomic
Deletion and Epigenetic Silencing

Given that IMPACT governs the expression of nutrient
acquisition and immune response genes that enable cells to
cope with microenvironmental derangements and subvert the
host immune surveillance leading to outgrowth, we hypoth-
esized that IMPACT loss facilitates metastasis. To begin, we
investigated if IMPACT loss is sufficient to activate the ISR
pathway using cell lines. For this, we generated CRISPR-Cas9
KO of IMPACT in 4964-POP cells and confirmed the loss of
expression by RT-qPCR (Supplementary Fig. S7A). We found

Figure 6. (Continued) H, KPC control (SCR) and HNRNPK KD (SH1 and SH2) cells were injected via the spleen in immunocompetent C57BL/6 mice, and
liver metastatic outgrowth was scored using bioluminescence imaging on day 28. Left, representative liver images with bioluminescent signals; right,
quantification of metastatic outgrowth. I, Leukocytes isolated from the livers on day 28 from H were stained with immune-specific antibodies. Percentage
of NK cells positive for Ki-67 (NK1.1-Ki-67+), ILC1 (Cd49a*), and effector CD8 T cells (CD8*CD44+Cd69-) in control (SCR) and HNRNPK KD groups (SH1
and SH2).J, Violin plots showing enrichment of poly-C (cytosine) content in the 3'-UTR transcripts from control and GCN1 KD KLM1 cells. K, K-mer-based
transcript set motif analysis using Transite algorithm on GCN1 KD 3"-UTR transcripts from KLM1 cells. L, mRNA stability of immune transcripts in HNRNPK
KD (SH1 and SH2) KLML1 cells compared with control (SCR) after treatment with actinomycin D (20 pg/mL) for indicated timepoints. mRNA levels of the
indicated targets were determined using RT-gPCR. M, In vitro GST-HNRNPK pull-down assay. Top, full-length human recombinant GST-HNRNPK proteins
bound to GSH Sepharose beads (lanes 2-5) were incubated with 293T control lysate (lane 2), 293T lysate overexpressing full-length Flag-GCN1 (lane
3),and 293T lysate overexpressing Flag-GCN1 together with increasing amounts of Flag-IMPACT (lanes 4-5). Bottom, full-length human recombinant
GST-HNRNPK protein bound to GSH Sepharose beads (lanes 2-5) were incubated with 293T control lysate (lane 2), 293T lysate overexpressing the
Flag-RWDBD of GCN1 (lane 3), and 293T lysate overexpressing Flag-RWDBD of GCN1 together with increasing amounts of Flag-IMPACT (lanes 4-5).
Five percent of 293T overexpressing Flag-GCN1 lysate used for the pull-down assay was used as the input control (lane 1). Binding of Flag-GCN1 to
GST-HNRNPK was detected uisng a-Flag antibody. N, Nuclear localization signal (NLS) prediction using NLStradamus in IMPACT. The predicted NLS
sequence is highlighted in red. Black arrow indicates probability score. 0, Distribution of IMPACT in the cytoplasmic and nuclear fractions of human pan-
creatic cancer cells. Lamin A/C and RhoGDI were used as nuclear and cytoplasmic controls, respectively. P, Distribution of GCN1, IMPACT, and HNRNPK in
the cytoplasmic and nuclear fractions of human breast cancer cells. Lamin A/C and RhoGDI were used as nuclear and cytoplasmic controls, respectively.
Q, Expression of GCN1, HNRNPK, and XRN2 positively correlates with each other in The Cancer Genome Atlas pancreatic cancer dataset (www.oncodb.org).
R, Pancreatic adenocarcinoma tumors with high expression of GCN1 and HNRNPK negatively correlate with the expression of numerous NK activation
ligands, MHC-I (classical and nonclassical), APP molecules, and other immunomodulatory genes (95). P values calculated by Student t test: ns P> 0.05;

* P<0.05;** P<0.01;** P<0.001. 32M, B2 microglobulin; C, cytoplasmic control; MFI, mean fluorescent intensity; MICA, MHC-I polypeptide-related

sequence A; N, nuclear control; TPM, transcripts per million.
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Figure 7. Expression of IMPACT is lost through genomic deletion and epigenetic silencing. A, Control (Sg-CNTRL) and IMPACT KO (Sg-IMPACT)
4964-POP cells were grown in DMEM containing 4 or 0.5 mmol/L glutamine for 24 hours, and lysates were subjected to immunoblotting with
antibodies indicated. B and C, mMRNA expression of ATF4, GSH-related metabolic enzymes, and AA transporters in control (sg-CNTRL) and IMPACT
KO (Sg-IMPACT) 4964-POP cells. D, mMRNA expression of mouse NK ligands, MHC-I, MHC-I regulator, and APP molecules in control (sg-CNTRL)

and IMPACT KO (Sg-IMPACT) 4964-POP cells. E, Surface expression of mouse MHC-I in control (sg-CNTRL) and IMPACT KO (Sg-IMPACT)
4964-POP cells. (continued on following page)
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Expression of IMPACT Abrogates Metastatic Growth

that IMPACT KO 4964-POP cells more robustly phosphory-
late GCN2 and elF20 and upregulated ATF4 expression with
physiologic glutamine compared with 4964-POP control cells
(Fig. 7A, lanes 2 and 4). Intriguingly, IMPACT KO activated
the pathway at 4 mmol/L glutamine as indicated by the in-
creased phosphorylation of GCN2 (high exposure) and eIF2a
and ATF4 (high exposure) expression (Fig. 7A, lanes 1 and 3).
Not surprisingly, IMPACT KO 4964-POP cells increase the
expression of GSH-related genes and AA transporters by
RT-qPCR at 4 mmol/L glutamine compared with 4964-POP
control cells (Fig. 7B and C). Accordingly, we found that
IMPACT KO 4964-POP cells significantly increased the intra-
cellular abundance of GSH and the GSH precursor AAs glu-
tamate, glycine, and cysteine, and demonstrated increased
uptake of glutamine heavy isotope (DS) compared to control
4964-POP cells (Supplementary Fig. S7B-S7D). Consistent
with the ability to uptake more AAs, IMPACT KO 4964-POP
cells also demonstrated increased intracellular abundance
of aKG and acetyl-CoA (Supplementary Fig. S7E and S7F).
Accordinglly, IMPACT KO 4964-POP cells exhibited sig-
nificantly reduced expression of mouse MHC-I (H2-Db and
H2-Kb) and MHC regulator NLRCS, APP genes (TAP2 and
TPSN), and various NK activation ligands (Fig. 7D and E). As
expected, IMPACT KO 4964-POP cells formed abundant
hepatic lesions after introduction into the liver via splenic
injection in athymic nude mice (Fig. 7F).

To evaluate IMPACT expression in human tumors, we an-
alyzed publicly available single-cell data obtained from the
tumors of 16 patients with localized or metastatic PAAD (94).
A total of 3,587 primary epithelial tumor cells and 5,037
metastatic epithelial tumor cells from the liver and omental
lesions were analyzed. As compared with PAAD cells in primary
tumors, PAAD cells in metastatic tumors demonstrated
significantly lower expression of IMPACT with concomitantly
significantly higher expression of GCNI, ATF4, and HNRNPK
(Fig. 7G). Moreover, the expression of IMPACT positively
correlated with the expression of MHC-I, APP genes, and
NK ligands, whereas it negatively correlated with ATF4, AA
transporters, and some GSH-related metabolic enzymes (Sup-
plementary Fig. S7G). We also examined bulk transcriptomic
data from primary and metastatic PAAD tumors and found
that IMPACT expression was significantly downregulated in
metastases compared with primary tumors (Fig. 7H; ref. 95).
Furthermore, human PAAD has been classified into two
transcriptomic subtypes referred to as classical and basal-like,

<

the latter being associated with poor survival (96). We found
that IMPACT expression was significantly higher in the clas-
sical subtype compared with the basal subtype (Fig. 7I). To
evaluate IMPACT expression in a second gastrointestinal
adenocarcinoma with a propensity for liver and lung me-
tastases, we evaluated TCGA data for colorectal cancer. We
found that the GCNI and HNRNPK transcript levels were
significantly elevated compared with those in the normal
colon/rectum and that IMPACT expression was substan-
tially lower with metastatic disease (stage IV) compared
with early-stage disease (stage I, which is associated with re-
currence rates <5%; Fig. 7J). We also utilized tumor samples
obtained from the operating room of a patient undergoing
a combined colon (primary) and liver (metastasis) resection.
Western blot analysis using tumor lysates demonstrated a
modest increase in the expression of GCN1 and HNRNPK
and a significant decrease in expression of IMPACT in the
liver metastases compared to the primary tumor (Supplemen-
tary Fig. S7H). Transcript analysis using RT-qPCR demon-
strated a significant downregulation of NK activation ligands,
MHC-I, and APP molecules in the liver metastases compared
with the primary tumor (Supplementary Fig. S7I).

To examine if tumor cells dispense IMPACT expression
through mutation(s) and chromosomal loss, we examined
the Genomic Data Commons portal (www.gdc.cancer.gov).
Whereas somatic mutations in IMPACT were insignificant
(0.03%-0.05%) across tumor types, we observed significant
genomic losses of IMPACT in different tumor types with
the highest levels of deletion seen in rectal adenocarcinoma
(READ, 74%), testicular germ cell tumors (TGCT, 69%), and col-
orectal adenocarcinoma (COAD, 51%; Supplementary Fig. S7]).
Genomic deletion of IMPACT was also observed in pancreatic
adenocarcinoma (PAAD, 24%). In the absence of genomic
deletion, epigenetic silencing of alleles largely contributes to
loss of gene expression. With loss of heterozygosity (LOH),
epigenetic silencing of the second allele is a common mech-
anism to eliminate gene expression. Interestingly GATAG,
which is localized to 18q11.2 along with IMPACT, regulates
the expression of PDX1, which controls pancreas develop-
ment and has been shown to be epigenetically silenced in
the basal-like subtype of PAAD (96-98). These observations
led us to hypothesize that tumor cells may also downreg-
ulate IMPACT expression through epigenetic mechanisms.
To begin evaluating, we treated 4964-HOP, 4964-POP, KPC,
and KLM1 cells with 5’-Azacytidine in combination with

Figure 7. (Continued)F, Control (Sg-CNTRL) and IMPACT KO (Sg-IMPACT) 4964-POP cells were injected into the spleen of athymic nude mice, and
metastatic outgrowth in the liver at day 25 were determined using bioluminescence imaging. Right, metastatic outgrowth quantified from the biolumi-
nescent signal in the liver. G, mRNA expression of GCN1, ATF4, HNRNPK, and IMPACT in single-cell data of tumors obtained from localized (primary)
and metastatic (liver and omentum) PAAD. H, Expression of IMPACT in primary and metastatic PAAD tumors (95). I, Box plot showing the expression of
IMPACT in classical and basal-like subtypes of PAADs. J, mRNA expression of GCN1, HNRNPK, and IMPACT in The Cancer Genome Atlas (TCGA) colon
adenocarcinoma (COAD) dataset obtained from UALCAN (https://ualcan.path.uab.edu). K, Schematic showing the degree and extent of IMPACT pro-
moter methylation in two normal liver tissue (N liver), two normal pancreatic tissue (N pancreas), three primary PAAD tumors (Primary 1, 2, and 3), and
five PAAD liver metastases (Metastasis 1, 2, 3, 4, and 5; left). The predicted human CpG island from UCSC Genome Browser was amplified using specific
primers spanning the genomic region, and specific cytosine base methylation was identified using MiSeq. Each circle represents a cytosine base in the
CpG island, and the degree of methylation in each cytosine base is color-coded. The position of the CpG islands (dinucleotides) relative to the start codon
(blue) in the IMPACT promoter are highlighted in red (right). L and M, Correlation of IMPACT expression with CD8 T-cell abundance and perforin activity

in pancreatic (PAAD, TCGA) and colorectal (COAD, TCGA) adenocarcinomas, respectively. N, Kaplan-Meier survival plot of GCN1-high, IMPACT-low vs.
GCN1-low, IMPACT-high PAAD tumors (95). 0 and P, High expression of IMPACT predicts higher disease-free survival in pancreatic and colon adeno-
carcinomas. P values calculated by Student t test: ns, P>0.05;* P <0.05;*, P<0.01;** P <0.001; *** P <0.0001. Gln, glutamine; Mets, metastatic; MFI,

mean fluorescent intensity; Pri, primary.
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romidepsin (broad spectrum HDAC inhibitor). Treatment
with 5'-azacytidine alone, or in combination with romide-
psin but not romidepsin alone, significantly upregulated
IMPACT expression in 4964-HOP, whereas 5'-azacytidine
treatment alone induced significant upregulation of IMPACT
expression in KPC and KLM1 cells (Supplementary Fig. S7K).
Under similar treatment conditions, the expression of IMPACT
in 4964-POP cells was only mildly affected in comparison
with the other pancreatic cell lines. Importantly, 4964-HOP
and KPC cells demonstrated heavy promoter methylation
compared with 4964-POP cells corresponding to IMPACT
expression levels (Supplementary Fig. S7L; Supplementary
Table S6). To evaluate IMPACT promoter methylation in
human PAAD, we utilized three primary and five liver metasta-
ses. Compared with normal human pancreatic tissue, normal
human liver tissue, and primary PAAD, liver metastases from
human PAAD demonstrated significantly increased promoter
methylation (Fig. 7K; Supplementary Table S6).

Finally, as expression of MHC-I and NK activation ligands
on tumors correlates with immune cell infiltration and
better patient survival, we examined the extent of immune
cell abundance in the TME in relation to IMPACT expression.
Intriguingly, IMPACT expression positively correlated with
CD8 T-cell abundance and perforin activity as well as with
other immune cell subsets both in PAAD and COAD (Fig. 7L
and M; Supplementary Fig. S7M and S7N). However, this
positive relationship is not strongly seen for NK cells, most
likely because NK cells are short-lived and undergo degran-
ulation releasing cytokines to activate other immune cells
upon ligand-receptor engagement. Next, we stratified human
PAAD tumors into GCN1 high and IMPACT low using me-
dian expression and found that GCNI-high/IMPACT-low
PAAD tumors were associated with lower survival probabil-
ity compared with GCNI-low/IMPACT-high PAAD tumors
(Fig. 7N). Moreover, IMPACT expression positively correlated
with disease-free survival probability in both PAAD and
COAD, and with OS in carcinomas with metastatic propen-
sities (Fig. 7O and P; Supplementary Fig. S70). Collectively,
these data indicate that loss of IMPACT regulation on GCN1
signaling leads to immunometabolic plasticity that favors
metastasis formation.

DISCUSSION

Disseminated tumor cells face numerous bottlenecks that
impede survival immediately upon entry into target organs.
First, these metastatic cells are exposed to the deleterious
effects of oxidants from the incoming blood that sensitizes
them to ferroptosis (99, 100). Second, tissue resident CD8
T cells that express tumor-specific TCRs can recognize anti-
gens expressed on tumor cells to eliminate them (101). Third,
tissue-resident NK cells with enhanced effector function pre-
dominate in nonlymphoid organs like the liver and lung, and
can lyse tumor cells expressing stress ligands through engage-
ment with their surface receptors (23, 31). Finally, metastatic
cells that circumvent oxidative stress and escape immune
surveillance must be proficient in assimilating nutrients to
drive anabolic growth and produce biomass. This selective
microenvironmental and immune pressure at distant organs
sculpts aggressive tumor phenotypes with low immunogenic-

ity but enhanced ability to withstand fatal redox alterations,
and high competence to acquire nutrients in support of sur-
vival and growth.

Although tumor cells at the primary site utilize catabolic
mechanisms like autophagy and macropinocytosis to acquire
AAsforsurvivalinahypoxic, nutrient-poor microenvironment,
outgrowth likely utilizes anabolic mechanisms that take pre-
cedence with abundant AAs (102-104). Rapidly proliferating
tumor cells like those of pancreatic and colorectal cancer are
highly addicted to glutamine and acquire it from plasma via
various AA transporters to fuel the TCA. Targeting glutamine
transporters (SLC1AS, SLC38A1, SLC38A2, SLC7AS, SLC7A7,
SLC38A7, and SLC38A9) by glutamine-transport antagonists
or specific synthetic mAbs has been shown to be effective in
limiting in vivo and in vitro tumor cell growth (104-107).
Likewise, the glutamine analogue sirpiglenastat (DRP-104),
a prodrugversion of 6-diazo-5-oxo-L-norleucine that broadly
inhibits glutamine metabolism, has been shown to inhibit
in vivo tumor growth in PAAD models and is currently in
early-phase clinical trials (NCT04471415; refs. 108, 109).
Glutamine also supports the biosynthesis of polyamines,
which are small polycationic molecules required for tumor
growth. Pancreatic adenocarcinoma cells upregulate the en-
zyme ornithine aminotransferase to drive polyamine biosyn-
thesis, and inhibition of ornithine aminotransferase has
been found to mitigate PAAD growth (110). More recently,
PAAD cells have been shown to uptake alanine secreted
by pancreatic stellate cells through SLC38A2 to support
their in vivo growth, and inhibition of SLC38A2 has been
suggested as a promising therapeutic target (111). Given
the metabolic flexibility of tumor cells to utilize multiple
transporters and pathways along with their propensity to
crosstalk with nontumor cells in the TME in acquiring
AAs, it is unlikely that targeting a single or a combination
of AA transporters or AA biosynthetic enzymes will provide
long-term clinical benefit.

Recent advances in augmenting immune responses to kill
tumor cells have largely focused on enhancing T-cell func-
tion using immune checkpoint inhibitors. However, check-
point interventions have shown clinical responses only in a
limited pool of patients largely because most aggressively
growing tumors are immunologically cold and lack signifi-
cant T-cell number in the TME (112, 113). On the other hand,
therapeutic strategies to activate NK cells by blocking NK cell
inhibitory receptor NKG2A engagement with HLA-E using
monalizumab also failed in clinical trials (ClinicalTrials.gov
registration NCT04590963; refs. 14, 78, 114). Adoptive infu-
sion of allogenic NK cells has also been largely unsuccessful
in the treatment of solid tumors because of lack of their in-
filcration and target-cell recognition in the TME (115, 116).
These data suggest that limited activation of CD8* T cells
or NK cells in the TME through blockade of a single in-
hibitory receptor or in vitro activation of allogenic NK cells
before infusion treatment is not enough to overcome the
robust immunosuppressive signal exerted by the inhibitory
receptors (LILRBs and KIRs) on NK cells and other monocytes
through engagement with multiple tumor HLAs. There is
an unmet need to identify mechanisms and pathways that
not only tilt the balance in favor of NK activation but also
enhance tumor immunogenicity to aid tumor cell recognition
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in the TME, enabling NK and CD8* T cell-dependent immu-
notherapies to be successful across a broad spectrum of pa-
tients with cancer.

At the molecular level, our findings suggest that the ex-
pression of the stress ligands including MHC-I polypeptide-
related sequence A/B, the ULBP family of proteins (ULBP1-6),
and B7-H6 (ligand for the NCR3) on the tumor cell sur-
face upon GCN1 KD or IMPACT overexpression is a potent
stimulation for NK cell recognition, activation, and tumor
cell killing. To counteract this threat from NK cells, tumor
cells upregulate the expression of MHC-I (both classical and
nonclassical HLAs), which are ligands for the inhibitory re-
ceptors on NK cells such as the KIRs, LILRBs, and NKG2A
(12, 13, 15). KIRs exhibit specific binding to the 0.2 domain
of some classical MHC-I, whereas LILRs have broader spec-
ificity and bind to the more conserved a3 and B2 regions
of all classical and nonclassical MHC-I molecules (except
HLA-E), and CD94/NKG2A/C binds specifically to HLA-E
(13,114,117, 118). Genetic ablation of GCN1 or overexpres-
sion of IMPACT led to the activation of multiple mechanisms
that support MHC-I expression, including the expression of
TNFo and IFNY, two major cytokines that are known reg-
ulators of APP molecules including classical MHC-I, TAP1,
TAP2, and TPSN (68, 119, 120). The expression of TAP1,
TAP2, and TPSN further stabilizes the surface expression of
MHC-I to neutralize the threat posed by NK cells through
engagement with their inhibitory receptors (121-123). In
mouse, this threat is neutralized by the engagement of mouse
MHC (H2-Db/H2-Kb) with the Ly49 family of inhibitory re-
ceptors expressed on NK cells and some T cells (12, 124).
The upregulation of the negative regulators of the immune
system PD-L1 and PD-L2 on tumor cells upon GCN1 KD or
IMPACT overexpression is also a mechanism to overcome the
threat posed by NK cell activation. However, due to the large
array of NK ligands and proteoglycans/glycosaminoglycan
thatare altered by GCN1 KD or IMPACT overexpression, the
combinatorial strength of signaling received from activating
receptors outweighs the inhibitory signal generated from
the engagement of tumor MHC-I with KIRs and LILRBs. As
a result, IMPACT-OE cells are deemed stressed/altered and
are eliminated by the cytolytic action of NK cells. Activation
of NK cells releases IFNy and TNFa to further engage the
adaptive arm of the immune system, allowing CD8* T cells to
participate in tumor cell killing directly through secretion of
granzyme/perforin independently of the TCR (125-128). We
posit that innate-dependent activation of MHC-unrestricted
cytotoxicity of adaptive immune cells can be leveraged in the
treatment of immunologically “cold tumors” which are oth-
erwise checkpoint resistant.

Taken together, our study indicates that targeting GCN1
signaling may be an optimal strategy to disrupt the immu-
nometabolic plasticity of metastasis-initiating tumor cells.
Blocking GCN1 function not only reduces the intracellular
homeostatic balance of EAAs and NEAAs precipitously but
leads to buildup of toxic ROS, causing metabolic crisis. Con-
sequently, this metabolic stressor results in the expression of
stress ligands on the tumor cell surface that are specifically
recognized and marked by NK cells to engage and eliminate
them. This molecular fail-safe mechanism prevents the undue
propagation of defective/unhealthy cells to maintain tissue

integrity and organismal homeostasis under normal physio-
logic conditions. However, cancer cells through upregulation
of GCN1-HNRNPK signaling or loss of IMPACT expression
(or both) leverage the ISR-dependent molecular program to ac-
tivate AA uptake while simultaneously suppressing the innate
immune response to maintain perpetual growth compromis-
ing tissue integrity. We propose that small molecules (IMPACT
mimetics) able to disrupt GCN1-GCN2 and GCN1-HNRNPK
signaling can be therapeutically exploited to curtail meta-
bolic plasticity and augment tumor immunogenicity. Such
mimetics or “immunogenicity augmenters” can stimulate
host NK cells to delay/prevent metastatic growth either
alone or synergistically with ICB both in adjuvant and neo-
adjuvant settings.

Although HNRNPK is involved in mRNA degradation which
occurs in the cytosol, it is unclear how this function is ex-
ecuted considering that HNRNPK is predominantly local-
ized in the nucleus in the pancreatic tumor cell lines. The
involvement of other heterogeneous ribonucleoproteins
in this process also cannot be ruled out as most hetero-
geneous ribonucleoproteins work in complexes. Although
cytoplasmic mRNA decay is the dominant mechanism of
mRNA turnover in eukaryotes, nuclear RNA degradation
and recycling might be more ubiquitous than expected in
aggressive cancer lines. The full mechanistic biology behind
HNRNPK’s role in mRNA turnover warrants further inves-
tigation. The conclusions derived in this work on the role
and function of GCN1, IMPACT, and HNRNPK were based
on mRNA expression. All commercially available IHC anti-
bodies against GCN1, IMPACT, and HNRNPK were tested
for staining of tumor sections and tissue microarrays. Unfor-
tunately, tumor staining was found weak and nonspecific
even at high dilutions upon thorough examination by an
external pathologist. Henceforth, further IHC validation
on the expression of these proteins in human tumors was
not possible.

METHODS

Cell Lines and Plasmids

The mouse KPC-4964 cell line was a kind gift from Dr. Anil K
Rustgi of Herbert Irving Comprehensive Cancer Center at Colum-
bia University. The syngeneic mouse KPC177669 cell line and the
human pancreatic KLM1 cell line were provided by Dr. Serguei
Kozlov and Dr. Christine Campo Alewine, respectively, at the
NCI. The breast cancer cell lines MCF-7, ZR751, MDAMB-231
and LM2 were obtained from the laboratory of late Prof. Filippo
Giancotti. The 293T, HPNE, BXPC3, ASPC1, HPAFII, PANC1, SW1990,
MIAPACA, PATU8988T and SU.86.86 cell lines were freshly ob-
tained from commercial vendors (ATCC or DSMZ). All cell lines were
Mycoplasma-tested by PCR and maintained in DMEM or DMEM/
F12 supplemented with 10% FBS, 1x penicillin/streptomycin, and
2.5 pg/mL Plasmocin for eliminating and preventing Mycoplasma-
related effects.

The CMVS51p>ffluc2-mEmerald (EL) lentiviral plasmid was gen-
erated by subcloning three entry clones (Cytomegalovirus promoter,
ffluc2, and mEmerald) into pDest-676, a neomycin-resistant lentivi-
ral backbone, using Gateway MultiSite recombination. The reaction
was transformed into Stbl3 Escherichia coli cells, and the correct clone
was chosen based on supercoiled size and restriction digest pattern.
The plasmid DNA was prepared for lentivirus production using the
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Qiagen Plasmid Plus Maxi Kit. The KPCEL cell line was generated by
transducing the KPC177669 cells with the mEmerald-luciferase (EL)
lentiviral plasmid generated above and selecting transduced cells in
neomycin for 1 week. The KPC-4964 cell line was transduced with
a lentivirus containing an mCherry-luciferase cassette to produce a
stable 4964 cell line expressing mCherry and luciferase. The result-
ing cell line was used for generating low and high liver metastatic
cell lines by in vivo passaging in mice. The FLAG-GCN1 and FLAG-
IMPACT expression plasmids used in GST pull-down assays were
cloned in pcDNA3.1. The 3XFLAG-tagged mouse IMPACT sequence
was subcloned in pLentiCMV-V5-luciferase (Addgene #21474) re-
placing the V5-luciferase cassette. The plasmids expressing V5-ATF4
(EX-OL00117-LX304), VS-IMPACT (EX-OL03588-LX304), and
HNRNPK (EX-X0648-M98) were purchased from GeneCopoeia. The
3'-UTR sequences of immune genes were cloned downstream of the
luciferase gene in the pmiR-GLO dual luciferase reporter vector and
sequence-verified. All reagents and cell lines used in the study are
listed in Supplementary Table S7.

Generation of Short Hairpin RNA KD, CRISPR KO, and cDNA
Overexpression Cell Lines

For generating stable KD, KO, and overexpression cell lines, viral
supernatants were generated by transfecting 293T cells with specific
shRNAs, single-guide RNAs (sgRNA), and cDNA constructs along
with packaging plasmids pMD2G and psPAX. pLKO.1 plasmids
encoding shRNAs targeting mouse GCN1 (SH1-TRCN0000251695
and SH2-TRCN0000251694), human GCN1 (SH1-TRCN0000154822,
SH2-TRCN0000155944, and SH3-TRCN0000155124), mouse
HNRNPK (SH1-TRCN0000096825 and SH2-TRCN0000096827), and
human XRN2 (SH1-TRCN0000049899 and SH2-TRCN0000293639)
were obtained from MISSION Sigma. The human SMARTvector
lentiviral control and HNRNPK shRNAs (#V3SH11252-230110420
and #V3SH11252-230819326) were obtained from Dharmacon. The
sgRNA sequence for IMPACT KO was designed using the web-based
program from Broad Institute (www.portals.broadinstitute.org/
gppx/crispick/public). Briefly, annealed oligonucleotides carrying the
sgRNA target sequence (exon 2 TTCAGAGTGAAGAAATCGAAG-
CAATGGCAG) were cloned into lentiCRISPRv2 (one vector system).
The sgRNA control sequence (CACCGGCACTACCAGAGCTAACTCA)
in lentiCRISPRv2 was obtained from Addgene (#125836).

Retroviral cDNA Screen

We constructed a high-complexity cDNA library (~2 x 10¢ indepen-
dent clones) from mRNA isolated from the highly metastatic cell
line 4964-HM. The mRNA was size-fractionated into three pools
(>3, 1-3,and <1 Kb), and the respective cDNA libraries were cloned
into a modified retroviral shuttle vector pEYK3.1 as previously
described (25, 26). The retroviral libraries were independently
transduced into the low metastatic 4964-POP cells (MOI = 1) and
injected into the spleen of nude mice (0.3 x 10 cells/mice). Mice
were monitored weekly to determine the growth of liver metastatic
lesions using bioluminescence imaging. Macroscopic lesions at
the end of 6 weeks were extirpated, minced, and digested with
trypsin to isolate clonogenic tumor cells which were expanded in
selective medium. Integrated proviral DNA was identified using
genomic DNA isolation, amplification of proviral DNA with the
vector-specific primer, and sequencing.

Metabolite Assay by LC/MS

GSH, acetyl-CoA, a-KG, and other reference compounds and chem-
icals were obtained from Sigma. The AA standard mixture and the iso-
topic internal standards (IS) were obtained from Cambridge Isotope
Laboratories, Inc. The AAs, GSH, and the corresponding internal stan-
dard stock solutions were prepared in water. The calibration standard

solutions were prepared by serial dilution of the stock solutions
with water. The working IS solution (25 pmol/L) was prepared by
diluting the IS stocks with water. Sodium carbonate (100 mmol/L)
was prepared in water. Benzoyl chloride solution (1%, v/v) was pre-
pared in acetonitrile. Cell pellets were extracted with 80% metha-
nol in water supplemented with appropriate isotopic standards.
All the extracted samples were centrifuged to obtain the superna-
tants for analysis. The metabolites were determined using LC/MS
after chemical derivatization with benzoyl chloride as described by
Wong and colleagues (129) with slight modification. In a 500-pL
polypropylene tube, 10 pL of the supernatant (or standard solution),
10 pL of sodium carbonate, 10 pL of IS, and 20 pL of benzoyl chlo-
ride were mixed for several minutes. Twenty microliters of the reac-
tion mixture was diluted with 20 pL of water, and the solution was
transferred to polypropylene sample injection vials. Liquid chroma-
tography was performed using a Shimadzu 20AC-XR system. Sepa-
ration was achieved at 50°C with a 2.1 x 100 mm, 1.8-um T3 column
(Waters). Mobile phase A was 0.15% formic acid with 10 mmol/L
ammonium formate in water, and mobile phase B was acetonitrile.
The flow rate was 300 pL/minute, and the injection volume was 2 L.
The metabolites were separated with a gradient (0-0.2 minutes/2% B;
15 minutes/60% B; 15.1-16 minutes/95% B; 16.1-18 minutes/2% B).
MS-MS was performed using a TSQ Quantiva Triple Quadrupole
Mass Spectrometer (Thermo Fisher Scientific) operating in positive
(selected reaction monitoring) SRM mode. The metabolites in the
samples were determined using linear calibration curves with 1/x
weighting generated using Thermo Fisher Scientific Xcalibur Quan
Browser software. The calibration curves were constructed by plot-
ting the peak area ratios versus standard concentrations. The peak
area ratio was calculated by dividing the peak area of the metabolites
by the peak area of the corresponding IS.

Isotope Uptake

Isotopes L-glutamine DS (DNLM-1826) and L-leucine D10, 15N
(DNLM-4643) were obtained from Cambridge Isotope laboratories,
Inc. Cells were grown in the isotope-containing medium for 16 hours,
washed in cold 1x PBS, and harvested in 80% methanol. Isotope
uptake was quantitated using LC-MS.

RNA-seq Gene Expression Profiling and Pathway Analysis

KPC177669 (mouse) and KLM1 (human) pancreatic cancer
cells expressing control shRNA (SCR) and GCN1-specific shRNAs
(GCN1_SH1 and GCN1_Sh2) were cultured in DMEM and RNA
isolated using RNeasy kit (Qiagen). Quality control assessment
was done using Agilent TapeStation and Qubit assay. Paired-end
RNA-seq profiles of duplicate samples for each condition were
generated from Illumina NextSeq 2000 P2 run. Raw fastq files were
trimmed using Cutadapt (v1.18) and aligned using STAR (v 2.7.0f)
against GRCm38 (mm10). Duplicated reads were removed us-
ing Picard tools (v 2.17.11) and RSEM (v 1.3.0) to quantify gene
counts. R (v 4.2.2) was used with package DESeq2 (v1.40.1) to
determine differentially expressed genes (DEG; FDR < 0.05; log,
FC £ 1.3). Subsetting the resulting DEG lists was done based on
the direction of the fold change to distinguish between up- and
downregulated genes. For each subset, enriched pathways were
identified with an overrepresentation analysis using Gene Ontol-
ogy gene sets from the Molecular Signatures Database.

Single-Cell RNA-seq

Single-cell suspensions were prepared, and cell counts and viability
measurement were taken for each suspension using a fluorescent cell
counter with dual viability dyes composed of propidium iodide and
acridine orange (LUNA-FL, Logos Biosystems). Sample concentra-
tions were adjusted and loaded onto the 10x Genomics Chromium
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platform using the 10x Genomics 3’ v4 Gene Expression Assay, tar-
geting roughly 20,000 cells per sample. Preparation of single-cell
gene expression libraries was performed according to vendor recom-
mendations. Sequencing was performed on the Illumina NovaSeq
X Plus instrument with 100-cycle kits using 10x recommended run
parameters. Gene expression and feature barcode libraries for the two
samples were multiplexed together at a ratio to achieve final target
read sequencing depth. Base calling was performed using RTA4, and
demultiplexing was performed using BCL Convert v4.1.23. Data were
processed using the 10x Genomics Cell Ranger pipeline v9.0.0 (STAR
2.7.2a). Sequenced reads were aligned to a mouse reference sequence
(refdata-gex-GRCm39-2024-A) provided by 10x Genomics to gener-
ate a single-cell GEX matrix. Downstream single-cell analysis and vi-
sualization were performed within the NIH Integrated Data Analysis
Platform using R programs developed by a team of NCI bioinforma-
ticians on the Foundry platform (Palantir Technologies). The single
cell workflow on the NIH Integrated Data Analysis Platform is based
on the Seurat workflow (v. 4.1.1; ref. 130).

Poly-C Content Measurement

A median poly-C content score was calculated for each gene to test
for enrichment of cytosine-rich regions in 3’-UTR sequences. For a
given 3'-UTR sequence for a given gene, a poly-C content score was
calculated using a k-mer siding window approach. For a given
position within the length of the 3'-UTR sequence, a counter was in-
cremented when the k-mer matched the following sequence: “CCC.”
This counter was then divided by the number of the k-mer sequences
encountered and multiplied by a scaling factor of 100. The median
poly-C content score was calculated for a set of 3-UTR sequences for
a given gene.

Human Samples

Primary colorectal tumor and liver metastatic lesion were obtained
from patients undergoing resection after receiving written informed
consent at the NCI clinical center under protocol NCT13C0176
approved by the Institutional Review Board of the NIH.

Animal Studies

All animal protocols were reviewed and approved by the institu-
tional animal care and use committees of Memorial Sloan Kettering
Cancer Center and the NIH. All experiments were performed on 10- to
12-week-old male or female age- and sex-matched immunocompetent
CS57BL/6 mice or immunodeficient athymic nude mice or NSG-IL15
mice obtained from The Jackson laboratory. For liver outgrowth and
colonization, 0.3 to 0.5 x 10° 4964-POP, 4964-HOP, KPCEL, and
KLM1 cells and their KD, KO, or overexpression derivatives in 50 pL
of 1x PBS were injected intravenously through the spleen. For lung
outgrowth and colonization, 0.3 to 0.5 x 10 cells in 100 pL of 1x PBS
were intravenously injected through the tail vein of C57BL/6/RAG
KO/Nude mice. Mice were humanely euthanized when they exhibited
signs of morbidity and/or hind limb paralysis.

Splenic Injection and Liver Outgrowth Assay

Liver metastatic outgrowth and colonization were evaluated
through intrasplenic injections. Briefly, the mouse is anesthetized,
and an injection of 2 mg/kg of meloxicam and 0.5 mg/kg of bu-
prenorphine is administered subcutaneously. Sterile eye lubricant is
applied to both eyes to prevent corneal drying during surgery. When
administering injections into the C57/BL6 mouse, the fur covering
the abdominal wall is carefully removed by applying hair removal
cream. The abdominal skin is then cleaned with a moist gauze pad to
remove loose hair and sterilized with Betadine and 70% ethanol. A small
volume of local anesthetic agent, such as bupivacaine (0.25%-0.5%),
is injected into the tissue adjacent to the intended incision line.

A 0.5- to 1-cm parasagittal incision is made in the skin of the left
flank using sterile scissors, revealing the abdominal muscles. Sterile
scissors are then used to make a 0.5- to 1-cm parasagittal incision
through the abdominal musculature over the spleen. The spleen is ex-
teriorized through the incision by gentle retraction with forceps and
held in place using a sterile cotton-tipped applicator or placed on a
sterile moist gauze pad. A total of 0.3 x 10¢ tumor cells in 100 pL of 1x
PBS are injected into the splenic parenchyma under the splenic cap-
sule using a 26-gauge needle. When the needle is withdrawn, gentle
pressure is applied to the injection site using a sterile cotton swab or
gauze for 3 to 5 minutes or until hemostasis is achieved. Three to five
minutes after splenic injection when adequate hemostasis is achieved,
the spleen is removed, and the splenic artery and vein are ligated us-
ing 6-0 suture. The abdomen is checked for bleeding. If bleeding is
found, gentle pressure is applied using a cotton swab or sterile gauze
until hemostasis is achieved. The muscle layer is closed using sterile
absorbable suture (e.g., Vicryl) of the appropriate diameter in a simple
interrupted pattern. Skin edges are opposed and closed with a mono-
filament absorbable suture (e.g., Monocryl) of the appropriate diam-
eter in a subcuticular pattern. Immediately following surgery, when
the mouse is under anesthesia, 100 pL of luciferin is given by retro-
orbital injection to visualize tumor cells in the liver via IVIS imaging.
Thereafter, mice were imaged weekly or at an experimental endpoint
to visualize tumor outgrowth and colonization in the liver.

Tail-Vein Injection and Lung Outgrowth Assay

Mice were warmed by placing them under the heat lamp for
approximately S to 10 minutes to dilate the tail veins. Warmed mice
were restrained using a conventional restrainer (Braintree Scientific)
to access the tail vein. Once the vein is located, 0.3 x 10 tumor cells
in 100 pL of 1x PBS are then carefully and slowly injected using a
28G needle to avoid vascular overload or rupture. After removing the
needle, pressure is applied over the injection site by gently holding a
piece of gauze for approximately 30 seconds to prevent hematoma
formation. The mouse is immediately anaesthetized, and 100 pL of
luciferin is given by retro-orbital injection to visualize tumor cells in
the lung via IVIS imaging. Thereafter, mice were imaged weekly or
at an experimental endpoint to visualize tumor outgrowth and col-
onization in the lung.

IVIS Imaging and Metastatic Outgrowth Analysis

For analyzing metastatic outgrowth and colonization potential
of tumor cells, recipient mice were anesthetized under isoflurane,
injected with 100 pL (15 mg/mL) of luciferin retro-orbitally, and
whole-body bioluminescent images acquired on IVIS Spectrum
(PerkinElmer) at timepoints indicated. For liver colonization exper-
iments in C57BL/6 mice, the abdominal fur is removed with hair re-
moval cream prior to luciferin injection and imaging. The liver region
was defined as the area between the sternum and middle of the ab-
dominal area. For whole-organ (liver/lung) IVIS imaging at indicated
experimental endpoints, mice were injected with 100 pL of luciferin
retro-orbitally and humanely euthanized, following which their liv-
ers and lungs were excised and then imaged in IVIS Spectrum. Living
Image software versions 4.5.2 and 4.7.2 was used to measure liver and
lung colonization by drawing regions of interest (ROI) in the defined
area and quantifying the bioluminescence signal of the ROIs in the
physical calibration unit “radiance/photons.” The Living Image soft-
ware automatically normalizes sensitivity differences resulting from
different exposure times without any user input required, when ROI
values are expressed in a calibrated, physical unit.

Isolation of Liver and Lung Leukocytes

The liver/lung extirpated from a euthanized mouse was disrupted
through a 0.75-pm cell strainer using the rubber side of a 3cc syringe
into a 50-mL tube with 5 to 10 mL of RPMI media for each liver/lung.
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The media containing cells from the liver/lung was centrifuged at
30 x g for 3 minutes to remove the hepatocytes and tumor cells,
and the supernatant was transferred to a new tube. Following
centrifugation at 1,500 rpm for 5 minutes, the cell pellet was re-
suspended in 32% Percoll solution and again centrifuged at 14°C,
2,000 rpm with no brake for 15 minutes. Red blood cells were re-
moved by washing the cell pellet with 5 mL of ACK lysis buffer and
centrifuging the samples at 1,500 rpm for 5 minutes. The cell pellet
containing only immune cells was further washed 2x in complete
RPMI media and used for surface and intracellular staining with
specific antibodies.

Isolation of Human NK Cells

Human peripheral blood collected from healthy volunteers was
acquired from NIH blood bank and was centrifuged at 2,000 rpm
for 15 minutes (acceleration-1, deceleration-1) in SepMate tubes over
Ficoll-Hypaque to obtain total leukocytes. Red blood cells were re-
moved by washing the leukocytes with ACK lysis buffer, a single-cell
suspension of the leukocyte buffy coat was washed with FACS buffer,
and NK cells were isolated using NK cell microbead cocktail (Miltenyi
Biotech) following the manufacturer’s instructions on autoMACS
Pro Separator. The cell number was determined by counting using a
hemocytometer by trypan-blue exclusion staining. A total of 1 x 107
cells were adoptively transferred per NSG-hIL15 transgenic mouse
harboring established subcutaneous tumors.

Patient Data Analysis

For differential gene expression analysis of GCNI1, ATF4, and
IMPACT, tumor stratification, and OS, we used the GSE71729
dataset obtained from the NCBI Gene Expression Omnibus (GEO;
hetps://www.ncbi.nlm.nih.gov/geo/). The relevant samples used
in our study from the dataset were 46 normal pancreas, 145 pan-
creatic tumor, 25 liver metastasis, 9 lymph node metastases, and 8
lung metastasis samples. Where applicable, DEGs were determined
using R software (v 3.5.2) limma package (v 3.38.3). To categorize
the expression of GCNI1, ATF4, and IMPACT as high or low, we uti-
lized the median/mean gene expression values of GCN1, ATF4, and
IMPACT from the Moffitt dataset (GSE71729). These processes
were performed in R software version 4.2.1 using the R packages
“GEOquery,” “tidyverse,” “survival,” “survAUC,” and “ggpurbr.”
Kaplan-Meier OS plots (log-rank test) were generated using Graph-
Pad Prism version 8. Generalized linear regression models were built
to examine the relationship between IMPACT gene expression in the
primary adenocarcinoma of the pancreas (N = 145) and the tumor
subtypes (classical and basal) while controlling for the stroma
subtype. P values were calculated using a generalized linear model
controlling for the stroma subtype. Kaplan-Meier survival plots in
other cancer subtypes were obtained from www.kmplot.com. All
analyses were done at default parameters.

GST Pull-down Assay

Five micrograms of purified recombinant human GST-GCN2/
GST-HNRNPK purchased from Creative BioMart was incubated with
50 pL of GSH agarose bead slurry (Thermo Fisher Scientific, #21516)
for 1 hour at 4°C. After washing with RIPA lysis buffer, bead-bound
GST-GCN2/GST-HNRNPK were incubated with 15 pg of either
293T control lysate or 293T lysate overexpressing FLAG-GCN1 or
FLAG-IMPACT or both for 1 hour at 4°C. GST-GCN2/GST-HNRNPK
bead-bound protein complexes were washed 3x in RIPA lysis buf-
fer and eluted in 30 pL of 2x SDS gel loading dye after boiling the
protein complexes at 95°C for 5 minutes. Binding complexes were
resolved in 4% to 12% NuPAGE Bis-Tris gel (Invitrogen) with appro-
priate input controls and confirmed using immunoblotting with
specific antibodies.

RT-qPCR Analysis

Total RNA was isolated using RNeasy kit (Qiagen), and first-strand
cDNA was prepared using qScript cDNA synthesis kit (Quantabio)
according to the manufacturer’s protocol. qPCR was performed on
the QuantStudio 6 Flex Real-Time system (Applied Biosystems).
Predesigned gene-specific TagMan primers were purchased from
Thermo Fisher Scientific, and melting curve analysis was done at the
end of the PCR cycle. All experiments were performed in triplicate
and repeated at least three times. Primers used are listed in Supple-
mentary Table S7.

Protein Lysis and Western Blotting

Protein lysates were harvested on ice by directly adding SDS
lysis buffer supplemented with complete protease inhibitor cocktail
(Roche, #11697498001) and quantified using Bio-Rad protein assay
reagent. Following SDS-PAGE, proteins were transferred to nitrocel-
lulose membranes (Thermo Scientific, #88018), blocked in TBS con-
taining 5% BSA (Sigma, #A7906) for 30 minutes, and incubated with
primary antibodies for 2 hours at room temperature. The membranes
were washed with TBS containing 0.1% Tween followed by incubation
with horseradish peroxidase-conjugated secondary antibodies for
1 hour at room temperature. The membranes were visualized using
SuperSignal West Pico PLUS chemiluminescent substrate (Thermo
Fisher Scientific, #34577). All antibodies used in Western blotting are
listed in Supplementary Table S7.

Nuclear and Cytoplasmic Fractionation

Cells were scrapped and resuspended in cold PBS containing pro-
tease inhibitor cocktail (Roche, #11697498001). After centrifugation,
the supernatant was discarded, and cell pellets were used for subcel-
lular fractionation using the NE-PER Nuclear and Cytoplasmic Ex-
traction Reagents (Thermo Fisher Scientific, #78835) following the
manufacturer’s instructions.

Co-immunoprecipitation and MS-MS

KPC cells grown to 75% confluency were washed 2x in ice-cold PBS
containing protease inhibitor cocktail (Roche, #11697498001). The
cells were then lysed in RIPA lysis buffer (20 mmol/L Tris-HCI, 300
mmol/L NaCl, and 5 mmol/L MgCl,, pH 8.0) containing 1% sodium
deoxycholate (Sigma) and complete protease inhibitor cocktail for 30
minutes on ice. Cell lysates were precleared with Protein A/G beads
(Pierce, #20421) for 1 hour at 4°C. Five micrograms of antibody was
added to the precleared lysate and incubated overnight with rotation
at 4°C. Protein A/G beads were then added for immunoprecipita-
tion and incubated for 3 hours at 4°C. Beads were centrifuged and
washed 3 times with lysis buffer for 10 minutes each with rotation at
4°C. Protein complexes were then eluted from the beads by boiling in
Laemmli buffer and separated by SDS-PAGE following which in-gel
digestion was done overnight with trypsin. Extracted peptides were
dried through lyophilization prior to MS-MS analysis on an Orbitrap
Fusion Tribrid mass spectrometer (Thermo Fisher Scientific). Pro-
teome Discoverer 2.3 (Thermo Fisher Scientific) was used to search
the data against the UniProt murine database using SequestHT. The
percolator node was used to score and rank peptide matches using a
1% FDR.

Nuclear Co-immunoprecipitation

Nuclear lysate from KPC cells was precleared with Protein A/G
beads (Pierce, #20421) for 1 hour at 4°C. Fifteen micrograms of an-
tibody was added to 2 mg of precleared nuclear lysate and incubated
overnight with rotation at 4°C. Protein A/G beads were then added
for immunoprecipitation and incubated for 3 hours at 4°C. Beads
were centrifuged and washed 3 times with lysis buffer for 10 minutes
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each with rotation at 4°C. Beads were then boiled in Laemmli sam-
ple buffer for 10 minutes at 95°C, and the supernatant was used for
Western blotting. One percent of nuclear lysate was used as an input.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide Assay

A total of 0.5 x 103 cells in a final volume of 200 pL culture me-
dium were seeded in octuplicate in a 96-well plate and allowed to
adhere overnight. Ten microliters (5 mg/mL) of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MilliporeSigma) was added
directly into the media of each 96 well containing cells for pro-
liferation assay and incubated at room temperature for 1 hour.
Media was slowly and carefully removed and 50 uL of DMSO added
per well and further incubated at 37°C for 30 minutes. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide absorbance
was read at 540 nm.

Luciferase Reporter Assay

293T cells were seeded in 12-well plates and allowed to adhere
overnight. Cells were transfected with the pmiR-GLO dual-luciferase
vector with or without the 3'-UTRs of immune genes together with
the pcDNA-GFP-HNRNPK expression vector using Lipofectamine.
The total amount of transfected DNA was equalized with the control
pcDNA plasmid vector. Firefly luciferase activity was measured using
the Dual-Glo Luciferase Assay System (Promega, #E2940) according
to the manufacturer’s protocol and values normalized to the internal
control Renilla reporter.

Flow Cytometry

Leukocyrtes isolated from the lung or liver were washed in FACS
buffer (1x PBS containing 10% heat-inactivated FBS with 0.05%
sodium azide) followed by blocking with mouse TruStain FcX
(BioLegend) for 5 minutes. Surface staining was done with specific
antibodies indicated for 30 minutes at 4°C in FACS buffer. Thereafter,
surface-stained cells were fixed and permeabilized with the Foxp3/
Transcription Factor staining buffer Kit (Invitrogen, #00-5523-00)
following the manufacturer’s protocol. For intracellular staining,
surface-stained immune cells were treated with 1x cell stimulation
cockeail (Invitrogen, # 00-4970-93) and transporter inhibitor cocktail
(Invitrogen, # 00-4980-93) for 3 hours at 37°C. Cells were then washed
in FACS buffer and incubated with Ki-67/granzyme/cytokine anti-
bodies overnight at 4°C. For tumor cell surface staining of MHC-I
and NK ligands, cells transduced with indicated shRNAs after selec-
tion in specific antibiotic medium were blocked with species-specific
TruStain FcX (BioLegend) for 5 minutes, followed by staining with
specific antibody for 30 minutes at 4°C in FACS buffer. Intracellular
staining of TNFa and IFNy on tumor cells was done for 30 minutes at
4°C after treatment with protein transporter inhibitor cocktail (Invi-
trogen, # 00-4980-93) for 3 hours at 37°C. Finally, cells were washed
2x in FACS buffer and analyzed using the BD LSRFortessa X-20 cell
analyzer. Antibodies used in surface staining of cells are listed in
Supplementary Table S7.

CpG Island Methylation Detection Using MiSeq

The Purigen DNA extraction kit was used to isolate genomic DNA
from normal pancreas and liver tissues. Invitrogen Methyl Primer
Express V1.0 was used to design the bisulphite sequencing primers
(BSP), with product size about 400 bp for MiSeq 2 x 250 bp sequenc-
ing. Then M13 tags were added to the primers for multiplexing and
Illumina adapter addition in later steps. Two hundred nanograms of
genomic DNA samples were converted using the NEBNext Enzymatic
Methyl-seq Conversion Module, E7125L. The converted DNAs were
eluted from purification beads with 20 pL elution buffer and diluted
1:5 with elution buffer (2 ng/pL). Clontech Ex Taq DNA polymerase

was used for target amplification. Twenty-five microliters of PCRs
contains 2.5 uL 10x buffer, 2 pL ANTP, 1 pL DMSO, 0.3 uL Ex Taq
polymerase, 2 pL 500 pmol/L primer mix, 2 pL converted DNA, and
15.2 pL H,O. PCR cycles were 95°C for 3 seconds, 94°C for 1 minute,
60°C for 1 minute, and 72°C for 1 minute for 35 cycles; final exten-
sion at 72°C for 5 minutes; and a 4°C hold. PCR products for the
same sample were pooled (25 pL), cleaned with 0.8x SPRI (solid phase
reversible immobilization) beads, and eluted with 25 pL H,O. A mea-
sure of 10.5 pL of the PCR products was used in the 25 pL barcoding
PCR (12.5 pL Invitrogen 2x Platinum Tagq, 1 pL 10 pmol/L PS primer,
and 1 pL 10 umol/L P7 primer). Barcoding PCR cycles were 95°C for
2 minutes, 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for
3 minutes for three cycles; 95°C for 30 seconds and 72°C for 2 min-
utes for 10 cycles; final extension at 72°C for 5 minutes; and a 4°C
hold. The barcoded PCR products (libraries) were pooled, cleaned
with 0.8x SPRI beads, and eluted with low Tris-EDTA (TE) buffer.
The Qubit HS DNA kit was used to quantitate the concentration, and
TapeStation was used to determine the library size and concentration
which was then converted to molar concentration. The libraries were
sequenced on Illumina MiSeq with 250 + 8 + 8 + 250 cycles. Unmet-
hylated Cs were converted to Ts, whereas methylated Cs remained as
Cs in the sequence. The sequence reads were analyzed using Qiagen
CLC Genomics Workbench 20 to quantify the methylation levels. The
sequences of primers used are listed below:

M13 barcoding primers

PS: AATGATACGGCGACCACCGAGATCTACACAGCGATAGAC
ACTCTTTCCCTACACGACGCTCTTCCGATCTAGCGATAG
GTAAAACGACGGCCAGT;

P7: CAAGCAGAAGACGGCATACGAGATAACTCTCGGTGAC
TGGAGTTCAGACGTGTGCTCTTCCGATCTAACTCTCG
GGAAACAGCTATGACCATG;

hIMPACT_F1: GTAAAACGACGGCCAGTTGTGGATTGAGGTT
TGAGTTT;

hIMPACT_R1: GGAAACAGCTATGACCATGCCCTCAACCATA
TAACCCCTA;

mIMPACT_F: GTAAAACGACGGCCAGTAGGTTTTGTTGTATT
GTTATATGAGTAGG;

mIMPACT_R: GGAAACAGCTATGACCATGCCCATATAACAACT
CAACCAAAC.

Statistical Analysis

GraphPad Prism version 8.4.3 and Microsoft Excel were used for
statistical analyses and graphical representation. Data are presented
as mean + SD. A two-tailed Student ¢ test and two-way ANOVA were
performed for comparison between groups. P values by Student
t test and two-way ANOVA are ns, P > 0.05; *, P < 0.05; ** P < 0.01;
*¥% P<0.001; **** P <0.0001.

Data Availability

All materials and data supporting the findings of this study are
available from the corresponding authors upon reasonable request.
RNA-seq data generated in this study from GCN1 KD mouse
KPC177669 cells and human pancreatic KLM1 cells are available at
GEO database GSE303691 and GSE303622, respectively. The single-
cell immune transcriptomics data generated in this study from
mouse KPC177669 control and IMPACT-OE cells can be found at
GEO database GSE299485. Previously published RNA-seq and single-
cell transcriptomics data reanalyzed in this study were obtained from
GEO database GSE71729 and GSE154778, respectively.
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