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ABSTRA Multiple studies have identified metabolic changes within the tumor and its micro-
environment during carcinogenesis. Yet, the mechanisms by which tumors affect
the host metabolism are unclear. We find that systemic inflammation induced by cancer leads to liver
infiltration of myeloid cells at early extrahepatic carcinogenesis. The infiltrating immune cells via IL6-
pSTAT3 immune-hepatocyte cross-talk cause the depletion of a master metabolic regulator, HNF4a,
consequently leading to systemic metabolic changes that promote breast and pancreatic cancer
proliferation and a worse outcome. Preserving HNF4a. levels maintains liver metabolism and restricts
carcinogenesis. Standard liver biochemical tests can identify early metabolic changes and predict
patients’ outcomes and weight loss. Thus, the tumor induces early metabolic changes in its macroenvi-

ronment with diagnostic and potentially therapeutic implications for the host.

SIGNIFICANCE: Cancer growth requires a permanent nutrient supply starting from early disease
stages. We find that the tumor extends its effect to the host’s liver to obtain nutrients and rewires
the systemic and tissue-specific metabolism early during carcinogenesis. Preserving liver metabolism

restricts tumor growth and improves cancer outcomes.

INTRODUCTION

The liver communicates with all the organs in our body and
with the tumor either directly via messenger molecules or indi-
rectly via the immune system (1, 2). Notably, the liver is also an
immunogenic organ containing diverse resident immune cells
that can respond to systemic or tissue-specific immune-related
vulnerabilities by producing acute-phase proteins, comple-
ment components, cytokines, and chemokines (3, 4). Recent
work demonstrates that the immune system, while aiming to
be protective, can also exert selective pressures that promote
cancerous features in normal tissue-resident cells (3).
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Unrestricted cancer growth requires a permanent supply of
glucose, amino, and fatty acids. These nutrient demands are
obtained from cancer-mediated reprogramming of metabo-
lism in the tumor and its microenvironment (5). Unrave-
ling these interactions led to synergistic therapy combining
chemotherapy with drugs targeting metabolic dependencies
between the tumor and the microenvironment (5). In addi-
tion to the tumor microenvironment, the tumor connects
with the host with networks of nerves, blood, and lymph
vessels and extends its effect from the microenvironment to
external organs, such as the liver. Consequently, the tumor
can dysregulate tissue-specific metabolism and induces sys-
temic metabolic rewiring, potentially contributing to cancer
manifestations (6).

Because the liver is a central metabolic organ essential for
maintaining body homeostasis, it senses and responds to sys-
temic nutrient-level fluctuations by facilitating tissue-specific
adaptations that preserve systemic equilibrium (4, 7-10). At
the cellular level, hepatocytes play significant roles in car-
bohydrate, protein, amino acid, and lipid metabolism (11).
Some of these metabolic reactions are mostly liver-specific
such as the complete urea cycle (UC), which disposes of excess
nitrogen in the form of ammonia by converting it to urea
(12). We previously found evidence of decreased UC activity
in the livers of 4T1 breast cancer-bearing mice and plasma of
children with cancer (13), supporting a potential metabolic
communication between extrahepatic tumors and the liver.
These findings intrigued us to decipher how cancer regulates
liver metabolism and for what benefit.

RESULTS

Nonliver Cancers Induce Early Metabolic Changes
in the Liver During Carcinogenesis

To evaluate liver metabolism for changes during the car-
cinogenesis of nonliver cancers, we utilized the orthotopic
4T1-luciferase breast cancer model that rarely metastasizes
to the liver. Using this approach enabled us to differentiate
between the liver metabolic changes induced by the primary
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tumor to those initiated by the metastases. As a control for
potential side effects resulting from the orthotopic injection
of cancer cells, we injected the mice with sham saline and used
the MMTV-PyMT mouse, which is a genetic model of autoch-
thonous breast cancer (14). We analyzed the UC enzymes
and intermediates as a readout of liver-specific metabolic
changes in the host during the first 3 weeks of carcinogenesis.
We excluded arginase 1 from our analysis to accurately dif-
ferentiate the UC from the nitric oxide metabolism (ref. 15;
Supplementary Fig. S1A). In addition, a certified pathologist
analyzed and ruled out the existence of metastasis in the liv-
ers at all experimental time points.

In the 4T1 breast cancer model, we found a decrease in the
expression of the UC enzymes in the host’s liver, starting as
early as day 4 after the orthotopic injection. The decrease in
UC enzyme expression was dynamic along a 3-week course,
increasing in both the magnitude of the reduction and the
number of enzymes involved (Fig. 1A and B). Interestingly, the
genetic MMTV-PyMT breast cancer model also had reduced
expression levels of UC enzymes compared with controls, rul-
ing out the possibility that the injection caused the change
in UC expression levels (Fig. 1C). To verify the significance of
the results in UC expression on UC function, we performed
live infusion with N,-labeled glutamine and measured the
labeled urea to glutamine and glutamate ratio. We found
both these ratios to be decreased in the plasma of breast can-
cer-bearing mice, and furthermore in the livers, whereas total
glutamate was elevated, the labeled urea to glutamate ratio
was reduced in the 4T1 mice, confirming a malfunctioning
UC (Fig. 1D; Supplementary Fig. S1B). In addition, we meas-
ured UC-related upstream substrates—glutamate and aspar-
tate—and the downstream metabolite fumarate in the plasma
and livers of 4T1. As expected from a dysfunctional UC, we
found elevated levels of UC substrates, whereas the levels
of fumarate, a UC product, were decreased (Supplementary
Fig. S1C). We further found elevated levels of plasma ammo-
nia and reduced urea levels in the urine, confirming a failing
UC (Fig. 1E). Notably, although the levels of the *N-labeled
aspartate were lower in the tumor compared with its levels in
the plasma and the liver, the ratio of labeled uracil to labeled
aspartate was higher in the tumor, suggesting utilization of
aspartate for nucleotide synthesis (Fig. 1F). Indeed, the high
levels of UC substrates and the decreased levels of UC prod-
ucts resulting from the depletion of UC function in the host
liver directly potentiated cancer cell proliferation (Fig. 1G).
Interestingly, ex vivo supplementation of ammonia reduced
the survival and activation of T-cell splenocytes excised from
wild-type (WT) mice (Fig. 1H). Thus, the rewiring of the liver
UC during carcinogenesis potentially benefits cancer growth
by increasing substrate availability for tumor growth and by
reducing the systemic immune response.

To broadly evaluate whether liver-specific metabolic path-
ways other than the UC are affected by cancer in vivo, we
performed RNA sequencing (RNA-seq) of hepatocytes iso-
lated from perfused livers of WT and 4T1 cancer-bearing
mice on days 4 and 21 following cancer cell injection. In
corroboration of our previous findings, we found a reduc-
tion in the expression of the UC enzymes argininosuccinate
synthetase (ASS1), ornithine transcarbamylase (OTC), and
carbamoyl phosphate synthetase I (CPS1), and a significant

and distinctive gene expression signature with disease at day
21 (Supplementary Fig. S1D and S1E; Fig. 1I). In this signa-
ture, we found reduced expression of multiple other enzymes
participating in central metabolic pathways, supporting a
general reprogramming of hepatocyte metabolism during
carcinogenesis (Fig. 1J). Further analysis of the hepatocyte
RNA-seq demonstrated that not all liver genes changed in
expression, supporting the specificity of the changes in the
metabolic genes (Supplementary Fig. S1F). Interestingly, the
broad changes in liver metabolism were associated with a
significant elevation in AST levels (Supplementary Fig. S1G).

As several of the metabolic pathways we found altered,
including the UC, depend on adequately functioning mito-
chondria, we evaluated whether there is a decrease in mito-
chondrial functions or number following carcinogenesis. In
isolated mitochondria, we found a reduction in the activities
of respiratory chain complexes that include mitochondrial
DNA (mtDNA)-encoded subunits (I, II-III, IV) relative to
succinate dehydrogenase (SDH; complex II), which is entirely
nuclear-encoded (Supplementary Fig. S1H). This finding was
corroborated by the observed reduction in liver mtDNA lev-
els in breast cancer-bearing mice (Supplementary Fig. S1I).
To further understand the perturbation in mitochondrial
metabolism, we analyzed the protein and RNA levels of Mito-
chondrial Transcription Factor A (TFAM), which regulates
mtDNA levels and transcription, and found it significantly
downregulated in breast cancer tumor-bearing mouse livers
(Supplementary Fig. S1J and S1K; ref. 16). Yet, the total mito-
chondrial amount, estimated by citrate synthase activity in
liver homogenate, was unaltered (Supplementary Fig. S1L).
Thus, it is likely that transcriptional changes cause the
observed metabolic changes rather than mtDNA depletion.

Collectively, our data suggest that in breast cancer mouse
models, there are early transcriptional alterations in the
expression of metabolic enzymes that cause global changes in
liver metabolism at the pathway and organelle levels.

Innate Immune Cells Infiltrate the Liver of the
Host during Early Carcinogenesis

To understand what potentially causes such an early and
extensive metabolic rewiring, we first examined the livers
for morphologic changes following orthotopic injections
of breast cancer cells. Interestingly, we found evidence of
immune cell infiltration to the livers that start as early as day
4 after breast cancer cell injections and increase along the
disease course (Fig. 2A). FACS analysis further confirmed the
gradual increase in the liver immune cell (CD45) population
in livers of breast cancer-bearing mice between days 0 and 21
(Supplementary Fig. S2A). Notably, liver histology sections of
the MMTV-PyMT genetic breast cancer model also showed
infiltration of immune cells compared with livers of WT mice,
supporting that the liver-immune infiltration was not caused
by a reaction to the injection (Supplementary Fig. S2B).

To identify which immune cells infiltrate the liver, we
performed single-cell RNA-seq (scRNA-seq) analysis of the
nonhepatic parenchyma cells in the liver. We complemented
the results at the protein level by cytometry time of flight
(CyTOF). Using both technologies, we found a significant
decrease in lymphocyte infiltration and an increase in liver-
infiltrating innate immune cells—neutrophils and monocytes
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Figure 1. Breast cancers induce metabolic changes in the liver during early carcinogenesis. A, RT-PCR of livers from breast cancer-bearing mice dem-
onstrates decreased RNA expression of UC enzymes along cancer progression (n =5, Student t test). Day 4, P=0.003, day 14, P=0.033,0.01, and 0.028
(respectively), day 21, P=0.0002, 0.019, 0.0002, 0.013, and 0.007 (respectively). B, Left, Western blots demonstrating decreased protein expression
levels of ASS1 and OTC in livers of breast cancer-bearing mice vs. WT PBS-injected mice (n=5, Student t test). Right, quantification of band intensities:
ASS1,P=0.002; OTC, P=0.011. C,RT-PCR of liver from MMTV-PyMT of 14-week-old cancer-bearing mice demonstrate decreased RNA expression of
UC enzymes compared with livers of WT mice (WT n=5, MMTV-PyMT n =3); P=0.033, 3.14E-05, 0.038 (respectively). D, Measurements of UC-related
metabolites following glutamine '°N, infusion to 4T1 breast cancer-bearing or PBS-injected mice in the plasma and livers. Left, a decreased ratio of
urea to glutamine and glutamate m + 1 isotopologues in the plasma of 4T1 breast cancer-bearing mice (WTn=5,4T1 n=7, Student t test); P=0.019,
0.042, respectively. Right, an increase in the levels of glutamate (AUC/internal standard/dry weight) in 4T1 breast cancer-bearing mice and a decrease
in the ratio of urea to glutamate following infusion in 4T1 breast cancer-bearing mice, supporting a malfunctioning UC (n=7, Student t test); P=0.016,
0.048, respectively. E, Left, measurements of ammonia levels, using an ammonia assay kit, in the plasma of breast cancer-bearing mice compared with
WT PBS-injected mice (WT n=4, an outlier - interquartile range method, 4T1 n =5, Student t test). Right, urea levels in the urine of breast cancer-bearing
mice compared with WT PBS-injected mice. P=0.033. F, Left, decreased levels of m + 1-labeled aspartate in the tumor of 4T1 breast cancer-bearing
mice compared with the levels in the plasma and liver following infusion of >N, glutamine (n =8, plasma n =7, two-way ANOVA); P values: plasma vs.
tumor = 0.041, liver vs. tumor = 0.007. Right, increased ratio of uracil m + 1 to aspartate (Asp) m + 1 isotopologues in the tumors of 4T1 breast cancer-
bearing mice (n=8, plasma n="7, two-way ANOVA); P values: plasma vs. tumor = 0.042, liver vs. tumor = 0.008. (continued on next page)
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Figure 1. (Continued) G, XTT assay for 4T1 cancer cell proliferation following supplementation of the medium with UC intermediates (n = 3, two-way
ANOVA). P values: 24 hours: aspartate: not significant, ammonia = 0.007, glutamate and fumarate <0.0001; 48 and 72 <0.0001 for all measurements.
Metabolite concentrations were supplemented in the following concentrations: ammonia, 0.75 mmol/L as published (49); aspartate, 0.25 mmol/L; fuma-
rate, 0.35 mmol/L; glutamate, 0.25 mmol/L. H, Ex vivo FACS analysis of CD8* splenocyte cell survival (left) and activation (right) following supplementa-
tion with 1 mmol/L ammonia (Amn; ref. 59; measured plasma ammonia levels 1.34 mmol/L; n=5, Student t test); P=0.011, 0.043, respectively. I, Heat
map for differential gene expression in hepatocytes demonstrates a unique pattern on day 21 in the livers of 4T1 breast cancer mice compared with day
4.),4T1 day 21 vs. 4T1 day 4 pathway enrichment analysis. Each bar shows the fold enrichment of a specific pathway. TCA, tricarboxylic acid.

(Fig. 2B-D). The reduction in liver lymphocytes may result
from blood lymphopenia due to high sensitivity to elevated
ammonia levels (Fig. 2E), which was potentially caused by sen-
sitivity to elevated ammonia levels (Fig. 1H). Conversely, the
increased infiltration of innate immune cells to the liver has
been described during the formation of premetastatic niches
(17) or could be part of inflammation-derived extramedullary
hematopoiesis (18). We excluded the option of extramedul-
lary hematopoiesis, as we did not find erythrocytes, mega-
karyocytes, and young granulocytes in the livers. In contrast,
we found a significant elevation in the number of mature

neutrophils (CXCR2*) and a reduction in CXCR2™ neutro-
phils (Supplementary Fig. S2C). Furthermore, FACS analyses
excluded bone marrow (BM) failure and demonstrated an
extensive maturation of neutrophils, correlating with a sig-
nificant elevation in plasma levels of granulocyte colony-
stimulating factor (G-CSF; Supplementary Fig. S2D and S2E).

It may be that the liver infiltration of immune cells during
carcinogenesis increases liver susceptibility to late metasta-
sis formation. Still, our data suggest that liver involvement
at this early stage is more likely to be part of a systemic
inflammatory response.

>

Figure 2. Innate immune cells infiltrate the host's liver during early breast carcinogenesis. A, Hematoxylin and eosin staining of liver sections dem-
onstrates increased immune cell infiltration along a time course following breast cancer cell injection. The black arrows point to the infiltrating immune
cells. Magnifications: 10 and 40x as detailed in the figure. B, Cell types annotated from the scRNA-seq analysis are projected on three uniform manifold

approximation and projections (UMAP), indicating which cells appear at which time point. The arrows mark the neutrophil and monocyte subsets that
were absent in the liver of WT mice and gradually accumulated in the liver until day 21. DC, dendritic cell; moDC, monocyte-derived dendritic cell; NK,
natural killer; pDC, plasmacytoid dendritic cell; Treg, regulatory T cell. C-E, CyTOF-t-distributed stochastic neighbor embedding (t-SNE) analysis (C and E)
and (D) quantification of liver and blood CD45* populations show increased levels of innate immune cells and reduction of lymphocytes in the liver (C) and
blood (E) of breast cancer-bearing mice compared with WT PBS-injected mice (WT n=3,4T1 =5, Student t test). P values for blood <0.0001. P values for
liver: B cells =0.013, T cells = 0.0014, neutrophils = 0.0001. F, Multiplex ELISA immunoassay demonstrates increasing levels of IL6 (left) and TNFa (right)
in breast cancer-bearing mice from day 4 to day 21 following cancer cell injection (n =5, Student t test). P values for IL6: day 4 = 0.024, day 14 <0.0001,
and day 21 =0.0009. P values for TNFa: day 4 = 0.05, day 14, and day 21 <0.0001. G, ELISA assay measurements of CCLZ2 levels in plasma, livers, spleens,
and lungs of breast cancer-bearing mice (n =5, Student t test). P values: plasma = 0.0005, liver =0.017, spleen = 0.04. H, ELISA assay demonstrates a
significant interaction effect between the time following cancer cell injection and elevation of CCLZ2 in the liver of breast cancer-bearing mice relative

to WT PBS-injected mice (n=>5, two-way ANOVA); P=0.0034. I, Expression of CCR2 in immune cells from the scRNA-seq experiment, projected on the
UMAP, demonstrates that CCR2 is mainly expressed in monocyte subpopulations.
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Our scRNA data demonstrate that the neutrophils in the
liver can be clustered into four subgroups based on substantial
differences in gene expression along the time course of carcino-
genesis (Supplementary Fig. S2F). Neutrophil subset 1, found
in the liver at day 4, likely represents immature neutrophils
based on the high expression levels of maturation and chemot-
axis genes, granules genes, and elevated inflammatory markers
such as IL1f (19). Following 3 weeks of carcinogenesis, we found
that more mature neutrophils accumulate in the liver in high
numbers (subsets 2-4; Supplementary Fig. S2F-S2H). Addition-
ally, measurement of cytokine levels in the plasma of breast
cancer-bearing mice demonstrated a significant increase in IL6
and TNFa, supporting the notion that tumorigenesis induces a
systemic inflammatory response that involves the liver (Fig. 2F).
Because it is usually challenging to detect direct elevation in
RNA levels of secreted cytokines in scRNA of in vivo samples, we
analyzed the data for elevations in the RNA of their downstream
target. Encouragingly, we found in macrophages at day 21 a sig-
nificant elevation in the expression of ANXAI, which is known
to be driven by IL6 (ref. 20; Supplementary Fig. S2I).

The chemokine CCL2 and its primary receptor CCR2 have
been linked to the pathogenesis of inflammation and cancer
(21). Indeed, we found elevated levels of CCL2 in livers, plasma,
and spleens of breast cancer-bearing mice in the first week
following the injection of cancer cells and less so in the lungs
(Fig. 2G). Notably, although the increase in plasma CCL2 lev-
els in breast cancer-bearing mice compared with healthy mice
remained constant, the relative elevation of CCL2 in the livers
of breast cancer-bearing mice continued to increase along the
cancer course (Fig. 2H; Supplementary Fig. S2J). In addition,
we found increased CCR2* cells in liver-infiltrating monocytes
and upregulation in the expression of genes involved in migra-
tion pathways (Fig. 2I; Supplementary Fig. S2K).

Thus, following carcinogenesis, there is an early induction
of systemic immune response, in which immune tissues such
as the liver secrete increasing levels of CCL2, resulting in the
infileration of immune cells to different organs.

Phospho-ERK Activation in Myeloid Cells Results
in the Depletion of HNF4« from Hepatocytes

In addition to the alterations we found in metabolic path-
ways, the bulk RNA-seq analysis we performed on isolated
hepatocytes of breast cancer mice demonstrated an upregula-
tion of signaling pathways (Fig. 3A). IL6, NF«xf, and ERK,
which we found to be elevated in our scRNA pathway analysis,
were described to participate together as a signaling pathway
(22). In addition, IL6 was shown to downregulate TFAM (23),
and we found its levels elevated in the plasma of 4T1 mice
(Fig. 2F; Supplementary Fig. S1G and S1H). Thus, we further
evaluated the activation state of the ERK-IL6 pathway in the
livers. Immunostaining and FACS analysis of phospho-ERK
(pERK) and CD45 cells in the livers of breast cancer-bearing
mice revealed increased costaining of pERK and CD45" in infil-
trating liver cells (Fig. 3B and C). Notably, we did not find pERK
activation in the blood cells of breast cancer-bearing mice, sug-
gesting that the activation occurred in the liver (Fig. 3C).

Integrins can induce pERK activation upon interaction with
other cells (24). Thus, we performed a ligand-receptor inter-
action analysis (25) of our scRNA data of liver-infiltrating
immune cells together with the bulk RNA-seq of hepatocytes.

We found support for intercellular cross-talk between immune
cells and hepatocytes via integrins and their receptors that may
stabilize their hepatic localization (Fig. 3D and E). Activated
ERK has been shown to cause secretion of IL6 from myeloid
cells with multiple effects on other cells (26, 27), one of which
is a consequent elevation of pSTAT3 levels. Elevated pSTAT3
via miR-24 causes the downregulation of HNF4o, a master
regulator of liver metabolism (28-30). Indeed, we found sig-
nificant elevations in pSTAT3 and miR-24 levels in the livers
of breast cancer tumor-bearing mice together with complete
depletion of HNF4a., at both the RNA and protein levels
(Fig. 3F-H). Notably, supplementing primary hepatocytes with
IL6 increased CCL2 RNA levels (Fig. 3I). Hence, cancer-induced
inflammation recruits innate immune cells to the liver at least
partly via CCL2. The consequent immune activation and secre-
tion of IL6 activate pSTAT3 in hepatocytes, leading to HNF4a.
depletion and perturbation of liver metabolism.

HNF4a Depletion Disrupts Liver Metabolism
during Extrahepatic Carcinogenesis

Further analysis of the RNA-seq data from the livers of
breast cancer mice confirmed that many of the genes we
found dysregulated and responsible for the perturbed meta-
bolic and signaling pathways are indeed regulated by HNF4a.
(Fig. 4A; Supplementary Table S1). Because albumin is an
established downstream target of HNF4a (31), we confirmed
its decrease at both the RNA and protein levels in the liver
and plasma of 4T1 mice, respectively (Fig. 4B).

To validate the causality between the signaling cascade
initiated by immune cells and the consequent metabolic
changes in the livers of cancer-bearing mice, we measured the
expression levels of the UC enzyme OTC, a known target gene
of HNF4a (32), in isolated primary hepatocytes. We found
that IL6 supplementation decreased the expression levels of
OTC and that this effect can be rescued with a STAT3 inhibi-
tor, HJCO152 (Fig. 4C and D; ref. 33). Although trametinib
(MEK inhibitor; ref. 34) may have an oncolytic effect, treating
4T1 mice with trametinib maintained the expression levels
of HNF4a and liver UC enzymes and reduced tumor size,
further supporting the proposed signaling cascade (Fig. 4E
and F; Supplementary Fig. S3A).

Finally, in vivo reexpression of HNF4a. via viral transduc-
tion in breast cancer-bearing mice increased liver HNF4a
levels, reversed the changes in the expression of UC enzymes,
and restricted breast cancer tumor growth (Fig. 4G and
H). Furthermore, tumors from breast cancer-bearing mice
treated with HNF4o had lower levels of PCNA and lower
pCAD, suggesting that preservation of liver metabolism by
reexpressing HNF4o decreases tumor growth by restrict-
ing proliferation (Fig. 4I; Supplementary Fig. S3B). HNF4a
injection decreased glutamate and aspartate levels in the
liver, plasma, and tumor, suggesting that preserved liver
UC metabolism restricted tumor growth (Supplementary
Fig. S3C). Notably, HNF40-AAV injection increased the
expression of viral HNF4a in the liver but did not increase the
levels of viral HNF4a in tumors, supporting the liver specific-
ity of the AAV-HNF4 (Supplementary Fig. S3D). Thus, liver-
infiltrating immune cells with activated pERK secrete IL6,
activating pSTAT3 in hepatocytes, which leads to HNF4a
depletion and subsequently to metabolic perturbations in
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Figure 3. Activated liver-infiltrating myeloid cells perturb liver metabolism via HNF4a depletion. A, Differentially expressed gene pathway enrichment
analysis of hepatocytes from breast cancer-bearing mice on day 21 compared with day 4. The bar shows the Z score of a specific pathway. B, Immuno-
fluorescence staining demonstrates increased levels of pERK in CD45* cells in the livers of breast cancer-bearing mice. C, Mean fluorescence intensity
(MFI) of pERK in CD45* cells demonstrates a specific increase for pERK in the livers of breast cancer-bearing mice compared with WT PBS-injected
mice (left) and no significant difference in the staining for CD45* pERK in the blood (middle; n = 4, Student t test). Quantification is shown on the right.
P <0.0001. ns, not significant. D, Normalized RNA-seq counts for three integrin binders expressed on hepatocytes on days 4 and 21. P < 0.0001, 0.001,
0.027 (respectively). E, Normalized RNA expression counts of integrins (left: Itga4, middle: Itgal, right: Itgam) in neutrophils, monocytes, macrophages,
and hepatocytes. F, Western blots demonstrating increased protein expression levels of pSTAT3 and decreased expression of HNF4a in livers of breast
cancer-bearing mice compared with livers from WT PBS-injected mice (n =5, Student t test). G, RT-PCR of livers from breast cancer-bearing mice dem-
onstrates an increase in miR-24 levels (n =5, Student t test); P=0.005. H, RT-PCR of livers from breast cancer-bearing mice demonstrates a significant
decrease in Hnf4a levels (n =5, Student t test); P=0.005. 1, RT-PCR of primary hepatocytes demonstrates increased RNA expression of Ccl2 following
supplementation of IL6 (n=3, Student t test, representative experiment of two independent biological replicates); P = 0.009.

AAC—R American Association for Cancer Research® JULY 2023 CANCER DlSCOVERY I 1623



RESEARCH ARTICLE

Goldman et al.

A B 401 1.5 -
Glycogen biosynthetic process - " @ *
Ribose phosphate biosynthetic process — — §
o -
Cellular ketone metabolic process - = 354 . <Z( 1.0
3 3.
Serine family amino acid biosynthetic process — > -4 T %
o
Fatty acid beta-oxidation using acyl-CoA dehydrogenase — < - ﬁ 054
©
Oxidative phosphorylation 30 4 E
B [e]
Alpha-amino acid metabolic process - I‘ z
T T T T 1 0 0.0-
-10 -8 -6 -4 -2 0 PBS  4T1 Day 4 Day 21
Z score
C D ns E 2.0 5 .
1.5 = 2.0 —
[y Q
@ " g o*o . N 2 1.5
® — 3157 Vehicle Trametinib 1]
< 1.0 ) Q
£ 5. ] = HNF4o MM st e S o-
3 © 1.01 °
o ’ 3
<05 s Actin ww o= e o -
o Z 0.5+
o - 0.54 T
2 S
Q
0.0~ 0.0~ 0.0 -
CTRL IL6 V@O V{OO \g\‘ \\‘;0 Vehicle Trametinib
D x
AN
SRS
& &Y

Figure 4. 1L6-STAT3-HNF4o, signaling causes changes in liver metabolism during breast cancer carcinogenesis. A, Differentially expressed gene pathway
enrichment analysis for genes regulated by HNF4o. (Supplementary Table S1) in livers of breast cancer-bearing mice on day 21 compared with day 4. The bar
shows the Z score of a specific pathway. B, Left, plasma albumin (Alb) measurements demonstrate decreased levels in breast cancer-bearing mice compared
with WT PBS-injected mice (n=5, Student t test); P=0.002. Right, normalized RNA-seq analysis of albumin expression in hepatocytes on days 4 and 21.
P=0.013.C,RT-PCR of primary hepatocytes demonstrates decreased RNA expression levels of Otc following IL6 supplementation (n =3, Student t test,
representative experiment of two independent biological replicates); P=0.0002. D, STAT3 inhibitor HICO152 restores Otc levels even in the presence of IL6
(n=3, one-way ANOVA); P < 0.0001 for CTRL + DMSO vs. IL6 + DMSO and STAT3 inhibitor vs. STAT3 inhibitor + IL6. inh, CTRL + DMSO vs. STAT3 inh + IL6;

ns, not significant. E, Western blots (left) demonstrate increased expression levels of HNF4a. in breast cancer-bearing mice treated with an ERK inhibitor
compared with livers from breast cancer-bearing mice treated with vehicle (vehicle n=4, trametinib n = 3, Student t test). Right, quantification of band

intensities. P=0.024. (continued on following page)

breast cancer-bearing mouse livers. Importantly, reexpressing
HNF4a could restrict the changes in liver metabolism.

Similar Changes in Liver Metabolism Occur via
HNF4a in Pancreatic Cancer Mice

To evaluate our results in another cancer mouse model, we
used the KrasG12D/Trp53R172H/Pdx-1-Cre pancreatic cancer
(KPC) orthotopic mouse (35). Encouragingly, we found that
the early metabolic findings we demonstrated in the 4T1 breast
cancer model also occur in the pancreatic cancer model. Indeed,
we found in the pancreatic cancer model a significant decrease
in the levels of OTC, a direct target of HNF4q, already in the
first week after injection of KPC cells, as well as an increase in
UC substrates and reduced levels of UC products on day 21
(Supplementary Fig. S4A and S4B). Additionally, we found in
the pancreatic cancer mice a gradual increase in immune cell
infiltration to the liver during the first 3 weeks of tumorigenesis
(Supplementary Fig. S4C). FACS analysis confirmed that the
liver-infiltrating immune cells were predominantly of innate
immunity and associated with increased CCR2* monocytes and
lymphocyte depletion (Supplementary Fig. S4D). Consistent
with our findings in the breast cancer model, our results in the

KPC model were associated with an increase in the plasma levels
of IL6, elevation in pSTAT3 protein levels, a decrease in HNF4a.
RNA levels, and consequently decreased albumin levels (Sup-
plementary Fig. S4E-S4H). In further support, treating KPC
mice with anti-IL6 antibodies rescued albumin levels (Supple-
mentary Fig. S4I). Notably, these changes in liver metabolism
occurred when there were no changes in the weight of the KPC
mice (Supplementary Fig. S4]) and when a certified pathologist
ruled out liver metastasis. Thus, the KPC mouse model demon-
strates changes in liver metabolism that are similar to the ones
we describe in breast cancer mouse models.

CCR2 Knockout and HNF4a Reexpression Rescue
the Early Metabolic Changes in the Liver during
Carcinogenesis in Pancreatic Cancer-Bearing Mice

To further confirm that CCL2 drives the immune infiltra-
tion to the liver and is responsible for the metabolic changes
we find, we orthotopically injected the KPC cells into C57/Bl6
WT and CCR27~ knockout (KO) mice, which do not express
the receptor for CCL2 and cannot recruit CCL2* immune
cells (36). In contrast to KPC CCR2*/* mice, we found that the
KPC CCR27~ mice developed pancreatic cancer but did not
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Figure 4. (Continued) F, Measurement of tumor weight on days 8 and 14 following treatment with an ERK inhibitor (day 8 n=5, day 14 n =4, Student

t test). P values: day 8=0.007 and day 14 =0.014. G, RT-PCR of livers from breast cancer-bearing mice treated with AAV8-HNF4a demonstrates increased
RNA expression of Hnf4a, UC enzymes, and Alb in comparison with AAV8-GFP-treated breast cancer-bearing mice (AAV8-GFP n =4, AAV8-HNF4a.n=7,
Student t test); P=0.004, 0.004, 0.002, 0.001, respectively. H, 4T1 tumor growth is significantly higher following AAV-GFP injection compared with AAV-
HNF4o (AAV8-GFP n=12, AAV8-HNF4a n=13, Student t test). P=0.049., Left, Western blots showing decreased levels of PCNA in tumors from breast
cancer-bearing mice treated with HNF4o compared with mice treated with GFP. Right, quantification of band intensity relative to actin. P=0.003.

demonstrate liver infiltration by immune cells (Fig. SA). Con-
sequently, we found decreased levels of IL6 in the plasma of
CCR27/~ pancreatic cancer-bearing mice (Fig. SB), whereas the
expression levels of UC enzymes, albumin, and HNF4a, were
preserved (Fig. 5C). Notably, the CCR27/~ mice had reduced lev-
els of UC substrates in their livers and did not develop systemic
metabolic manifestations associating with carcinogenesis, such
as weight loss and changes in body composition, correlating
with the preservation of albumin level. Importantly, CCR27/~
mice had significantly decreased tumor growth (Fig. SD-F).

Finally, to evaluate the potential therapeutic relevance of our
findings, we injected the AAV8-HNF4a. virus into KPC mice.
The AAV8-HNF4o. virus significantly restricted pancreatic can-
cer tumor growth and improved survival (Fig. 5G and H).
Notably, reexpressing HNF4a reduced weight loss, decreased
fat loss, and restricted the accumulation of body fluids, as
demonstrated by nuclear magnetic resonance (NMR; Fig. 5I
and J; Supplementary Fig. S4K and S4L). Thus, preserving the
levels of HNF4a. in the liver by preventing CCL2* immune cell
infiltration or by reexpressing HNF4o. alleviated the systemic
manifestations of tumorigenesis, such as weight loss and
changes in body composition.

A Biochemical Liver Score Based on Routine Tests
Can Predict Outcomes in Patients with Breast
Cancer and Pancreatic Ductal Adenocarcinoma

To understand the translational relevance of our findings
in liver metabolism for patients with cancer, we performed

analyses of the Clalit health maintenance organization dataset,
which encompasses digital health data of 5 million Israeli sub-
jects for 18 years. We found that patients with nonmetastatic
breast cancer and pancreatic ductal adenocarcinoma (PDAC)
with abnormal liver parameters on the day of diagnosis survive
for a shorter time than patients with normal liver parameters
(Fig. 6A; Supplementary Fig. S5A). Notably, some of these liver
changes such as lactate dehydrogenase (LDH) and alkaline
phosphatase (ALK-P) could be significantly detected in the
plasma of patients with breast cancer and predict the out-
comes, even a year before diagnosis (Supplementary Fig. S5B).

In addition, we analyzed datasets of patients with PDAC
specifically from two independent medical centers in Israel:
the Sheba Medical Center and Souraski Medical Center, two
of Israel’s largest oncology centers. We first confirmed that this
cohort behaves as published in the literature and shows a cor-
relation between decreased survival and weight loss (Supple-
mentary Fig. SSC). Similar to a score we previously generated
for the expression of UC enzymes (13), we here developed a
“liver score” that is based on measured levels of liver biochemi-
cal and functional parameters [AST, ALT, ALK-P, albumin,
international normalized ratio (INR)] and trained it on a small
dataset (Supplementary Fig. S5D). We next tested the correla-
tion potential of our score with survival in the Clalit and the
hospitals’ datasets. We found that in all three cohorts, our liver
score correlates with decreased survival in patients with PDAC
(Fig. 6B). Interestingly, the liver score did not correlate with the
disease stage but did correlate with weight loss (Fig. 6C and D;
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Figure 5. CCR2 KO mice and HNF4a rescue the early changes in liver metabolism in pancreatic cancer-bearing mice. A, Hematoxylin and eosin staining
demonstrates decreased immune cell infiltration to the livers of CCR2/- pancreatic cancer-bearing mice compared with livers of pancreatic cancer-bearing
WT mice. Pancreatic cancer-bearing mice were mice injected with KPC. Magnifications: 10, 20, and 40x as detailed in the figure. B, ELISA demonstrates
decreased IL6 levels in the plasma of pancreatic cancer CCR27/--bearing mice relative to pancreatic cancer-bearing WT mice (PCWT n=7,CCR27/-n=6,
Student t test). P=0.0125. C, RT-PCR of livers from CCR2/~ pancreatic cancer-bearing mice demonstrates preserved RNA expression levels of Ass1,
Otc, Alb, and Hnf4a compared with decreased expression levels of these genes in livers of pancreatic cancer-bearing WT mice (PCWT n=5, CCR27/-n=6,
Student t test). P=0.019,0.011, 0.002, respectively. D, Decreased levels of aspartate and glutamate in the liver of pancreatic cancer CCR27/-bearing
mice. UC intermediate levels were measured with gas chromatography-mass spectrometry (n=7, Student t test). P=0.011, 0.029, respectively.

E, Weight measurements and nuclear magnetic resonance (NMR) body composition analysis of CCR27/~ pancreatic cancer-bearing mice demonstrate
significantly less weight loss (left), increased fat tissue (middle), and decreased free fluids (right) in comparison with WT pancreatic cancer on day 21
(relative to day 0; n=7 in each group, Student t test). P=0.014, 0.006, and 0.004, respectively. F, Tumor weights measured on the day of sacrifice are
significantly lower in the CCR27/~ mice with pancreatic cancer compared with WT pancreatic cancer (n =7, Student t test). P=0.009. G, Pancreatic cancer
tumor growth is significantly more prominent in mice injected with AAV-GFP compared with AAV-HNF4a, (AAV-GFP n =4, AAV-HNF4a n=9, Student t
test). P=0.006. H, Mice with pancreatic cancer injected with AAV-HNF4co demonstrate a significant increase in survival compared with those injected
with AAV-GFP [log-rank (Mantel-Cox) test]. P = 0.02. I, Mice with pancreatic cancer injected with AAV-HNF 40, maintain weight compared with those
injected with AAV-GFP (AAV-GFP n =8, AAV-HNF4a n =9, two-way ANOVA). P=0.05. J, NMR body composition analysis of mice with pancreatic cancer
injected with AAV-HNF4a demonstrate less fat tissue loss (left) and decreased free fluid accumulation (right) in comparison with mice with pancreatic
cancer injected with AAV-GFP (AAV-GFP n =5, AAV-HNF4a n =6, Student t test). P=0.007, 0.012, respectively.
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Figure 6. Routine liver tests predict weight loss in patients with PDAC. A, Analysis of the Clalit HealthCare database for liver biochemical tests demon-
strate that patients with nonmetastatic PDAC with shorter survival time have abnormal liver parameters at the time of diagnosis compared with those with
longer survival (n=2,037, survival of <0.5 years; n =659, survival of 0.5-1 year; n =342, survival of 1-1.5 years; **, P < 0.01; ***, P < 0.001). ALB, albumin; ns,
not significant; PT, prothrombin time. B, Kaplan-Meier survival curves of patients with PDAC from the Clalit database (left) and from the Sheba and Souraski
medical centers (right) demonstrate decreased survival in PDAC patients with high liver function scores. P=0.0003 and P < 0.0001, respectively. C and D,
Analysis of data from the Sheba and Sourasky medical centers. C, Liver score does not correlate with pancreatic cancer disease stage. LA, locally advanced;
MTX, metastatic disease. D, Correlation of weight loss during PDAC for high (red) and low (blue) liver scores of patients with PDAC from the Sheba and
Sourasky medical centers, as binned by stage of disease at diagnosis (linear regression P = 0.02). E, Graphical summary of the findings proposing a mecha-
nism for the tumor-induced systemic metabolic changes in the livers of patients with cancer and cancer-bearing mice that can lead to cancer-associated

cachexia (created with BioRender.com).

Supplementary Fig. SS5E; Supplementary Table S2). Thus, the
decreased survival predicted by our liver score coincides with
systemic manifestations induced by cancer development.

DISCUSSION

Tumor-promoting inflammation is a recognized hallmark
of cancer (37). The inflammatory response induced by cancers
is orchestrated in part through the secretion of cytokines and
chemokines and involves the infiltration of immune cells into
different organs, such as the liver. While in the healthy liver
exposure to foreign molecules results in regulated inflamma-
tion (38), we find that following carcinogenesis and immune

infiltration, the liver recruits innate immune cells by secret-
ing an increasing amount of CCL2. Activated immune cells
positive for pERK and elevated IL6 levels lead to transcrip-
tional changes in the expression of metabolic enzymes in the
liver. Tumor-induced IL6 has been shown to impair the liver
ketogenic response (39). Here we demonstrate a broad rewir-
ing of liver metabolism via the IL6-pSTAT3 immune-hepatic
axis, which leads to the depletion of HNF4a, a master regula-
tor of liver metabolism. Consequently, there are changes in
systemic metabolism, increasing the availability of substrates
that promote cancer growth and contributing to systemic
manifestations, such as weight loss and changes in body
composition (Fig. 6E).
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Complex clinical phenotypes can gain insights from
genetic disorders in which an isolated gene is mutated (40).
Indeed, in support of our findings, patients with HNF4A
germline mutations have been linked with maturity-onset
diabetes of the young and associated with weight loss (41,
42). In addition, mutations in the binding site of HNF4a. to
the OTC promoter and enhancer have been demonstrated to
manifest clinically in OTC deficiency (32). Thus, our finding
in extrahepatic cancers that HNF4a depletion in hepatocytes
dysregulates central metabolic pathways such as the UC and
contributes to a weight loss phenotype is consistent along
these lines.

Our results demonstrate that HNF4o depletion induces
liver alterations in protein metabolism involving the
decreased activity of the UC and reduced albumin synthe-
sis. Indeed, patients with cancer with lower albumin levels
accumulate fluids and have poor outcomes (43). We propose
a biochemical liver score that includes albumin and can
predict survival and weight loss independent of the cancer
stage. Therapeutically, our data suggest that giving clinically
available drugs such as ERK inhibitors, STAT inhibitors, or
IL6 antibodies to the identified patients at risk at an early
cancer stage may preserve liver metabolism and restrict can-
cer progression. Moreover, we allude to a future option of
using exogenous HNF4o to maintain liver metabolism and
limit systemic manifestations.

It is well established that obesity, diabetes, and diet influ-
ence tumor development. Our findings that early changes
in liver metabolism induce systemic metabolic changes that
affect the tumor and the host highlight the essentiality of
understanding the tumor macroenvironment for optimiz-
ing cancer diagnosis and therapy. Furthermore, they provide
metabolic insights to better understand cancer complications
such as metastasis, resistance, and cachexia. A comprehen-
sive understanding of the tumor metabolic macroenviron-
ment could identify early disease biomarkers, advance cancer
patients’ management, and provide new treatment approaches
to improve survival and quality of life for patients with cancer.
Because cancer hijacks physiologic mechanisms, our findings
may suggest an immune-mediated metabolic liver response
that could be potentially relevant to other systemic condi-
tions, such as viral infections requiring a general metabolic
adaptation.

METHODS

In Vivo Animal Studies

Animal experiments were approved by the Weizmann Institute
Animal Care and Use Committee following the U.S. National Insti-
tute of Health, European Commission, and Israeli guidelines. To
generate syngeneic mouse cancer models, 8- to 12-week-old C57BL/6
or BALB/c male and female mice were purchased from Envigo and
randomly assigned to experimental groups. For the breast cancer
model, 8-week-old BALB/c female mice were injected with 1 x 10°
4T1 breast cancer cells [in phosphate-buffered saline (PBS)] in the
mammary fat pad. For the pancreatic cancer model, 12-week-old
CS57BL/6 male mice and CCR2-RFP KO mice were injected with
0.3-0.4 x 10° KPC pancreatic cancer cells (in DMEM 50% Matrigel)
in the pancreas tail. After sacrifice, livers, spleens, BM, and lungs were
removed from the mice, and blood was collected for further analysis
by quantitative PCR, Western blot, and IHC.

Cell Lines

4T1-luciferase cells derived from mouse breast cancer cells were
kindly provided by Professor Yosef Yarden, Department of Immuno-
logy and Regenerative Biology, Weizmann Institute of Science, Reho-
vot, Israel. KPC-luciferase cells derived from mouse solid PDAC were
kindly provided by Professor Avigdor Scherz, Department of Plant and
Environmental Sciences, Weizmann Institute of Science. All cells were
tested routinely for Mycoplasma using a Mycoplasma EZ-PCR test kit
(#20-700-20, Biological Industries, Kibbutz Beit Ha’emek).

Western Blotting

The tissues were ground and lysed in a RIPA lysis buffer (Sigma-
Aldrich) containing 1% protease inhibitor cocktail (Calbiochem) and
1% phosphatase inhibitor cocktail (P5726, Sigma-Aldrich). Following
centrifugation, the supernatant was collected and protein content
was evaluated by the Bradford assay or a BCA Protein Assay Kit
(Thermo Fisher Scientific, cat # 23225). Twenty to 50 ug from each
sample under reducing conditions was loaded into each lane and
separated by electrophoresis on a 10% SDS polyacrylamide gel. Fol-
lowing electrophoresis, proteins were transferred to Cellulose Nitrate
membranes (Tamar). Nonspecific binding was blocked by incubation
with TBST [10 mmol/L Tris-HCI (pH 8.0), 150 mmol/L NaCl, 0.1%
Tween 20| containing 5% skim milk for 1 hour at room tempera-
ture (RT). Membranes were subsequently incubated with antibodies
(Western blot antibodies list; Supplementary Table S3).

Antibody was detected using peroxidase-conjugated AffiniPure
goat anti-rabbit IgG or goat anti-mouse IgG (Jackson ImmunoRe-
search) and enhanced chemiluminescence Western blotting detec-
tion reagents (EZ-Gel, Biological Industries). Gels were quantified
by Gel Doc XR+ (Bio-Rad) and analyzed by ImageLab 5.1 software
(Bio-Rad). The relative intensity of each band was calculated by
dividing the specific band intensity by the value obtained from the
loading control.

Liver Perfusions and Hepatocyte Dissociation

Livers of anesthetized mice were perfused as previously described
(44), with specific adjustments. The vena cava was inserted with
a 27-G syringe, fixed on the perfusion line. Ten milliliters of pre-
warmed to 42°C PPML buffer followed by 25 mL of prewarmed to
42°C PM buffer with Liberase (Roche, cat. # 05401127001) was per-
fused through the vena cava. Immediately at the beginning of the per-
fusion, the portal vein was cut. Following perfusion of 25 mL of PM
buffer and Liberase solution, livers were harvested into a Petri dish
with 10 mL of prewarmed PM buffer and chopped by forceps. Disso-
ciated liver cells were collected and filtered through a slanted 100-um
cell strainer. Cells were spun down at 30 g for 3 minutes at 4°C to get
hepatocyte enriched pellet. Pellet was resuspended in 25 uL cold PM
buffer. To enrich live hepatocytes, 21.6 mL cold Percoll (GE Health-
Care; #17-0891-01) mixed with 2.4 mL DPBSX10 + CaCl2 + MgCI2
was added to the cells. Cells were centrifuged at 600 rpm for 10 min-
utes at 4°C. The supernatant containing the dead cells was aspirated,
and cells were resuspended in 25 mL of cold Williams E + GlutaMax-
TM-1 (Gibco, cat. #32551, 1% penicillin and streptomycin, 10 FBS, 1%
L-glutamine). Cells were centrifuged at 600 rpm for 5 minutes at 4°C.
The supernatant was aspirated, and cells were resuspended in 3 mL
cold Williams E + GlutaMax-TM-1.

Primary Hepatocytes Culture

Following perfusion, 1 x 10° isolated hepatocytes were seeded in
3 mL Williams E + GlutaMax-TM-1 in a 6-well plate. Four hours
after, the medium was aspirated, and the cells were washed with
PBS and incubated with 2 mL Williams E + GlutaMax-TM-1 over-
night. Cells were treated with 10 umol/L of the STAT3 inhibitor
HJC0152 (Selleckchem # S8561) for 30 minutes and then treated
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with 10 ng/mL recombinant mouse IL6 (R&D Systems; # 406-ML-
005) for 48 hours.

Histopathologic and IHC Staining Analyses

Following 4, 14, and 21 days of 4T1 breast cancer cell injection and
7, 14, and 21 days of KPC pancreatic cancer cell injection, PFA-fixed
liver and lung tissues were embedded in paraffin blocks. The blocks
were sectioned into 4 um, and tissue sections were backed at 37°C
overnight. Hematoxylin and eosin staining was performed according
to a standard protocol including the following steps: deparaffiniza-
tion, rehydration, staining with hematoxylin and eosin, followed by
dehydration. The slides were cleaned with xylene and mounted.

Immunofluorescence

Following 21 days of 4T1 breast cancer cell injection, livers were
collected, fixed in 4% paraformaldehyde, and embedded in paraffin
blocks and 4-um sections were made. Slides were deparaffinized,
and antigen retrieval was done using citric acid pH 6. Blocking for
unspecific binding was done with 20% normal horse serum (NHS)
and 0.1% Triton in PBS. Rat anti-CD45 (Bio-Rad; #MCA1031G)
and mouse anti-pERK 1:100 (Sigma; #M8159) were diluted in 2%
NHS and 0.1% Triton and were incubated overnight. Slides were
then incubated with biotinylated donkey anti-rat 1:100 (Jackson
ImmunoResearch; #712-065-153) and HRP-conjugated goat anti-
mouse 1:100 (PerkinElmer; #NEF822001EA) diluted 2% NHS for
1.5 hours. Slides were then incubated with 1:500 OPAL 690 (Akoya
Biosciences; #FP1497001KT) and streptavidin Cy3 (016-160-084;
Jackson ImmunoResearch). Slides were imaged with a Leica Mi8
microscope equipped with a motorized stage and a Leica DFC365 FX
camera. Single x20 magnification images were tiled to receive a full
scan of the tumor section. The quantification in the liver sections
stained with pERK was done by Image].

RNA Processing and Quantitative PCR

RNA was extracted from liver tissue using QIAzol Lysis Reagent
(according to a QIAzol Handbook) or the Direct-zol MiniPrep Plus
Kit (Zymo Research ZR-R2070). For hepatocyte RNA-seq, RNA was
extracted from dissociated hepatocytes. Following liver perfusion as
previously described, hepatocytes were resuspended in QIAzol and
frozen at —80°C. RNA was extracted using QIAzol Lysis Reagent.
RNA from cultured primary hepatocytes was extracted by using
RNeasy Mini Kit (Qiagen; #74104). To evaluate mtDNA copy num-
ber, total DNA was isolated using a DNA purification kit (DNeasy
Blood and Tissue Kits, Qiagen; #69504). cDNA was synthesized from
1 ug RNA using the qScript cDNA Synthesis Kit (Quanta; #95749).
Detection on cDNAs was performed using SYBR Green FastMix
Perfect CT (Quantabio; #95073) with the required primers (QPCR
primer list; Supplementary Table S4).

Perfusion for CyTOF and FACS Assays

For blood collection, once anesthetized, mice were either injected
with 10 pL of heparin on the left ventricle and ~700 pL blood was
withdrawn by cardiac puncture on the right ventricle using a 27-G
needle in a 1 mL syringe coated with heparin or via retro-orbital
bleeding procedure using heparinized micro hematocrit capillary
tubes for immune cell isolation. Mice were intracardially perfused
with ice-cold PBS. These assays were performed 14 days following the
injection of 4T1 breast cancer cells and control PBS, and 21 days fol-
lowing the injection of KPC pancreatic cancer cells and control PBS.

Blood Immune Cell Isolation

Following perfusion, blood was withdrawn and transferred into
15-mL tubes. Red blood cell lysis buffer (5 mL; Thermo Fisher, ACK
Lysing Buffer, A104920) was added and incubated at RT for 5 to

10 minutes. Blood was then centrifuged at 300 x g for 5 minutes at
4°C. The supernatant was aspirated, and the pellet was resuspended
in residual volume. Cells were washed with S-mL ice-cold FACS
buffer [Ca/Mg2 free PBS + 2 mmol/L EDTA + 0.5% bovine serum
albumin (BSA) or 5% FCS] and centrifuged at 300 x g for 5 minutes at
4°C. The supernatant was aspirated, and the pellet was resuspended
in residual volume.

Liver Immune Cell Isolation

Following perfusion, livers were extracted and transferred to a
Petri dish. Livers were then minced into ~I-mm pieces. DMEM-
F12 (3 mL; Thermo Fisher, 31330038) was added to 15-mL tubes
on ice. Three milliliter of collagenase (Worthington, LS004188)
cocktail (1 mg/mL collagenase IV + 0.2 mg/mL DNAse I + 20%
FBS in DMEM/gF12) was added, and the tissue homogenates were
incubated at 37°C for 60 minutes shaking at 250 rpm, with brief
vortex every 15 minutes. Cell suspension was filtered with a 40-um
strainer into a 50-mL tube and washed with 20 mL of ice-cold FACS
buffer. Cells were then centrifuged at 600 x g for 5 minutes at 4°C.
The supernatant was aspirated, and the pellet was resuspended in
5-mL red blood cell lysis buffer. At the end of the incubation, 15 mL
of ice-cold FACS buffer was added and samples were centrifuged at
600 x g for S minutes at 4°C. Leukocyte enrichment based on the
Percoll gradient was performed. Isotonic Percoll (9 parts of Percoll,
1 part of sterile 10x PBS), 80% Percoll (8 parts of isotonic Percoll,
2 parts of 1x PBS), and 40% Percoll (5 parts of 80% Percoll, 5 parts
of DMEM-F12) solutions were prepared. Pellet was resuspended in
8 mL of 40% Percoll and carefully transferred to 15 mL containing
5 mL of 80% Percoll. Cells were centrifuged at 1,500 x g for 30 min-
utes at 4°C (acceleration 5/brake 0). The middle layer containing
immune cells was collected and transferred into a new 15-mL tube
containing 5 mL of ice-cold PBS buffer. Volumes were evened out to
10 mL with ice-cold PBS, and cells were centrifuged at 600 x g for 5
minutes at 4°C. The supernatant was aspirated, and the pellet was
resuspended in residual volume.

Spleen Immune Cell Isolation

Following perfusion, the spleen was squashed over a 70-um
strainer and filtered with 10 mL FACS buffer. Cells were centrifuged
at 400 x g for 5 minutes at 4°C. The supernatant was aspirated, and
cells were resuspended in 1 mL red blood cell lysis buffer. After 5 min-
utes of incubation at RT, 10 mL of ice-cold PBS was added and cells
were centrifuged at 300 x g for 5 minutes at 4°C. The supernatant was
aspirated, and the pellet was resuspended in residual volume.

BM Immune Cell Isolation

Following perfusion, the femur was dislocated and transferred into
a Petri dish containing ice-cold PBS. Condyles, patella, and epiphysis
were removed to expose the metaphysis. The BM was flushed with
2 mL of medium over a 70-um strainer. BM was smashed with a
syringe plunger, and the filter was washed with 10 mL of RPMI + 10%
FBS + 2 mmol/L EDTA. Cells were centrifuged at 400 x g for 5 min-
utes at 4°C. The supernatant was aspirated, and the pellet was resus-
pended in 1 mL red blood cell lysis buffer for 5 minutes at RT. RPMI
(10 mL) containing 10% FBS + 2 mmol/L EDTA was added, and the
cells were centrifuged at 400 x g for 5 minutes at RT.

Flow Cytometry

Immune cells were washed with ice-cold PBS and stained with
LIVE/DEAD Fixable Aqua Dead (Thermo Fisher) according to the
manufacturer’s instructions. After Fc blocking (BioLegend, BLG-
101320), cells were stained for surface antigen (FACS antibodies
list, Supplementary Table S5). Flow cytometry data were acquired
on CytoFLEX (Beckman Coulter) and analyzed using FlowJo soft-
ware. In each experiment, relevant negative, single-stained, and
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fluorescence-minus-one controls were used to identify the popula-
tions of interest (FACS gating strategy, Supplementary Extended
Data S1).

Mass Cytometry

For mass cytometry analysis, 3 x 10° cells per each liver sample and
all blood-derived immune cells were stained as described before (45).
Cisplatin viability stain was used prior to the barcoding of samples
with palladium metal isotopes. Briefly, individual samples were incu-
bated with Human TruStain FcX (BioLegend), followed by staining
with a panel of antibodies (CyTOF antibody list, Supplementary
Table S6), for 30 minutes at RT, washed with 5 mL of Maxpar Cell
Staining Buffer, fixed with Fix I Buffer, and permeabilized with Bar-
code Perm Buffer. Samples were then incubated with their respective
barcodes for 45 minutes at RT, after which they were washed with
Maxpar Barcode Perm Buffer and combined into a composite sample.
After washing, the mixed sample was incubated with formaldehyde
4% overnight at 4°C. Before acquisition in a Helios IT CyTOF system,
samples were stained with iridium to detect cells and washed with cell
staining buffer and mass cytometry-grade water. Multidimensional
datasets were analyzed using the Cytobank cloud-based platform,
FlowJo software (Tree Star, Inc), and R (R Core Team, 2017).

Algorithm-Based High-Dimensional Analysis

Mass cytometry data were normalized and debarcoded with the
Fluidigm CyTOF software version 6.7. Individual samples were man-
ually gated using Cytobank to exclude normalization beads, cell
debris, and dead cells. Only CD45" cells were used for downstream
analyses. All analyses on CyTOF data were performed after arcsinh
(with cofactor = 5) transformation of marker expression. Cluster-
ing, data visualization, and dimension reduction (uniform manifold
approximation and projection) were performed using the CyTOF
workflow package (46). All plots were drawn using ggplot2 or Graph-
Pad Prism (version 8.0.1).

L-Glutamine-°N; Infusion

Isotope infusion experiments were performed 3 weeks following
orthotopic tumor inoculation. The mice were fasted for 4 hours,
followed by 5 hours of infusion with L-Glutamine-"N, (Sigma).
Infusion solutions containing 1.725 g of L-Glutamine-"*N, per kg
of body weight were prepared in saline. The mice were anesthetized
on a heating pad, and a catheter connected to the infusion solution
was inserted in the lateral tail vein. Each mouse was initially infused
with a bolus of 150 uL/minute for 1 minute, followed by a con-
tinuous infusion of 2.5 uL/minute for 5 hours. Mice were kept awake
throughout the infusion in individual infusion cages as described by
Martini and colleagues (47). At the end of the infusion, mice were
anesthetized and blood was collected into heparin tubes. Organs
were harvested and snap-frozen in liquid nitrogen.

Gas Chromatography-Mass Spectrometry

Plasma was collected from blood samples through centrifugation
at 1,000 rcf for 15 minutes at 4°C. Plasma (20 pL) was resuspended
in an ice-cold MeOH/H,O mixture, 8:1 with ribitol, incubated on ice
for 20 minutes, and centrifuged for 10 minutes at 15,000 rpm. The
supernatants were vacuum-dried overnight, and the dried samples
were incubated with 20 uL of methoxyamine hydrochloride solution
(20 mg/mL in pyridine) at 37°C for 90 minutes, followed by incuba-
tion of 40 pL of N-tert-Butyldimethylsilyl-N-methyltrifluoroaceta-
mide with 1% tert-Butyldimethylchlorosilane (Sigma) for 60 minutes
at 60°C.

Tissue samples of about 5 to 25 mg were vacuum-dried and pow-
dered using two stainless steel 3.2-mm balls on the CryoMill (Retschr).
The powdered tissues were resuspended with methanol and ribitol as

internal standard and sonicated for 20 minutes. Polar metabolites were
extracted following the addition of 1 volume of water and 0.5 volume
of chloroform. The mixture was vortexed and centrifuged at 15,000
rpm for 15 minutes at 4°C. The samples’ supernatants were dried over-
night before derivatization with 40 pL methoxyamine hydrochloride
solution (20 mg/mL in pyridine) at 37°C for 90 minutes while shaking,
followed by incubation with 70 mL N,O-bis (trimethylsilyl) trifluoro-
acetamide (Sigma) at 37°C for an additional 30 minutes.

For the samples that were derivatized with BSTFA, instrument
details and run were as described in Joo and colleagues (12). The
samples that were derivatized with TBDMS were run on the same
instrument using the same flow rate. One microliter of the sample
was injected either in splitless or in 1:25 split mode, using an inlet
temperature of 270°C, and the gas chromatography oven was held
at 100°C for 3 minutes and then ramped to 300°C with a gradient
of 3°C/minute followed by 5 minutes after run at 315°C. The MS
system was operated under electron impact ionization at 70 eV, and a
mass range of 100 to 650 amu was scanned. The resulting chromato-
grams were analyzed in MassHunter software (Agilent Technologies).
Isotopologue distribution of the metabolites was corrected for natu-
rally occurring isotopes using IsoCor software (48).

Amino Acid Analyzer

Frozen liver samples were lyophilized and ground to powder and
extracted with 50% methanol homogenized in bullet blunder following
10 minutes of sonication in ice-cold water. The samples were centri-
fuged at 15,000 x g for 15 minutes and lyophilized again as described in
the “Gas Chromatography-Mass Spectrometry” section. The samples
were resuspended with lithium loading buffer (Biochrom), and pro-
teins were precipitated by the addition of (v/v) cold 5% 5-sulphosali-
cylic acid (SSA) solution supplemented with 500 umol/L of norleucine
as internal standard. The mixtures were incubated for 30 minutes
at 4°C following centrifugation at 15,000 x g for 15 minutes. The
supernatants were filtered through a 0.22-um filter and subsequently
injected into Biochrom 30 series amino acid analyzer (Biochrom) with
a Lithium Accelerated cation-exchange column (200 x 4.6). A mix-
ture of amino acids at known concentrations (calibration standards,
Biochrom) was supplemented with glutamine and used as standard.
Amino acids were post-column derivatized with ninhydrin reagent
and detected by absorbance at 440 nm (proline and hydroxyproline) or
570 nm (all the other amino acids).

Extraction of Polar Metabolites from Urine and Plasma

To extract polar metabolites from urine (20-100 uL) samples, 1 mL
methanol (with labeled amino acids as internal standard) was added,
respectively, into a biological sample-containing Eppendorf tube. Then,
the resulting mixture was vortexed and sonicated for 15 minutes, vor-
texed again, and centrifuged at 14,000 rpm for 10 minutes. The liquid
phase was transferred into a new tube and lyophilized. Then, the pellets
were dissolved using 150 uL DDW-methanol (1:1), centrifuged twice
to remove possible precipitants, and injected into the LC-MS system.

LC-MS Polar Metabolite Analysis

Metabolic profiling of the polar phase was done as described (45)
with minor modifications as described below. Briefly, analysis was
performed using the Acquity I Class UPLC System combined with a
mass spectrometer (Thermo Exactive Plus Orbitrap), which was oper-
ated in a negative ionization mode. The LC separation was done using
the SeQuant Zic-pHilic (150 mm x 2.1 mm) with the SeQuant guard
column (20 mm x 2.1 mm; Merck). There were two mobile phases
performed: mobile phase A with acetonitrile and mobile phase B with
20 mmol/L ammonium carbonate plus 0.1% ammonia hydroxide in
water. The flow rate was kept at 200 uL/minute and gradient as follows:
0 to 2 minutes 75% of B, 17 minutes 12.5% of B, 17.1 minutes 25% of B,
19 minutes 25% of B, 19.1 minutes 75% of B, and 19 minutes 75% of B.
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Polar Metabolite Data Analysis

The data processing was done using TraceFinder Thermo Fisher
software, and detected compounds were identified by retention time
and fragments and verified using an in-house mass spectra library.
Urine metabolites were normalized by creatinine peak area.

Cytokine Detection

Cytokine levels were measured by either ProcartaPlex Immunoassays
(Thermo Fisher ProcartaPlex Panel) or by an IL6 ELISA kit (Thermo
Fisher 88-7064-22) according to the manufacturer’s instructions.

CCL2 and Ammonia Levels

CCL2 and ammonia levels were measured by a CCL2 ELISA kit
(R&D Systems; #MJE00B) and Ammonia Assay Kit (Abcam; ab83360),
respectively, according to the manufacturer’s instructions.

Activation of T Cells from Mice Spleens

Ten-week-old, WT, female Balb/c mice were sacrificed, and spleens
were harvested into cold PBS on ice. Spleens were homogenized by a
syringe plunger through a 70-umol/L strainer and washed with PBS.
Following centrifugation at 1,200 rpm for 5 minutes, pellets were
treated with red blood cell lysis buffer according to the manufac-
turer’s instructions. Cells were resuspended in 2 x 10° cells/mL in
splenocyte medium (complete RPMI medium supplemented with
50 pmol/L p-mercaptoethanol, 10% sodium pyruvate and nonessen-
tial amino acids) supplemented with 6,000 [U/mL IL2 (Chiron, rhIL2)
and seeded in 24-well plates precoated with CD3 (BLG #100302).
After 72 hours, cells were collected, centrifuged at 1,200 rpm for
5 minutes, washed with splenocyte medium x2, and analyzed using a
CytoFLEX (Beckman Coulter) FACS analyzer.

Cancer Cell Proliferation

4T1 cells (20 x 10%) were seeded in 100 pL of complete RPMI
medium. On the following day, cells were washed with PBS and the
medium was replaced with DMEM glutamine-free medium (Biological
Industries; #01-057-1A), supplemented with ammonia (0.75 mmol/L)
as described previously (46, 49), aspartate (0.25 mmol/L), fumarate
(0.35 mmol/L), or glutamine (0.25 mmol/L). Proliferation assays (XTT
cell proliferation kit; Biological Industries; #20-300-1000) were used
according to the manufacturer’s instructions 24, 48, and 72 hours
following metabolite supplementation.

Measurements of Respiratory Chain Complex Activity

The enzymatic activities of respiratory chain complexes were meas-
ured at 37°C by standard spectrophotometric methods as described
(50). Briefly, Complex I was measured as rotenone-sensitive NADH-
CoQ reductase monitoring the oxidation of NADH at 340 nm in the
presence of coenzyme Q1. Complex II was measured as succinate
dehydrogenase based on the succinate-mediated phenazine metho-
sulfate reduction of dichloroindophenol at 600 nm. Complex II + III
was measured as succinate cytochrome c reductase after the reduc-
tion of oxidized cytochrome c at 550 nm. Complex IV (cytochrome
c oxidase) was measured by following the oxidation of reduced
cytochrome c at 550 nm.

Citrate synthase, a ubiquitous mitochondrial matrix enzyme, was
measured in the presence of acetyl-CoA and oxaloacetate by monitor-
ing the liberation of CoASH coupled to 5',5'-dithiobis (2-nitroben-
zoic) acid at 412 nm. Protein concentration was determined by the
Lowry method and calculated according to a BSA standard curve.

In Vivo ERK Inhibition

Following 24 hours of 4T1 breast cancer cell injection, mice
were injected i.p. with the 1 mg/kg of the ERK inhibitor trametinib
(GSK1120212; Selleckchem; #S2673) in 4% DMSO corn oil or 4%

DMSO corn oil only 6 more times a week. Mice were sacrificed 8 or
14 days following tumor injection.

In Vivo IL6 Inhibition

Four days after KPC cell injection, mice were injected i.p. with
200 pg/mice of IL6 antibody [InVivoMab anti-mouse IL6 (Bio X
Cell; #BE0046)] or control IgG [InVivoMab rat IgG1 isotype control
(anti-HRP; Bio X Cell; #BE0088)] every 2 days. Mice were sacrificed 21
days after tumor injection.

rAAV-HNF4«a

Cells. Low-passage HEK293T were maintained at 37°C with 5% CO,
in Dulbecco’s modified Eagle medium supplemented with 10% FBS.

Production of rAAV. To produce rAAVS, a triple cotransfection
procedure was used to introduce an rAAV vector plasmid (pAAV-
CMV-mHNF4o. or pAAV-CMV-GFP) together with pXR8, AAVS8 helper
plasmid carrying AAV rep and cap genes and pXX6-80, and Ad helper
plasmid at a 1:1:1 molar ratio (51).

Briefly, HEK293T cells were transfected using poly-ethylenimine
(PEL linear; molecular weight, 25,000; Polysciences, Inc.), and the
medium was replaced at 18 hours after transfection. Cells were
harvested 72 hours after transfection, subjected to 3 rounds of
freeze-thawing, and then digested with 100 U/mL Benzonase (EMD
Millipore) at 37°C for 1 hour. Viral vectors were purified by iodix-
anol (Serumwerk Bernburg AG) gradient ultracentrifugation (52),
followed by further concentration using Amicon ultra-15 100K
(100,000-molecular-weight cutoff, Merck Millipore) and washed with
PBS (=/-). The final concentration of rAAVS particles was 2.78E+10 vg
per microliter (AAV-CMV-mHNF4o) and 2.35E+10 vg per microliter
(PAAV- CMV-GFP). Mice were injected via tail vein with SE11 vg
48 hours following inoculation with cancer cells.

RNA-seq

Total RNA was fragmented, followed by reverse transcription and
second-strand cDNA synthesis. The double-strand cDNA was subjected
to end repair, a base addition, adapter ligation, and PCR amplification
to create libraries. Libraries were evaluated by Qubit and TapeStation.
Sequencing libraries were constructed with barcodes to allow multiplex-
ing of 12 samples on one lane of Illumina HiSeq 2500 V4 instrument,
resulting in ~23 million single-end 60-bp reads per sample.

Bioinformatics. Poly-A/T stretches and Illumina adapters were
trimmed from the reads using cutadapt (53); resulting reads shorter
than 30 bp were discarded. Reads were mapped to the M. musculus
reference genome GRCm38 using STAR (54), supplied with gene
annotations downloaded from Ensembl (with the option EndToEnd
and outFilterMismatchNoverLmax set to 0.04). Expression levels for
each gene were quantified using htseq-count (55), using the gtf above.
Differentially expressed genes were identified using DESeq2 (56) with
the betaPrior, cooksCurtoff, and independentFiltering parameters set
to false. Raw P values were adjusted for multiple testing using the
procedure of Benjamini and Hochberg. The pipeline was run using
snakemake (57).

Figure Captions. Principal component analysis was performed (using
the R Stats package) on the DESeq2 variance stabilizing transformed
values of the 1,000 most variable genes. The figure depicts the first ver-
sus the second principal component in a scatter plot. The first principal
component explains 73%, and the second principal explains 9% of the
variance of the data. Heat map analysis was performed on a total of
2,829 genes that came up significant in any of the comparisons (4T1
breast cancer bearing-mice and CTRL WT mice on days 4 and 21) are
shown. A gene was considered to be significant if its absolute fold change
was above 1.5, if the FDR was below 0.05, and if the gene had a count of
at least 30 in one of the samples.
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The log,-normalized counts were standardized to have for each
gene zero mean and unit SD. Gap Statistic was used for estimating
the number of clusters. K-means clustering of the standardized values
was performed. The expression profile is accompanied by a colored
bar indicating the standardized log,-normalized counts. For pathway
enrichment analysis, we used Qiagen’s Ingenuity Pathway Analysis.

Identifying Genes under HNF4a Regulation. Differentially
expressed genes between 4T1 hepatocytes on day 21 and day 4 were
calculated and normalized to control mice in both time points
(|logFC|>=1.5 and FDR < 0.05). A total of 1,914 genes were upregu-
lated in the day 21 time point compared with day 4, and 514 genes
were downregulated at this time point. The list of downregulated
genes was crossed with the list of target genes of the HNF4a tran-
scription factor from the Harmonizome tool (https://maayanlab.
cloud/Harmonizome/gene_set/HNF4A/ENCODE+Transcription+
Factor+Targets) built using chromatin immunoprecipitation
sequencing datasets from the ENCODE Transcription Factor Targets
dataset. The final list contained 149 genes (Supplementary Table S1).

The RNA-seq data discussed in this publication have been depos-
ited in NCBI's Gene Expression Omnibus (58) and are accessi-
ble through GEO series accession number GSE212113 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgiacc=GSE212113).

scRNA-seq Using the Chromium 10x Genomics Platform

For liver NPC enrichment, the liver of mice injected with PBS or
4T1 breast cancer cells 4 and 21 days after injection was perfused
as previously described above. Following 3 minutes of centrifuga-
tion at 30 x g supernatant was collected and centrifuged at 300 x g
for 5 minutes. Cell pellet was treated with red blood cell lysis
buffer (Thermo Fisher, ACK Lysing Buffer #A104920) according to
the manufacturer’s instructions. scRNA-seq libraries were prepared
using the chromium scRNA-seq platform (10x Genomics). Cells were
counted and diluted to a final concentration in PBS supplemented
with 0.04% BSA. Cellular suspension was loaded onto Next GEM
Chip G targeting liver nonparenchymal cells and then run on a Chro-
mium Controller instrument to generate Gel-bead-in-EMulsion (10x
Genomics). Single-cell 3" RNA-seq libraries were generated according
to the manufacturer’s protocol (10x Genomics Chromium Single-Cell
3’ Reagent Kit User Guide v3 Chemistry). Final libraries were quanti-
fied using the NEBNext Library Quant Kit for Illumina (NEB) and
high-sensitivity D1000 TapeStation (Agilent). Libraries were pooled
according to targeted cell number, aiming for ~50,000 reads per cell.
Pooled libraries were sequenced on a NovaSeq 6000 instrument using
an SP 100 cycles reagent kit (Illumina). The scRNA-seq data discussed
in this publication have been deposited in NCBI’s Gene Expression
Omnibus (58) and are accessible through GEO series accession num-
ber GSE223835 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE223835).

scRNA Analysis

MetaCell Pipeline. The MetaCell pipeline36 was used to derive
informative genes and to compute cell-to-cell similarity to compute
k-nearest neighbor graph covers and derive distribution of RNA in
cohesive groups of cells (or metacells) and to derive strongly sepa-
rated clusters using bootstrap analysis and computation of graph
covers on resampled data. We removed specific mitochondrial genes,
immunoglobulin genes, and genes linked with poorly supported
transcriptional models (annotated with the prefix “Rp-”). Gene fea-
tures were selected using the threshold value for the normalized var/
mean (Tvm) = 0.3 and a minimum total unique molecular identifier
(UMI) count >50. We subsequently performed hierarchical clustering
of the correlation matrix between metacells and grouped them into
clusters representing cell types and states. We used K= 100, 500 boot-
strap iterations, and otherwise standard parameters.

Neutrophil Subset Analysis. Neutrophil subsets were identified
according to the maturation score and chemotaxis score, as well as
granule identification, as described (19).

Pathway Analysis. To evaluate pathways enriched in differentially
expressed genes, we used Gene Ontology 37, 38, 39 for genes differ-
entially upregulated in macrophages on day 21 compared with day 0
and for HNF4o-regulated genes out of differentially downregulated
genes in hepatocytes between day 21 and 4.

Statistical Analyses. Differential gene expression analysis was per-
formed on UMIs divided by the median UMI count using a Mann-
Whitney U test with FDR correction.

Human Data from Clalit Healthcare

The analysis of the data from the Clalit Healthcare environment
was under Helsinki approval no. 195-17COM2. The cohort definition
for breast cancer was as follows: Female patients with a diagnosis of
breast cancer (all stages, both right and left breasts, all quadrants, all
histologic subtypes) between the years 2002 and 2019 were included
in breast cancer cohorts. Cohort 1 included breast cancer patients
with survival of less than 2 years from diagnosis, N = 4,732. Cohort 2
included breast cancer patients with survival between 2 and 5 years
from diagnosis, N = 4,086. Cohort 3 included breast cancer patients
with survival between 5 and 10 years from diagnosis, N = 3,984. Cohort
4 included breast cancer patients with a complete blood count (CBC)
test within 1 year of diagnosis (=365 days before diagnosis to 365 days
after diagnosis) indicating the percentage of neutrophils higher than
80% or percentage of lymphocytes lower than 10%, N = 10,556. Cohort
S included breast cancer patients with a CBC test within 1 year of diag-
nosis (=365 days before diagnosis to 365 days after diagnosis) indicat-
ing the percentage of neutrophils lower than 80% and percentage of
lymphocytes higher than 10%, N = 35,723. The cohort definition for
pancreatic cancer was as follows: Male patients with the diagnosis of
pancreatic cancer (all stages, all locations in the pancreas, all histo-
logic subtypes) between the years 2002 and 2019 were included in pan-
creatic cancer cohorts. Cobort 1 included pancreatic cancer patients
with survival of less than half a year from diagnosis, N = 2037. Cohort 2
included pancreatic cancer patients with survival between half a year
and 1 year from diagnosis, N = 659. Cohort 3 included pancreatic
cancer patients with survival between 1 and 1.5 years from diagnosis,
N = 342. Cohort 4 included pancreatic cancer patients with a CBC test
within 1 year of diagnosis (—365 days before diagnosis to 365 days
after diagnosis) indicating a percentage of neutrophils higher than
80% or percentage of lymphocytes lower than 10%. N = 4,238. Cohort
$ included pancreatic cancer patients with a CBC test within one year
of diagnosis (~365 days before diagnosis to 365 days after diagnosis)
indicating the percentage of neutrophils lower than 80% and percent-
age of lymphocytes higher than 10%, N = 4,218.

Liver Function Lab Data. For cohorts 1 to 3 of each cancer type,
where available, results of lab tests for selected variables taken in two
time points (1 year before diagnosis and at the time of diagnosis)
were obtained for each patient between the ages of 60 and 70. The
variables for liver function were AST, ALT, albumin, ALK-P, LDH,
and PT-SEC.

Survival Analysis for Coborts. Four to five of each cancer type,
percentage of patients alive at the end of every year (0 = time of diag-
nosis) was calculated and a survival curve was created as an X-Y plot
of %live patients at each year.

Score for Liver Function in Pancreatic Patient Data

The Sheba and Souraski medical center data on participants’ demo-
graphics, past surgical procedures, blood test values, and survival
were extracted from patients’ medical records under Institutional
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Review Board approval (4474 and 5073-18 and 0551-17-TLV). Writ-
ten informed consent was obtained from all patients prior to study
enrollment. The protocols were approved by the Institutional Review
Board at the Sheba and Sourasky medical centers, and the studies
were conducted in accordance with the Good Clinical Practice guide-
lines and the Declaration of Helsinki. Pancreatic cancer patients
with either liver metastases or ascites were excluded to perform the
analysis on nonliver cancer data: Souraski: N = 732 (n for resect-
able = 255, » for locally advanced and metastatic disease = 362) and
Sheba: N =252 (n for stages 1 + 2 = 82, n for stages 3 + 4 = 170). For
each sample, we then determined its liver function score, which is a
weighted sum of the normalized expression of 5 liver enzymes and
function-based molecules, the normalization into the average and SD
in patients with pancreatic cancer (as studied from this cohort), and
the weights defined based on correlation of each value with the sur-
vival of a random small cohort (50 patients)—that is, 2* | ALT(IU/I)—
25.5|19.5+2% | AST(IU/I)-25 | 15+5* | INR-1.025 | 0.175+| ALKP(IU/I)—
79.5135.5+7% |4.46—Albumin(g/dL) | 0.8617, where the names of genes
denote their lab result value. A cutoff to separate high from the low
score was set at cutoff = 0.6, where approximately 66% of patients
had a high score and 33% a low score. For high-score and low-score
patients, a Kaplan-Meier survival curve was plotted for patients from
all cancer stages (stage on diagnosis) and also stratified by stage.

Weight Loss Analysis

For weight loss analysis, we excluded patients who underwent
either Whipple or distal pancreatectomy surgeries and followed
patients who had at least two weight measurements during the
course of the disease (N = 369). The association between liver enzyme
score and body mass index (BMI) change was evaluated through a
linear regression analysis in which tumor stage and patient age were
controlled. BMI change, ABMI, was defined as the (second BMI — first
BMI)/first BMI. The linear regression follows the form:

ABMI = score + stage + age,

where “score” stands for liver enzyme score.

Statistical Analysis

Unless otherwise specified, all statistical analyses were performed
using two-way ANOVA, Student ¢ test, or Wilcoxon rank sum test of
multiple or two groups, with Dunnett correction when required. The
sample size was chosen in advance based on the common practice
of the described experiment and is mentioned for each experiment.
Each experiment was conducted with biological and technical repli-
cates and repeated at least three times unless specified otherwise. The
results are presented as mean values+SD. All error bars represent
SD. P < 0.05 was considered significant in all analyses (*, P < 0.05;
#% P <0.005; *** P <0.0005; **** P <0.0001).

Data Availability

Due to privacy regulations, all data analyses were conducted on
a secured deidentified dedicated server within the Clalit Healthcare
environment. Requests for access to all or parts of the Clalit data-
sets should be addressed to Clalit Healthcare Services via the Clalit
Research Institute and addressed to Professor Shay Ben-Shachar at
shayb@clalit.org.il. Requests will be considered by the Clalit Data
Access Committee per the Clalit data-sharing policy.
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