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Abstract

Oncogenic mutations in the KRAS gene are found in 30-50% of colorectal cancers (CRC), and
recent findings have demonstrated independent and nonredundant roles for wild-type and mutant
KRAS alleles in governing signaling and metabolism. Here, we quantify proteomic changes
manifested by KRAS mutation and KRAS allele loss in isogenic cell lines. We show that the
expression of KRASGLSD ypregulates aspartate metabolizing proteins including PCK1, PCK2,
ASNS, and ASS1. Furthermore, differential expression analyses of transcript-level data from CRC
tumors identified the upregulation of urea cycle enzymes in CRC. We find that expression of
ASS1 supports colorectal cancer cell proliferation and promotes tumor formation /n vitro. We
show that loss of ASS1 can be rescued with high levels of several metabolites.
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Introduction

Oncogenic mutations in the KRAS gene are found in over 30% of colorectal
adenocarcinomas, yet KRAS remains a notoriously difficult therapeutic target [1]. At the
molecular level, the majority of missense mutations in KRAS occur in codons 12 and 13,
leading to constitutive signaling through the small GTPase protein that the KRAS gene
encodes. These activating mutations drive proliferative signaling programs independent of
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upstream input from growth factor receptors [2]. Both codon 12 and codon 13 encode
neighboring glycine residues (Gly12 and Gly13); however, mutations in these sites do

not yield equivalent signaling outputs [3]. For example, cultured colorectal cancer cells
with a KRASC12Y or KRASG13D mutation exhibit distinct phosphoproteome profiles [4].
Moreover, in primary colorectal cancer (CRC), patients with a Gly13 mutation have a
worse prognosis than patients with a Gly12 mutation, even though Gly13 mutations seem to
have a lower transforming potential [5]. The differences manifested by independent KRAS
mutations can also be seen in the response to chemotherapy. It has been reported that
individuals with Glycine-13 mutations respond better to therapies targeting the epidermal
growth factor receptor (EGFR) than individuals with Glycine-12 mutations in metastatic
colorectal cancer [6]. Critically, the amino acid that is substituted for Glycine-12 or
Glycine-13 can also dictate possible therapeutic interventions. For example, KRASG12C.
mutant cancers can be targeted by electrophilic compounds that irreversibly bond to the
mutated cysteine residue [7]. This has led to a promising phase | clinical trial against
KRASCG12C.mutant colorectal cancer [8]. However, to date, specific interventions targeting
KRASC12D and KRASC13D remain more elusive. Beyond individual mutations, it is also
appreciated that allele-specific alterations impact cellular functions downstream of mutant
KRAS [9,10]. Cells heterozygous for mutant KRAS exhibit an altered feedback loop to
drive mitogen-activated protein kinase (MAPK) signaling [9]. Moreover, colorectal cancer
cells only expressing KRASC13D are distinctly susceptible to the inhibition of oxidative
phosphorylation and mitochondrial translation [11].

To confound the biological complexity arising from distinct KRAS mutations, CRC is

a heterogeneous disease as a whole. Nonetheless, KRAS mutation and upregulation of
metabolic genes are defining features of one molecular subtype of CRC and recent work
has highlighted the role of cellular metabolism, and specifically glycolysis, in CRC [11-
14]. However, more research is needed to describe allele- and mutation-specific changes in
KRAS signaling and downstream effectors in metabolism and tumor progression.

Therefore, here we took a multi-omics approach to profile the effect of KRAS allelic

loss and mutation in a colorectal adenocarcinoma cell line isogenic for mutant KRAS.
Through quantitative proteomics, we identified major protein-level changes in response to
loss of expression of KRASWT or KRASG13D from heterozygous KRASWT/G13D parental
cells. Cells expressing KRASG13D ypregulated several aspartate metabolizing proteins
including ASS1, ASNS, PCK1, and PCK2. Interestingly, ASS1 (argininosuccinate synthase)
is transcriptionally upregulated in primary gastric, epithelial, ovarian, lung, and colorectal
cancers relative to matched normal tissue, and limited evidence suggests its upregulation

at the protein level in colorectal cancers [15-17]. To further support our findings from

cell lines, we show that ASS1, PCK1, PCK2, ASL, and NOS1 are upregulated at the
transcript level in KRAS-mutant primary CRC. We further show that ASS1 is required for
colorectal cancer cell growth and supports tumor formation in clonogenic assays. Using
metabolomics, isotope labeling and rescue experiments with cells and tumor spheroids, we
find that ASS1 supports cell growth through the production of TCA cycle intermediates.
This integrated analysis provides further insight into KRAS-specific biology and highlights
mutation-dependent metabolic alterations and effectors of KRAS.
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KRAS allelic alteration and mutation induce significant proteomic alterations

To understand allele- and mutation-specific proteomic alterations, we performed label-free
quantitative proteomics on whole cell extracts from DLD-1 KRASWT/G13D KRASWT/-
and KRASG13D cells in biological triplicate (Fig. 1A). A total of 3818 protein groups
were identified in common to all cell lines at a 1% protein-level false discovery rate

(FDR) cutoff (Fig. 1B, Data S1). For quantitative comparisons, integrated intensity

values were quantile-normalized prior to log-transformation [18], and examined compared
with log intensity-adjusted ~-values. Relative to KRASWT/G13D cells, KRASWT/~ cells
differently upregulate a small set of proteins including the autophagic regulator SQSTM1
by ~ 3-fold (Fig. 2A). Relative to KRASWT/G13D cells, KRASC13D cells upregulate
several proteins with documented roles in late-stage colorectal adenocarcinomas and tumor
metastasis, including CXCL5 [19], MT-ND1 [20], and HSPH1 [21] (Fig. 2B, Data S1).
Upregulation of these proteins in KRAS™G13D cells is consistent with previous reports
that the expression of only the mutant oncogene may represent a more advanced disease
state [13,22,23]. Relative to KRASWT/~ hemizygous cells, several metabolic enzymes

are upregulated in the KRASWT/G13D ce|| line by ~6-fold, including cytosolic and
mitochondrial phosphoenolpyruvate carboxykinases (PCK1 and PCK2, respectively), ASS1,
and asparagine synthetase (ASNS) (Fig. 2A). PCK1 and ASNS are known regulators of
CRC cell proliferation and anabolic metabolism and are upregulated by mutant KRAS

in models of CRC [24-26]. Our proteomic findings further support for their role in

mutant KRAS-regulated metabolic processes. By label-free quantitative proteomics, we also
identified a 3.25-fold reduction in ASS1 in KRASG13D cells relative to KRASWT/G13D
cells; however, with a P-value of 0.47, this finding is not statistically significant at our
cutoff (P< 0.05). Nonetheless, KRAS-dependent differences in ASS1 protein levels could
be demonstrated by western blot (Fig. 2C). Fewer significant differences were observed
between the KRASWT/~ and KRAS™/613D (Data S1).

Given that one consensus molecular subtype of colorectal cancer (CMS3) is defined

by KRAS mutations and metabolic dysregulation [4], we wanted to further examine
proteomic changes in central metabolism. Therefore, for each cell line the protein fold
change relative to the parental cell line was plotted for enzymes of glycolysis, the TCA
cycle, and the urea cycle (Fig. 2D). For central metabolic enzymes, only ASS1, SDHF2
(succinate dehydrogenase complex assembly factor 2), PCK1, PCK2, and ASNS are
differentially expressed. DHODH, an enzyme in de novo pyrimidine biosynthesis, was
identified in KRASWT/G13D and KRAS/G13D cells but was not detected in KRASWT/~
cells. Interestingly, a previous investigation demonstrated that DHODH activity is required
for mutant KRAS cell growth and it represents a synthetic lethal vulnerability in KRAS-
mutant cancers [27]. Together with PCK1, DHODH drives CRC metastasis to the liver

[26]. Overall, while only a fraction of proteins have significantly altered expression between
isogenic cell lines, many of have acknowledged functional roles in CRC, and more remain to
be studied in greater detail.
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To further examine KRAS-dependent changes at a pathway level, proteins upregulated

over twofold in KRASWT/G13D ce||s relative to KRASWT/~ cells were subjected to gene
ontology enrichment to determine upregulated biological processes [28]. This analysis
identified mitochondrial processes including mitochondrial transcriptional termination (P =
3.8e-6), mitochondrial transcriptional elongation (P = 4.1e-6), and targeting to mitochondria
(P= 1.6e-4) as upregulated due to expression of KRASG13D (Fig. 2E). This pathway-

level analysis supports recent work highlighting mitochondrial translation and oxidative
phosphorylation as promoters of KRAS-mutant CRC cell growth [11].

Urea cycle transcripts are upregulated in primary colorectal cancers

We next assessed whether ASS1 is also upregulated in colorectal adenocarcinoma /n

vivo and turned to clinical histology data from The Human Protein Atlas (HPA) (https://
www.proteinatlas.org/ENSG00000130707-ASS1/) [29]. Histological data from normal and
primary cancer tissue demonstrate that ASS1 stains strongly in primary cancers and is
significantly upregulated at the protein level in CRC relative to normal colorectal tissue (Fig.
3A). This finding is independently supported by a more in-depth investigation of the clinical
histology of ASS1 across ~ 600 samples [29,30]. In this previous study by Alexandrou et al.,
identified positive expression of ASS1 in 80% of CRC cases examined by clinical histology
[30]. Unfortunately, the KRAS mutation status of the 600 clinical samples and HPA data

is not available. Yet, Alexandrou et a/. also noted that cell lines with low, basal ASS1
expression re-express ASS1 in response to arginine-deprivation monotherapy as a common
acquired resistance mechanism. Moreover, all cultured cell lines with low ASS1 expression
also only expressed wild-type KRAS [30].

To gain more insight into the molecular features of KRAS-mutant CRC, we also compared
level-3 HTSeq data from 231 KRAS-mutant colorectal tumors to 52 normal colorectal tissue
samples using the NIH Genome Data Commons (http://portal.gdc.cancer.gov/) (Fig. 3B,C,
Data S2) [31]. This analysis utilized HTseq data across all CRC subtypes, and clinical
stages and mutant samples represent 37 different mutations in KRAS, with KRASCG12D,
KRASC12Y KRASCI3D and KRASC12C representing 27%, 21%, 17%, and 7% of cases,
respectively. Differential expression analysis was performed using DESeq?2 following library
normalization [32], revealing 3238 transcripts from 2460 genes as differentially expressed
(P<0.01, at 1% FDR cutoff) in primary CRC relative to normal colorectal tissue. Of all
differentially expressed transcripts, 1523 were upregulated by more than twofold, while

94 transcripts are downregulated by more than twofold (Fig. 3B, Data S2). Transcripts

from the PI3K/AKT pathway, metabolic, and calcium signaling pathways were significantly
upregulated at the transcript level (Table 1, Data S2). For transcripts, encoding enzymes
participating in the urea cycle, PCK1, NOS1, SLC25A13, PCK2, and ASS1 are upregulated
in primary colorectal cancer tumors relative to control colorectal tissue samples and are
expressed across several orders of magnitude (Fig. 3C, Data S2).

To assess correlation of gene expression between the same 231 KRAS-mutant primary
CRC cases used for differential expression analyses, FPKM-UQ data from primary tumors
were examined for 196 enzymes in glycolysis, the TCA cycle, nucleotide metabolism, the
urea cycle, and commonly differentially regulated proteins and regulators such as P53,
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KRAS, and MYC. Following correlative clustering and statistical analyses, we found that
ASS1 expression strongly and significantly correlates with several genes including P53
and argininosuccinate lyase (ASL) (Fig. 4A, Data S3 and S4). Co-expression of ASS1 and
ASL is not surprising as the two enzymes catalyze neighboring reactions in the de novo
arginine biosynthesis pathway and urea cycle [33,34]. However, given that our proteomic
investigations were performed in P53 mutant cells and P53 mutations are common in CRC,
it may be interesting for future clinical studies to resolve specific programs driven by
KRAS/P53 double mutants [35].

While our transcript-level analysis provides additional support for the upregulation of the
urea cycle in CRC, one consensus molecular subtype of CRC is clinically characterized by a
CpG island methylator phenotype (CIMP) which acts to epigenetically repress transcription
[36]. Provided that our RNA-seq investigations did not discriminate against CIMP-subtype
CRC samples, and the promoter methylation status of ASS1 and ASL strongly regulates
transcription of these genes in several cancers [37-39], promoter methylation for ASS1,
ASL, NOS1, PCK1, and PCK2 transcriptional start sites (TSS) were examined in 351
colorectal tumors with level-3 data from GDC. Relative methylation values were examined
across distinct genomic loci for each gene. Overall, low levels of methylation were identified
for the promoter CpG island regions of ASS1, ASL, PCK1, and PCK2, (average p-value

< 0.1), suggesting that these genes are not epigenetically repressed in primary CRC.
Interestingly however, even though NOS1 is upregulated by ~ 4-fold in primary CRC by
our RNA-seq studies, two promoter CpG island regions exhibit average p-values of ~ 0.5,
indicating that the primary tumors cells used examined in the methylation array are highly
variable for NOS1 methylation (Fig. 4B).

Argininosuccinate synthase is required for colorectal cancer cell growth

Motivated by datasets from primary CRC samples and isogenic cell lines, we investigated
the role of ASS1 in colorectal cells. DLD-1 cells isogenic for KRAS were transduced with
lentivirus to one of two doxycycline-inducible ShRNAs to separate ASS1-exon targeting
regions or to a doxycycline-inducible scrambled control. Following selection and generation
of stable cell lines, ShRNA expression was induced with doxycycline for 48 h. ASS1

levels were significantly reduced with either ASS1-targeting sShRNA sequence relative to
the scrambled control (Fig. 5A). To confirm that doxycycline alone is not responsible

for observed differences in cell growth, nontransduced isogenic DLD-1 cell lines were
independently treated with doxycycline to establish an in cell ICgq for doxycycline at 48

h (Fig. 5B). In line with recent reports for other tetracyclines [40], the calculated in cell
ICsp after 4 days was 20.0 pM, 22.7 uM, and 20.5 pM for KRASWT/G13D KRASWT/-

and KRAS™G13D cel] lines, respectively. Next, proliferation was monitored in lentivirally
transduced cells with and without shASS1 induction with concentrations up to 500 ng-mL~1
of doxycycline across 8 days. Additionally, for each KRAS background, cells not infected
with lentivirus were provided 1000 ng-mL~1 doxycycline as a control condition (Fig. 5C).
Overall, knockdown of ASS1 significantly reduced cellular proliferation, independent of
KRAS mutation status, and nontransduced cells administered 1000 ng-mL ™1 doxycycline
were not observed to have defects in cell growth relative to shASS1 cells given DMSO as a
control (Fig. 5C).
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Loss of argininosuccinate synthase alters intracellular metabolism

ASS1 catalyzes the rate-limiting step in de novo arginine biosynthesis to generate
argininosuccinate from aspartate and citrulline, which is rapidly converted to arginine and
fumarate by argininosuccinate lyase (ASL) [41]. However, our previous studies where an
ASS1-dependent growth defect was observed were all performed in tissue culture media
replete with 1 mm arginine. Therefore, the ASS1-dependent growth phenotype we observed
suggests that the role of ASS1 in colorectal cancer cells is not strictly to support de

novo arginine production. As an alternate hypothesis, ASS1 expression may promote the
funneling of its product fumarate into the TCA cycle and downstream production of
NADH and H*. In effect, this would drive oxidative phosphorylation and support redox
balance inside CRC cells (Fig. 5D) [42]. Another alternate hypothesis arises from the
reverse reaction for ASS1 to convert argininosuccinate to aspartate and citrulline. However,
this explanation is unlikely, given an optimal reaction at pH 6.6 and the requirement of

a two order-of-magnitude higher concentration of argininosuccinate, relative to product
metabolites to drive the reaction [41]. Therefore, to further understand how ASS1 activity
supports CRC cell metabolism, we performed rescue experiments by supplementing ASS1
knockdown cell lines with exogenous metabolites. For each KRAS isogenic cell line, 1
mM arginine, malate, aspartate, or citrulline was added to replete RPMI media with 10%
dialyzed FBS. In addition, cells were independently treated with 1 mM sodium ascorbate as
a positive control for metabolically induced cell death [43]. Cell proliferation was assessed
by crystal violet staining and subsequent absorption at 570 nm over 4 days (Fig. 5E). In all
isogenic cell lines, 1 mwm argi-nine could not rescue cell number. Moreover, KRAS/G13D
cells could not be rescued by exogenous metabolite treatment, suggesting that KRAS /613D
cells lack a direct compensatory mechanism to overcome loss of ASS1 in 4 days in

cell culture or that higher concentrations of metabolites are required to fulfill metabolic
demands and rescue these cells (Fig. 5E). However, for KRASWT/G13D and KRASWT/~
cells, supplementation with aspartate or malate could rescue cell proliferation.

The finding that aspartate can rescue cells in 2D cell culture is unexpected given that
aspartate is a direct substrate of ASS1. Often the knockdown of an enzyme results in the
accumulation of its substrate and the other direct substrate of ASS1, citrulline, could not
rescue cells [44]. However, the rescue effect of malate and aspartate on ASS1 knockdown
cells may be explained as a function of the malate-aspartate shuttle. In highly metabolic
cancer cells, this shuttle is crucial to transfer reducing equivalents into mitochondria and
support energy production. Through the shuttle, aspartate is converted to oxaloacetate

and subsequently to malate and NAD" in the intermembrane space of mitochondria. The
cytoplasmic NAD™ pool supports NAD-dependent glycolytic reactions while malate shuttles
electrons into the mitochondrial matrix by crossing the inner mitochondrial membrane [45].
Mitochondrial malate dehydrogenase then oxidizes malate to oxaloacetate, NADH, and H*.
The NADH and H* generated by this shuttle enter the electron transport chain to produce
ATP. In the context of KRAS-mutant cancer cells, ensuring ATP production and redox
balance is critical for cellular homeostasis and proliferation.

While our studies support a functional role for ASS1 outside of de novo arginine
production, cell metabolism in two-dimensional culture systems may not replicate the
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complex physiology and metabolism of three-dimensional tumors /7 vivo, as solid tumors
are challenged by nutrient availability, waste generation, and hypoxia [46,47]. Therefore, we
investigated the function of ASS1 in a tumor spheroid model. An equal number of DLD-1
cells in each KRAS isogenic cell line were dissociated to single cells and separately seeded
at low density in 0.35% agarose and cultured under standard conditions with and without
knockdown of ASS1. After 4 weeks in culture, significantly smaller tumor spheroids formed
following loss of ASS1 (Fig. 6A). Combining biological triplicate data across all cell lines,
loss of ASS1 led to a 10-fold reduction in the number of tumors above 100 um in diameter
(Fig. 6B). In many cases, clonogenic expansion of DLD-1 cells with reduction in ASS1
yielded poorly aggregated cell masses approximately 50 um in diameter and with internal
density relative to control tumor spheroids. Cells expressing mutant KRAS exhibited over
fivefold more tumor spheroids above 100 um in diameter relative to DLD-1WT/~ cells,
demonstrating the strong oncogenic drive of mutant KRAS (Fig. 6B). Nonetheless, loss of
ASS1 led to similar levels of tumor growth retardation in DLD-1WT/~ and DLD-17/613D
cells (Fig. 6B).

We next evaluated the ability of exogenous metabolites to rescue tumor spheroid size and
number in our 3D culture model (Fig. 6C). In this setting, cells face different metabolic

and environmental pressures compared with 2D culture studies, including hypoxia which is
known to reduce intracellular aspartate levels [48]. Following knockdown of ASS1, cells
were provided with exogenous aspartate, citrulline, or malate every other day. Aspartate and
citrulline had no significant effect on rescuing tumor size across cell lines relative to ASS1
expressing controls. However, high levels of exogenous malate could partially rescue tumor
spheroid volume in KRASWT/~ and KRAS™/C13D cells (Fig. 6C). The ability of aspartate

to rescue cells in our 2D model but not a 3D model can be explained by the poor cell
permeability of aspartate and the complex, hypoxic state of tumor spheroids [49]. Reduced
nutrient, ATP, and O, levels alter the allocation and partitioning of resources to fuel anabolic
tumor cell proliferation.

Finally, we examined how loss of ASS1 alters central metabolism with metabolomics. Loss
of ASS1 in DLD-1 isogenic cell lines was induced with 100 ng-mL~1 doxycycline for 4
days, and then, two million cells were plated for control and shASS1 conditions for each
cell line. For cells provided 100 ng-mL~1 doxycycline, the cell number is not significantly
different between growing and knockdown cells. A limited knockdown of ASS1 is observed
at this concentration of doxycycline, yet indirect or confounding effects on metabolism from
cell death are mitigated (Fig. 7A). Unlabeled, semi-targeted metabolomics identified ASS1
knockdown-dependent decreases in intracellular downstream products argininosuccinate,
arginine, succinate, and fumarate. No net accumulation of aspartate was observed for ASS1
knockdown conditions (Fig. 7B). As noted by previous publications, the proteogenic amino
acid is utilized by additional biochemical pathways to support tumor cell metabolism [48].
A lack of strong difference in the KRASWT/G13D ce|| line can be explained by limited
knockdown in this cell line, which has high basal expression (Fig 7A). Separately, central
carbon metabolism was also examined by flux studies. Cells were fed full RMPI, replete
with U13Cg-glucose and 10% dialyzed FBS to isotopically label intracellular metabolite
pools, and metabolite isotopologue enrichment was identified by LC-MS. At steady state,
upper glycolysis was labeled with heavy glucose, and nearly 100% the pyruvate pool
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is labeled in each cell line, with no significant difference between cell lines (Fig. 7C).
However, an examination of TCA cycle intermediates demonstrates that 13C-labeling of
citrate/isocitrate is significantly reduced in shASS1 cells, independent of KRAS mutation
status (Fig. 7C). Further, flux to aspartate and argininosuccinate are significantly altered
upon loss of ASS1, with quantitatively less glucose-derived carbon entering these metabolite
pools at steady state (Fig. 7D). Reduced TCA cycle flux can be explained by loss of ASS1
impinging on mitochondrial metabolism. A reduction in TCA cycle flux limits cofactor
generation and the production of NADH and H* needed to drive oxidative phosphorylation.
Moreover, lower flux of glucose-derived carbon into M + 2 aspartate suggests that under
ASS1 knockdown conditions, significantly fewer carbons are funneled into aspartate then
remain in the TCA cycle.

Discussion

KRAS mutations are found in a large number of cancers, yet direct inhibition of the

small GTPase remains elusive in the clinical setting. Therefore, metabolic alterations and
signaling programs driven by distinct KRAS genotypes remain under intense investigation.
Here, we expanded on the known proteomic alterations driven by mutant KRAS.

Through quantitative proteomics, we identified significant upregulation of asparagine
synthase (ASNS), phosphoenolpyruvate carboxykinases 1 and 2 (PCK1 and PCK2), and
argininosuccinate synthase 1 (ASS1) in cells harboring KRASCG13P, Qur data provide further
evidence to existing studies that show how rewiring of aspartate and asparagine metabolism
supports CRC cell proliferation, viability, and metastasis [24—26]. Upregulation of ASS1 in
KRAS-mutant CRC cells is interesting given distinct expression patterns of ASS1 across
cancer types [10,12]. The downregulation of ASS1 in breast and renal cancers has led to
the clinical evaluation of arginine auxotrophy as a cancer treatment [50,51]. Classically,
defects in ASS1 cause type I citrullinemia [52], yet the role of the protein requires greater
examination in KRAS-mutant cancer settings. In the present study, ASS1 is upregulated

in primary colorectal cancers at the protein level and we further demonstrated that urea
cycle enzymes are upregulated in KRAS-mutant primary CRC. We found that knockdown
of ASS1 reduced cell growth in DLD-1 cells and reduced tumor spheroid size in 3D culture
studies. The ASS1-dependent growth phenotype can be partially rescued in 2D and 3D
culture by supplementation with exogenous malate and aspartate but not with arginine,
indicating that ASS1 does not function strictly to support de novo arginine biosynthesis,
but its other product, fumarate, is utilized to support the metabolic demands of CRC cells.
From metabolic tracer studies, we find that loss of ASS1 rewires metabolism to reduce
glucose-derived carbon into the TCA cycle and subsequently to form aspartate. Similar to
other studies, our data identified a key role for aspar-tate metabolism in fueling cancer cell
growth [48].

From our studies, it is clear that cooperation between wild-type KRAS and KRASG13D
alleles effects the expression of specific proteins leading to a unique phenotype. Wild-type
KRAS retains a functional role in these cells as noted by a distinct proteomic profile
observed for cells expressing only KRASCG13D Moreover, the fact that in 2D cell culture,
exogenous metabolites cannot rescue KRAS™G13D cells points to a distinct or inflexible
metabolism in cells lacking wild-type KRAS. Interestingly, there is strong evidence that
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distinct KRAS mutations have distinct functional impacts on metabolism and transforming
potential [5,11]. Unfortunately, we lack direct evidence in our study to compare our findings
to CRC cells with KRASG12D KRASC12C or KRASC12Y mutations. More mutation-
resolved data would be helpful as Gly13 mutations are observed one-fourth as frequently as
Gly12 mutations in CRC [2]. In more frequently mutated KRAS®12D cells, glutaminolysis
is promoted by the oncoprotein, yet in our system, an aspartate metabolism signature and
not a glutamine metabolism signature was observed [53]. Therefore, it is unclear if our
observations translate to other KRAS mutations. However, our transcript-level analysis of
KRAS-mutant primary CRC did not distinguish between specific KRAS mutants, yet ASS1,
PCK1, PCK2, and NOSL1 are all upregulated. Therefore, dysregulation of the urea cycle
represents a more common metabolic phenotype in CRC that demands further dissection and
more attention.

In conclusion, our data point to KRASCG13D_specific proteomic alterations and ASS1 as an
important regulator of CRC metabolism. It would be interesting to perform a wider panel
of functional studies for distinct KRAS mutations and specifically target the urea cycle.
Additionally, it would be of interest to examine the therapeutic potential of ASS1-specific
inhibitors. Metabolic resistance mechanisms may thwart this option, yet concomitant
alterations in the urea cycle may represent a strategy to induce synthetic lethality in CRC.

Materials and methods

Proteomic and metabolomic methods can be found in Supplementary Material.

Clinical HTseq and lllumina 450 methylation array data analyses

Statistics

All clinical data were downloaded from TCGA/GDC (https://portal.gdc.cancer.gov). Level-3
HTseq count data and FPKM-UQ data were downloaded for all COAD primary solid

tumor samples, KRAS-mutant COAD primary solid tumor samples, and COAD normal
solid tissue samples. All HTseq count files were processed in the DESeq2 R package as
previously described [32]. Briefly, count files were first subjected to library normalization
and gene-level dispersion estimates were calculated prior to differential expression analysis.
Average counts, logo(fold change), fold change standard error, Wald statistic (fold change /
standard error), p-values, and FDR-corrected p-values (pAdj) were exported at a 1% FDR
cutoff. Level-3 lllumina HumanMethylation450 array data for 351 primary colorectal cancer
cases (COAD) were downloaded from the TCGA’s DNA Methylation Liftover Pipeline
[54]. For all 351 case files, data corresponding to unique array probes (composite elements)
mapping to each gene were extracted. Methylation levels [B-value = methylated/ (methylated
+ unmethylated)] were plotted as a function of the distance from the transcriptional start site,
as specified from the mapping in original array files. Data were downloaded in the Winter of
2017.

All error bars are presented as +/- standard deviation from the mean value. Statistical
analyses were performed in R3.5.1 or smp13 (SAS) software.

FEBS J. Author manuscript; available in PMC 2022 December 01.


https://portal.gdc.cancer.gov/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Doubleday et al. Page 10

Cell culture and generation of shASS1 cell lines

DLD-1 cell lines were acquired from Horizon Discovery (Hinxton, UK) and

propagated in RMPI 1640 media supplemented with 10% fetal bovine serum (FBS)

(Life Technologies, Waltham, MA, USA). Cell lines were short-tandem repeat

(STR) validated. The following sShRNA sequences were ordered from IDT for

shASS1: #1 CCCATCCTTTACCATGCTCATT, #2 CTCAGGCTGAAGGAATATCAT and
sh-Scrambled: CCTAAGGTTAAGTCGCCCTCG. Subcloning and lentiviral production of
tetracycline-inducible shRNA was conducted as described [55]. Linear oligonucleotide
sequences were annealed and ligated into the Tet-pLKO-puro backbone (Addgene, #21915)
with T4 ligase (NEB #0202) and amplified in Stbl3 £. coli (Invitrogen, Waltham, MA,
USA). Lentivirus was packaged in HEK293T cells (ATCC CRL-11268) with cotransfection
of tet-puro-pLKO with psPAX2 and pMD2.G (Addgene #12260, #12256) by the calcium
phosphate method. DLD-1 cell lines were transduced with polybrene (Sigma, St. Louis,
MO, USA) and shASS1-lentivirus. Stably expressing DLD-1 cell was grown in media
containing dialyzed FBS and selected with 1 pg-mL~1 puromycin (Fisher, Waltham, MA,
USA). Optimal shRNA induction was tested experimentally and finally induced by 500
ng-mL~1 doxycycline (Fisher).

Proliferation and ICsg assays, and metabolite administration

Cells were plated at an equal cell number in triplicate and fed fresh media daily. At the time
of collection, cells were stained for 25 min with 0.1% (w/v) crystal violet in 5% MeOH.
Cells were air-dried, and absorbance at 570 nm was read on a BioTek Take5 plate reader,
taking, and averaging 25 independent readings per well. All exogenous metabolites were
purchased from Sigma and resuspended in H,O and sterile filtered through 0.2-um PES
filters (Sigma) prior to media supplementation.

Tumor spheroid assays

Tumor spheroid assays were conducted as previously described [56]. A base layer of sterile
0.9% (wi/v) agarose (Fisher) diluted in RPMI media was plated in 6- or 12-well plates.
Cells were diluted 1:2 in sterile 0.7% (w/v) agarose (Sigma) and plated at 15 000 cells/well
of each plate to a final concentration of 1X RPMI. Cells were fed fresh full media and
doxycycline every other day for four weeks prior to staining with 0.005% (w/v) crystal
violet in 4% formaldehyde, made fresh in phosphate-buffered saline, pH 7.4.

Immunoblotting

Proteins from lysates were resolved on AnyKD SDS/PAGE (Bio-Rad, Hercules, CA,

USA) at 100 V for ~60 min and transferred to 0.2-ym PVDF membranes at 200 mA

for 1.2 h at 4 °C. Membranes were blocked in 5% (w/v) nonfat dry milk in TBS-T for

1 h at room temperature and then incubated in primary antibodies in 5% BSA (Sigma)
overnight at 4 °C. All primary antibodies were diluted to 1:1000 in TBS-T. Antibodies

were purchased from Cell Signaling Technology to ASS1 (#70720), actin (#4970), and
tubulin (#2146). Membranes were washed three times with TBS-T and incubated with
corresponding secondary antibody (Millipore, Burlington, MA, USA) in TBS-T at a dilution
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of 1:10 000 for 1 h. Membranes were washed three times with TBS-T before visualization
with enhanced chemiluminescence (Millipore) on a ChemiDocs machine (Bio-Rad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.
Proteomic alterations manifested by KRAS mutation and allelic imbalance. Label-free

proteomics data were compared between (A) KRASWT/G13D gnd KRASWT/~ cells and

(B) KRASWT/G13D and KRAS/G13D DLD-1 cell lines (7= 3). Proteins differentially
expressed more than twofold are highlighted in blue. (C) Peptide-level results were validated
by western blot to ASS1 in the three cellular contexts. (D) The fold change in major
metabolic enzymes in glycolysis, TCA cycle, and urea cycle is shown for each quantitative
analysis. Significant changes (P < 0.05) are marked (*), and gene symbols not identified by
proteomics are in gray. (E) Proteins with fold change > 2 (KRASWT/G13D/KRASWT/-) cell
lines were subjected to Gene Ontology analysis to determine enrichment in the GO term of
biological processes. Fold enrichment and —log1q(P-value) for each term are provided. Three
independent biological replicates of each cell line were used for proteomic experiments.
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Fig. 4.

Transcript-level correlations and urea cycle enzyme methylation in CRC. (A) Expression

of ASS1 and urea cycle enzymes at the protein level from [57]. (B) Correlation plot of
FPKM-UQ reads from metabolic genes and commonly up- and downregulated genes from
colorectal adenocarcinomas (/7= 231). Significant correlations are colored and nearest
neighbors to ASS1 shown. (C) Given chromosomal instability/methylation phenotypes
(CIMP) in primary CRC, level-3 promotor methylation array data for all available CRC
cases were examined for genes identified as central to CRC growth, and additionally NOS1.
Methylation beta values are shown for genomic distances relative to transcription start sites.
Composites represent unique genomic locations for which beta values were calculated. The
promoter region is colored relative to the distance to the transcription start site. Error bars
represent 95% confidence intervals.
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ASS1 is required for DLD-1 cell growth. (A) Knockdown of ASS1 was established with two
shRNA sequences and validated by western blot in DLD-1 cell lines relative to actin after

48 h of doxycycline induction. (B) In cell 1C5g, curves for cell lines lacking doxycycline-
inducible shRNA provided high concentrations of doxycycline for 48 h. (C) Metabolic
network map of central metabolism and urea cycle. (D) Cell proliferation was tracked in
two-dimensional culture by crystal violet staining following doxycycline administration at 2,
4, 6, and 8 days (1= 6). (E) Metabolic rescue experiments by supplementation with 1 mM
of exogenous metabolites (7= 3). For all subfigures, *P< 0.01 and error bars represent the
standard deviation from the mean.
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Fig. 6.

Loss of ASS1 can be partially rescued by exogenous malate. (A) Representative wells from
low-density agarose clonogenic tumor formation assays after four weeks are shown. (B)
Tumor images were acquired to assess tumor number and tumor size in each cell line. (C)
Diameter of crystal violet stained tumor spheroids, measured, and quantified using IMAGEJ
(> 100 tumors/condition, 7= 3). (D) Rescue experiments with supplementation by 1 mM
exogenous metabolites (> 100 tumors/condition, 7= 3). Error bars represent the standard

deviation from the mean.
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Fig. 7.

Metabolic rewiring in CRC due to loss of ASS1. (A) Western

blot to ASS1 and tubulin

to show relative knockdown of ASS1 in metabolomics experiments. (B) Polar metabolites
from DLD-1 cell lines +/- shASS1 were extracted and identified by (=) ESI LC-HRMS/MS.
Samples were run in biological triplicate on an Orbitrap ID-X (7= 3). (C) Isotopologue
enrichment DLD-1 cells labeled to steady state with U3C-glucose (7= 3). (D) Metabolic
map showing ASS1, ASNS, PCK1, and PCK2 positioned between the TCA and urea cycles.

Error bars represent the standard deviation from the mean.
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Upregulated genes in the PI3BK/AKT pathway identified by RNA-seq differential expression analysis.

Ensemblgene ID UniProt accesson  Gene name
ENSG00000177455 P15391 CD19
ENSG00000127588  Q9P2W3 GNG13
ENSG00000162188  P63215 GNG3
ENSG00000176533 060262 GNG7
ENSG00000167414 Q9UKO08 GNG8
ENSG00000040199 Q6ZVD8 PHLPP2
ENSG00000100721  P56279 TCL1A
ENSG00000060566  Q68CJ9 CREB3L3
ENSG00000181072  P08172 CHRM2
ENSG00000136457 015335 SLRR4A
ENSG00000139219  P02458 COL2A1
ENSG00000197565 Q14031 COL4A6
ENSG00000172752  A8TX70 COLG6AS
ENSG00000070193 015520 FGF10
ENSG00000129682 Q92913 FGF13
ENSG00000066468 P21802 FGFR2
ENSG00000131482  P35575 G6PT
ENSG00000112964  P10912 GHR
ENSG00000160712  P08887 IL6R
ENSG00000101680  P25391 LAMA1L
ENSG00000124253  P35558 PCK1
ENSG00000162409  P54646 AMPK
ENSG00000156475 Q00005 PPP2R2B
ENSG00000189056  P78509 RELN
ENSG00000118515 000141 SGK1
ENSG00000168477  P22105 TNXB
ENSG00000113296  P35443 THBS4
ENSG00000165197 043915 VEGFD
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http://www.uniprot.org/uniprot/P15391
http://www.uniprot.org/uniprot/Q9P2W3
http://www.uniprot.org/uniprot/P63215
http://www.uniprot.org/uniprot/O60262
http://www.uniprot.org/uniprot/Q9UK08
http://www.uniprot.org/uniprot/Q6ZVD8
http://www.uniprot.org/uniprot/P56279
http://www.uniprot.org/uniprot/Q68CJ9
http://www.uniprot.org/uniprot/P08172
http://www.uniprot.org/uniprot/O15335
http://www.uniprot.org/uniprot/P02458
http://www.uniprot.org/uniprot/Q14031
http://www.uniprot.org/uniprot/A8TX70
http://www.uniprot.org/uniprot/O15520
http://www.uniprot.org/uniprot/Q92913
http://www.uniprot.org/uniprot/P21802
http://www.uniprot.org/uniprot/P35575
http://www.uniprot.org/uniprot/P10912
http://www.uniprot.org/uniprot/P08887
http://www.uniprot.org/uniprot/P25391
http://www.uniprot.org/uniprot/P35558
http://www.uniprot.org/uniprot/P54646
http://www.uniprot.org/uniprot/Q00005
http://www.uniprot.org/uniprot/P78509
http://www.uniprot.org/uniprot/O00141
http://www.uniprot.org/uniprot/P22105
http://www.uniprot.org/uniprot/P35443
http://www.uniprot.org/uniprot/O43915
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