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lacking asparagine synthetase vary according
to sex
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Abstract

Background Sex-related differences in colorectal (CRC) incidence and mortality are well-documented. However,
the impact of sex on metabolic pathways that drive cancer growth is not well understood. High expression of aspara-
gine synthetase (ASNS) is associated with inferior survival for female CRC patients only. Here, we used a CRISPR/Cas9
technology to generate HCT116 ASNS™~ and HCT 116 ASNS™* cancer cell lines. We examine the effects of ASNS dele-
tion on tumor growth and the subsequent rewiring of metabolic pathways in male and female Rag2/IL2RG mice.

Results ASNS loss reduces cancer burden in male and female tumor-bearing mice (40% reduction, g < 0.05), triggers
metabolic reprogramming including gluconeogenesis, but confers a survival improvement (30 days median survival,
g < 0.05) in female tumor-bearing mice alone. Transcriptomic analyses revealed upregulation of G-protein coupled
estrogen receptor (GPERT) in tumors from male and female mice with HCT116 ASNS™~ xenograft. Estradiol activates
GPERT in vitro in the presence of ASNS and suppresses tumor growth.

Conclusions Our study indicates that inferior survival for female CRC patients with high ASNS may be due to meta-
bolic reprogramming that sustains tumor growth. These findings have translational relevance as ASNS/GPERT signal-
ing could be a future therapeutic target to improve the survival of female CRC patients.
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Background

Colon and rectal cancers are the third most common
cause of cancer deaths in women and men in the United
States [1, 2]. Sex-related differences in CRC incidence
and mortality have been previously documented and
have shown that even though males have a higher inci-
dence and mortality, females still have a high incidence
rate of 34.0 per 100,000 population, with more frequent
lesions on the right-side of the colon; an area of the colo-
rectum that confers a poorer clinical outcome for those
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with tumors [3, 4]. Interestingly, right-sided tumors are
more likely to carry a KRAS mutation, and KRAS muta-
tions are more frequently observed in tumors from
female CRC patients [5].
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Mechanistically, KRAS has major implications on
tumor metabolism. Evidence shows that KRAS plays a
role in rewiring metabolic pathways and regulating
estrogen receptor signaling, highlighting the relevance
of these factors when considering treatment for cancers
in females [6, 7]. Thus, ongoing efforts are now focused
on targeting alternative pathways that are activated in
mutant KRAS cells, to circumvent drug resistance [8].
Moreover, oncogenic KRAS signaling can promote met-
abolic reprogramming through stimulation of glucose
uptake and diversion of nutrients towards anabolism, a
phenomenon termed the Warburg effect. Cancer cells
increase uptake of nutrients such as glucose and glu-
tamine, which are used as cellular building blocks that
enhance tumor growth. However, the mechanism by
which oncogenic KRAS coordinates metabolic repro-
gramming to promote tumor growth remains an area
of intense investigation [7, 9]. Studies have shown that
nutrient supply is an important determinant of KRAS
regulation of cancer. Under nutrient deprivation, acti-
vation of downstream intracellular molecules such as
activating transcription factor 4 (ATF4) can stimulate
the synthesis of non-essential amino acids (NEAA) such
as glutamine. This finding is important especially with
respect to glutamine metabolism, where KRAS-mutant
cancer cells adapt to glutamine withdrawal by increas-
ing asparagine biosynthesis via asparagine synthetase
(ASNS), which allows cancer cells to survive [10]. Indeed,
indirect mechanisms of glutamine reliance are related
to induction of ATF4 that can influence ASNS activity.
Furthermore, ASNS facilitates the synthesis of aspara-
gine in a glutamine and ATP-dependent manner [9, 11].
This cancer cell dependence on glutamine can also lead
to replenishing of important TCA cycle intermediates
for rapid cell growth [12]. Asparagine in particular, has
been shown to play a critical role in regulating cell prolif-
eration and promoting tumor metastasis, and is thus an
important amino acid during cancer progression [9, 13].

We have previously examined ASNS expression levels
in colon cancer patients from The Cancer Genome Atlas
(TGCA) colon adenocarcinoma (COAD) cohort and
revealed that female patients with high ASNS expression
had an inferior survival compared to females with low-
medium ASNS expression, whereas these associations
between ASNS and outcomes not exist in male patients,
suggesting sex-specificity for CRC outcomes based on
ASNS [14-16]. Using metabolomics data acquired from
patient tumors, we showed that high asparagine com-
pared to low asparagine levels are associated with poorer
survival and recurrence-free survival in female patients
only [15]. Additional analysis of TCGA COAD data by
stage showed that female patients only with stage III-IV
CRC, with high versus low ASNS expression had a poor
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overall survival (p<0.05) [16]. Whereas there were no
significant difference (p>0.05) in overall survival found
for female patients with early-stage tumors (stage I-II)
[16]. Together, this highlights the importance of ASNS
in cancer cells undergoing metabolic stress. Thus, we
hypothesize that ASNS may serve as key molecular factor
for understanding sex-biased differences in cancer inci-
dence and survival [7, 17].

Given these findings, we aimed to address two impor-
tant questions in this study. First, how does dysregu-
lated ASNS signaling alter tissue homeostasis and induce
tumor progression? Using an in vivo model of human
colon tumorigenesis (isogenic HCT116 ASNS™* and
HCT116 ASNS™~ cell line-derived xenografts which
express mutant KRASS'P endogenously), biochemi-
cal and metabolic factors identified in this study provide
novel insights into the mechanisms of metabolic rewir-
ing, cell proliferation and tumor growth. Second, what
factors are responsible for the sex-specific differences
in CRC using this model of human tumorigenesis that
potentiates ASNS signaling? We identify GPER1 signal-
ing as a potential therapeutic target that can be exploited
for CRC treatment [18, 19]. We address a void in the
scientific literature by showing a relationship between
GPERI1 and ASNS signaling. We speculate that there
could be hormonal effects on ASNS mutant clones. Our
study proposes new hypotheses for the mechanisms
of sex-specific influences of ASNS-driven asparagine
metabolism using a mouse xenograft model of CRC.

Methods

Cell culture

Human CRC HCT116 cell lines were obtained from
American Type Culture Collection (ATCC) (Manassas,
VA, USA). CRISPR-Cas9 editing was performed to gen-
erate HCT116 ASNS wild-type (ASNS*/*) and HCT 116
ASNS knock-out (ASNS™'7) (Synthego Corp, Redwood
City, (CA, USA)). HCT116 ASNS™'~ cell lines were gen-
erated using a CRISPR-mediated gene knockout. The
wildtype pool was mock transfected with Cas9 which
served as control cell line for the downstream experi-
ment. ASNS™'~ status was confirmed by western blot
analysis. Cells were maintained in Dulbecco’s Modi-
fied Eagle Medium (DMEM) (Thermo Fisher Scientific,
Waltham, MA, USA) with 10% fetal bovine serum (Life
Technologies, Carlsbad, CA, USA) and 1% penicillin/
streptomycin (Life Technologies, Carlsbad, CA, USA)
and 4 mM L-Glutamine (Life Technologies, Carlsbad,
CA, USA). For the L-asparaginase (L-Asp) experiment,
both HCT116 ASNS*/* and ASNS™/~ cells were grown
in RPMI-1640 culture medium (Thermo Fisher Scien-
tific,c Waltham, MA, USA) with sufficient asparagine
and supplemented with 4 mM glutamine to scale up
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before exposure to L-Asp. For the metabolomics analy-
sis, HCT116 ASNS*'* and HCT116 ASNS™'~ cells were
cultured in RPMI-1640 and supplemented with 4 mM
glutamine. Cells were cultured at 37 °C and under 5%
CO,. All experiments were performed at 90% cell con-
fluency with no more than ten [10] cell passages. After
three [3] passage rounds, cells were screened for biologi-
cal contaminants at the Molecular Diagnostics laboratory
(Yale University School of Medicine) and were declared
to be pathogen-free. Amino acid composition of aspar-
agine-depleted medium is presented in Supplementary
Table S3.

Thawing process

Cells were stored in LN, and placed in a temperature-
controlled water bath for 2 min 50 s equilibrated to 37 °C
according to a previously reported standard method for
thawing conventional cryovials [20]

Formation of 3D spheres using hanging- drops

Adherent cell cultures were grown to at least 90% con-
fluence before rinsing off monolayers with PBS. Cells
were trypsinized using 0.05% trypsin with EDTA and
incubated at 37 °C until cells detach. Trypsinization was
stopped by adding 2mls of complete medium before
transfer to a 15 ml conical tube. Cells were counted using
a hemacytometer. 20 pl droplets were deposited onto a
100 mm tissue culture plate lid ensuring that each drop-
let was placed sufficiently apart. Lid was inverted onto a
PBS-filled bottom chamber and incubated at 37 °C/5%
CO, and 95% humidity. At least 10 droplets/treatment
group were deposited for the medium-asparagine deple-
tion experiment. For the L-asparaginase experiment, at
least 8 droplets/treatment condition were deposited onto
the culture plate. Sizes of formed spheroids were evalu-
ated using a light microscope.

Animal experiments

Rag2/IL2RG double knockout (R2G2) immunocompro-
mised mice, having reduced functions of T, B and Natural
Killer (NK) cells, were obtained from Charles River Labo-
ratories (Wilmington, MA, USA) at 4 weeks old. Animals
were held in the Yale West Campus Animal husbandry
unit until ready for xenograft (IACUC #2021-20218).

In vivo tumorigenesis

HCT116 ASNS** and HCT116 ASNS™/~ were grown
in complete medium and harvested for in vivo studies.
1x 107 cells were implanted subcutaneously (s.c) into the
flanks of R2G2 mice. Tumor sizes were obtained in two
dimensions by measuring with calipers every three days.
Tumor volumes were calculated using the formular V=(L
x W?)/2, where L is length and W represents width.
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In study 1, ten female R2G2 mice were used for the
tumorigenicity experiment. HCT116 ASNS~~ and
HCT116 ASNS™'* were implanted subcutaneously (s.c)
into the flank of each mouse (n=5/group). Animal sur-
vival was evaluated from the day of cell line implantation
until the mice became moribund according to predeter-
mined criteria that includes a tumor volume of>1 cm?
[21, 22]. Animal husbandry and experimental procedures
were carried out under approval from Yale University
Institutional Animal Care and Use Committee (IACUC
#2021-20218). All the animals were housed in specific-
pathogen free (SPF) conditions and automatically sup-
plied rodent chow (Teklad #2018S, Envigo, Indianapolis,
IN, USA) and water ad libitum.

Once tumorigenicity was confirmed, 40 R2G2 mice
(n=20 female, n=20 male) were divided into four groups
for a tumor-specific survival experiment (Study 2); of
note the tumor metabolomics analyses were performed
in this mice cohort. In the survival study the following
groups were constructed; group I included R2G2 male
mice that were injected with HCT116 ASNS*'* cell lines;
group II included R2G2 male mice that were injected
with HCT116 ASNS™'~ cell lines; group III, included
R2G2 female mice that were injected with HCT116
ASNS*H'* cell lines; group IV included R2G2 female mice
that were injected with HCT116 ASNS~'~ cell lines. For
studies 1-2, each mouse received 1x10” cells that were
implanted subcutaneously (s.c) into the flank.

For study 1, mice were euthanized at day 20 as tumors
in the HCT116 ASNS*'* group reached 1000 mm? which
is the maximum tumor volume allowed by our protocol.
At the time of euthanasia for both studies, a small section
of tumor mass was examined grossly, fixed in 10% neutral
buffered formalin and was used in making formalin-fixed
paraffin-embedded (FFPE) blocks; while a second sec-
tion of tumor mass was flashed frozen in liquid nitrogen
(LN2).

Histopathology

FFPE tissues from the tumorigenicity and survival stud-
ies were sectioned at 5 um, stained with hematoxylin and
eosin for histologic examination as previously described
[23]. Unstained slides were subjected to immunohisto-
chemical analysis. Briefly tissue sections were deparaffi-
nized, antigen retrieved in 10 mM sodium citrate and
incubated with 3% hydrogen peroxide for 20 min at room
temperature (RT). Sections were blocked with 10% goat
serum and incubated overnight at 4 °C with primary anti-
bodies: cyclin D1 (CME432, Biocare Medical, Pacheco,
CA, USA), phospho-histone H3 (#9701, Cell Signaling
Technology, Danvers, MA, USA), F4/80 (#70,076, Cell
Signaling Technology, Danvers, MA, USA) and Ki67
(CRM325, Biocare Medical, Pacheco, CA, US). Sections
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were then incubated with secondary antibody for 30 min
at room temperature, followed by signal detection using
3,3’-diaminobenzidine (DAB) solution (#SK-4105, Vec-
tor Laboratories Inc., Newark, CA, USA). Tissues
were counterstained with hematoxylin. A pathologist
with expertise in gastrointestinal pathology examined
representative sections.

Mitotic activity index

The mitotic activity index of the tumor cells was defined
as either the number of tumor cells with mitotic figures
(representing dividing cells) or Ki67-positive tumor cells,
divided by total number of tumor cells. For quantitative
evaluations, a minimum of ten fields (40x) was selected
and mitotic activity index was calculated as the average
number of pHH3™" cells per field. At least 3 representa-
tive samples were randomly selected from each group in
study 1 and 2.

Drugs and chemicals
G1(1-((3aR,4S,9bS)-rel-4-(6-Bromobenzo[d][1,3]dioxol-
5-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]  quinolin-
8-yl)ethanone, 98%, a GPERI1 agonist, was purchased
from Ambeed, #A287698 (CAS: 881,639-98-1, Arlington
Heights, IL, USA). L-asparaginase (#ENZ-287-500 IU)
was purchased from Peptide International Inc (Louisville,
KY, USA).

Immunoblot

To confirm the efficiency of the CRISPR-Cas9 Knock out
system, we assessed the relative protein expression of
ASNS in the HCT116 ASNS™'* and ASNS™/~ mutant cell
lines using western blot. We also confirmed the expres-
sion of GPER1 in HCT116 ASNS™'* cells after pharma-
cological modulation with estradiol and G1 (a known
GPER1 agonist). Proteins were extracted by homog-
enization using 1XRIPA buffer with protease inhibi-
tor (#5,892,970,001, Roche, Basel, Switzerland). The
homogenates were centrifuged at>10,000 g at 4 °C, and
the supernatants were heated for 10 min in 1Xsodium
dodecyl sulfate (SDS) sample buffer for protein dena-
turation. After a brief centrifugation, 30 pg of protein
was resolved on SDS-polyacrylamide gels and trans-
ferred to nitrocellulose membranes by voltage gradient
transfer. The membranes were incubated in 3% bovine
serum albumin in TBST buffer for one hour to block
non-specific binding; then incubated with primary anti-
bodies (anti-ASNS: #sc-365809, Santa Cruz biotechnol-
ogy, Dallas, TX, USA; anti-GPER1: #ab260033, Abcam
Biotechnology, Cambridge, UK; anti-GAPDH #ab181602,
Abcam Biotechnology, Cambridge, UK) containing 3%
bovine serum albumin in TBST at 4 °C overnight. Mem-
branes were then washed and incubated with secondary
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antibodies coupled to horseradish peroxidase for 1 h. The
bands were detected using a chemiluminescence reagent
kit (#P132106, Thermofisher Scientific, Waltham, MA,
USA). Quantification of band intensity was performed
on all stained blots using Image ] processing software.
For GPER1 antibody which detect an additional band of
GPER heterodimers (above the 50 kDa ladder), the lower
band was selected and normalized to house keeping
protein (GAPDH). Inverted background value was sub-
tracted from all membranes and expression is reported
as the net ratio of either ASNS or GPERI1 protein to
GAPDH.

Tissue microarray

Corresponding paraffin tissue blocks of R2G2 mice
tumors (HCT116 ASNS** female, HCT116 ASNS™/~
female, HCT116 ASNS*'* male and HCT116 ASNS™'~
male; n=5 mice tumors/group) were retrieved and
transferred into a recipient block or tissue microarray
(TMA). TMA cores were punched out using a 0.6 mm
diameter tool for up to 2 punches per tumor block and
transferred onto digital slides. H&E slides from selected
mouse tumors were also retrieved. Blocks and slides
were compared in an identical manner using an anno-
tated grid. Immunohistochemistry of Ki67, cyclin D1 and
pHH3 were conducted on TMA slides. Ki67, cyclin D1
and pHH3-positive cells were counted using Image J pro-
cessing software.

RNA-sequencing

RNA-seq was performed on female mice tumors from
the tumorigenicity study (n=4 HCT116 ASNS™* and
n=4 HCT116 ASNS~'"). Libraries were prepared with
total RNA using the Total RNA TruSeq mRNA Stranded
Library Prep Kit (Illumina, San Diego, CA, USA). Briefly,
mRNA pulldown was performed using an oligodT primer
attached to magnetic beads. The libraries were quanti-
fied using the Qubit dsDNA HS assay kit (Thermofisher
Scientific, Waltham, MA, USA) and an Agilent 2100 Bio-
analyzer. Pooled library was sequenced on an efficient
ultra-high-throughput sequencer using the NovaSeq
6000, an instrument with a patterned flow cell technology
which provides the highest throughput across multiple
applications (Illumina) according to the manufacturer’s
protocol. A detailed sequencing procedure is described
in the supplementary material and method section.

Quantitative real-time PCR

Total RNA was isolated from tumors of HCT116 xeno-
grafts using the RNA isolation kit (Rneasy Mini Kit,
QIAGEN, Hilden, Germany). RNA quality control was
determined as described above for RNA sequencing.
Extracted RNA was reversed transcribed to generate
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complementary DNA (cDNA) using the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA) following
the manufacturer’s instructions. cDNA was diluted in
nuclease-free water before it was utilized for gene expres-
sion by qRT-PCR. Quantitative real-time PCR analysis
was performed on technical duplicates of cDNA derived
from Study 1: HCT116 ASNS'* female group (n=4)
and ASNS™'~ female group (n=3) and Study 2: HCT116
ASNS*™™* male (n=8), HCT116 ASNS™/~ male (n=8),
HCT116 ASNS*'* female (n=10) and HCT116 ASNS™~
female (n=8-9) groups, using iTaq SYBR Green (Bio-
Rad, Hercules, CA, USA), and predesigned validated
primers on CFX96 Touch Real-Time PCR Detection Sys-
tem (Bio-Rad, Hercules, CA, USA). Primer sequences for
qRT-PCR are reported below:

hGPERI fw 5'-ACAAACCCAACCCAAACCAC-3’

hGPERI rev 5’ -CACCGTGCAGCTTTCAAGAT-3’

hASNS fw 5-  GACTTCACCTGATAAAAG
GCAGC-3’

hASNS rev 5’ - TTGAAGCACTCCGCGACTCC-3’

hGAPDH fw 5’ - GCAGGGGGGAGCCAAAAGGG-3’

hGAPDH rev 5'- TGCCAGCCCCAGCGTCAAAG-3’

Untargeted mass spectrometry

Tumor metabolite extraction

Tumor metabolomics was performed on tumors from
the survival study. 40 tumors, at 50 mg tumor tissue was
homogenized in 500 uL UPLC-grade H,O using a Pre-
cellys Evolution cryo-homogenizer (Bertin Corp. Rock-
ville, MD, USA). 2 mL lysis tubes containing 1.4 mm
ceramic (zirconium oxide) beads were utilized for the
homogenization step. Prior to homogenization, tissue
samples were cut on a pre-chilled cutting board kept
on dry ice. During homogenization, samples were kept
on ice and each sample was processed at 6,000 rpm
for 20 s at 6 cycles with 5 s intervals. Cryo-homoge-
nizer was kept chilled using dry ice. 100 pL of homog-
enized solution was added to 1.5 mL microcentrifuge
tubes (Eppendorf, Framingham, MA, USA) for subse-
quent metabolite extraction. A volume of ice cold 400
puL methanol:acetonitrile (1:1, v/v) was added to each
sample as the extraction solvent before sonication for
10 min. Samples were incubated for 2 h at—20 °C, fol-
lowed by centrifugation at 13,000 rpm (15,000 g) and 4 °C
for 15 min. To precipitate proteins and particulates, the
resulting supernatant was removed and evaporated to
dryness for 12 h using a vacuum concentrator (Thermo
Fisher Scientific, Waltham, MA, USA). The dry extracts
were then reconstituted in 100 uL of ACN:H,O (1:1, v/v),
sonicated for 10 min, and centrifuged at 13,000 rpm
(15,000 g) and 4 °C for 15 min to remove insoluble debris.
The supernatant was transferred to UPLC autosampler
vials (Thermo Fisher Scientific, Waltham, MA, USA). A
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pooled quality control sample was prepared by mixing
2 uL of extracted solution from each sample into a UPLC
autosampler vial. All the vials were capped and stored
at—80 °C prior to UPLC-MS analysis.

UPLC-MS-based metabolomics analysis

Hydrophilic interaction chromatography (HILIC) and
reverse-phase liquid chromatography (RPLC)-mass
spectrometry (MS) approaches were used for compre-
hensive analysis of the tissue metabolome and have
been described previously [14]. Briefly a UPLC system
(H-Class ACQUITY, Waters Corporation, MA, United
States) coupled to a quadrupole time-of flight (QTOF)
mass spectrometer (Xevo G2-XS QTOF, Waters Cor-
poration, Milford, MA, United States) was used for
MS data acquisition. A Waters ACQUITY UPLC BEH
Amide column and Waters ACQUITY UPLC BEH C18
column were used for the UPLC-based separation of
metabolites. Column temperature was kept at 25 °C for
HILIC-MS analysis and 30 °C for RPLC-MS analysis.
Sample injection volume was 1 L. The solvent flow rate
was 0.5 mL/min. For HILIC-MS analysis, mobile phase
A was 25 mM NH4OH and 25 mM NH4OAc in water,
while the mobile phase B was ACN for both electrospray
ionization (ESI) positive and negative mode, respectively.
The linear gradient was set as follows: 0—0.5 min: 95% B;
0.5-7 min: 95% B to 65% B; 7—-8 min: 65% B to 40% B;
8-9 min: 40% B; 9-9.1 min: 40% B to 95% B; 9.1-12 min:
95% B. For RPLC-MS analysis, the mobile phases A was
0.1% formic acid in H20, while the mobile phases B was
0.1% formic acid in ACN, respectively for both ESI+and
ESI-. The linear gradient was set as follows: 0—1 min:
1% B; 1-8 min: 1% B to 100% B; 8—10 min: 100% B;
10-10.1 min: 100% B to 1% B; 10.1-12 min: 1% B. Pooled
samples were analyzed at specified injections interval
during the UPLC-MS analysis to monitor the stabil-
ity of the data acquisition and used for subsequent data
normalization. QTOF-MS scan data (300 ms/scan; mass
scan range 50—-1000 Da) was initially acquired for each
biological sample for metabolite quantification. Then,
both DDA (data-dependent acquisition) data (QTOF
MS scan time: 50 ms/scan, MSMS scan time 50 ms/
scan, collision energy 20 eV, top 5 most intense ions were
selected for fragmentation, exclude former target ions
(4 s after 2 occurrences)) and MS? data (low energy scan:
200 ms/scan, collision energy 6 eV; high energy scan:
100 ms/scan, collision energy 20 eV, mass scan range
25-1000 Da) were acquired for QC samples to enable
metabolite identification. ESI source parameters on the
Xevo GS-XS QTOF were set as following: capillary volt-
age 1.8 kV, sampling cone 40 V, source temperature 50 °C,
desolvation temperature 550 °C, cone gas flow 40L/Hr,
desolvation gas flow 900 L/Hr.
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UPLS-MS data processing

Raw MS data (.raw) were converted to mzML files using
ProteoWizard MSConvert (http://proteowizard.sourc
eforge.net/). The files were then processed in R (version
4.2.1) using the XCMS package for feature detection,
retention time correction and alignment. The XCMS
processing parameters were optimized and set as fol-
lows: mass accuracy for peak detection=25 ppm; peak
width ¢= (2, 30); snthresh=6; bw=10; mzwid =0.015;
minfrac=0.5. The CAMERA package was used for sub-
sequent peak annotation. The resulting data were nor-
malized using the support vector regression algorithm in
R to remove unwanted system error that occurred among
intra- and inter- batches. Initial metabolite identification
was performed using the MetID (metabolomics stand-
ard initiative level 1). Metabolites were further identified
by matching retention time with an in-house metabolite
standard library.

Quantification and statistical analysis

Kaplan—Meier survival curves were compared by log-
rank test. Mantel-Cox Chi square test of association was
used to determine significance. For the tumor kinetics
in study 2, two-way ANOVA with mixed-effects model
was used to accommodate the maximum tumor volume
reached in several of the HCT116 ASNS™* male mice
starting day 9 post tumor implantation. Multiple com-
parisons were adjusted using Benjamini and Hochberg’s
FDR method. Tumor volume for each time point was
considered significant difference if q value is less than
0.05. For differential gene expression (DEG), compari-
son was determined using a negative binomial distribu-
tion test. Individual dot plots of RPKM are represented
as the mean + standard error of mean (SEM) with at least
n=4 per group and p values determined by unpaired stu-
dent’s ¢ test. For gene expression assay in study 2, statisti-
cal significance was determined using, two-way ANOVA.
For all the qRT-PCR reactions, relative quantification of
mRNA levels by the AACT method was performed after
normalization of total cDNA to endogenous GAPDH.
For metabolomics analysis, normalized metabolite abun-
dances were uploaded in Metaboanalyst and Welches
t-test was applied to compare metabolite abundances
between sample groups. p values were adjusted for multi-
ple testing with Benjamini-Hochberg-based FDR. For the
immunohistochemistry analysis, individual dot plots rep-
resent mean+SEM of at least 3 representative samples
from each group of HCT116 ASNS xenografts.

Bioinformatics analysis

Functional enrichment analysis of differentially expressed
genes by hierarchical clusters was performed using
the Gene Set Enrichment Analysis (GSEA), a tool that
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offers a robust analytic technique for molecular pro-
filing data [24]. Top canonical pathways and cellular
functions involving differentially expressed transcripts
(gene set>15) using normalized expression count and
weighted enrichment statistic. DEGs used in pathway
analysis were determined between HCT116 ASNS~/~
and HCT116 ASNS*'* by using a filtering criterion: fold
change (FC)>2.0 and g<0.05. Ingenuity Pathway Analy-
sis (IPA) (QIAGEN Redwood City, USA) was used to
identify specific pathways and functions across sample
groups. An unadjusted p-value was used to determine
gene set enrichment as our hypothesis is that a coor-
dinated change to a broad number of genes can aid in
the prediction of changes to the greater signaling net-
work. Top canonical pathways involving differentially
altered metabolites (using metabolites with adjusted
p-value<0.05) were calculated based on the Fisher’s
right-tailed exact test. Metabolomics profiling was con-
ducted using IPA and violin plots were generated on
Graphpad Prism Software (version 10).

Results

Loss of ASNS prevents compact spheroid formation in vitro
and inhibits tumorigenesis in vivo

Analysis of data from TCGA COAD showed that ASNS
mRNA expression in human colorectal adenocarcinoma
is higher than in normal-adjacent colon tissues (Fig. 1A).
To gain insight into the roles of ASNS in CRC cell prolif-
eration, we used isogenic cells that differ only by ASNS
expression; human HCT116 CRC cells are wild-type for
ASNS, and carry a KRAS (G13D) mutation [25, 26]. Using
a CRISPR-Cas9 system, HCT116 ASNS™/~ clones were
derived via homozygous knockout of ASNS by targeting
exon 5 of the gene which encodes the active site of the
protein. We confirmed ASNS deletion in the knockout
cell lines by western blot and RT-qPCR (Fig. 1B).

We next investigated the impact of ASNS and the
presence of asparagine on the formation and growth of
multicellular spheroids; a useful surrogate for modeling
cellular dynamics, differentiation and architecture of
tumor in a 3D culture system [27] (Fig. 1C). HCT116
ASNS~'~ cell lines did not form a compact spheroid com-
pared to the HCT116 ASNS*'* cells under an asparagine-
depleted media condition (0 mM asparagine). HCT116
ASNS™'~ cells were loosely attached to the cell culture
dish and formed irregular clusters (Fig. 1C). However,
the spheroid size of the HCT116 ASNS** and HCT116
ASNS™'~ cells increased upon introduction of asparagine
to the media (0.4 mM asparagine) (Fig. 1C). We observed
fuzziness in sub-populations of HCT116 ASNS*'* cells
cultured under both asparagine deplete and asparagine
replete conditions which enhanced their expansion, sug-
gesting an ability to migrate from the parental spheres
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[27]. However, spheroid size was significantly smaller
(2.1-fold, p<0.001) in the HCT116 ASNS~'~ cell lines
compared to the HCT116 ASNS** group seven days
after cell seeding under an asparagine-sufficient con-
dition (Fig. 1C), thus highlighting the role of ASNS in
initiating CRC cell proliferation and growth using a 3D
culture system.

To confirm the importance of circulating asparagine
on cell growth, we employed the use of L-asparaginase
(L-Asp), a drug proven to have therapeutic efficacy
against acute lymphoid leukemia (ALL) by reducing
extracellular (i.e. circulating) asparagine through its
conversion to aspartate [15]. L-Asp was added to the
media of the HCT116 ASNS™/~ and HCT116 ASNS*'*
cell lines at multiple concentrations (0.5 IU/mL, 2 IU/
mL and 4 IU/mL) (Supplementary Fig. 1A). RPMI media
was used which contained sufficient levels of aspara-
gine to increase the initial starting numbers of cells. We
observed a dose-dependent reduction of formed sphe-
roids caused by L-Asp at the three tested concentrations.
Treatment of HCT116 ASNS*'* cells with L-Asp at a low
dose (0.5 IU/mL) caused a 33.9% reduction (p<0.001) in
spheroid size compared to untreated HCT116 ASNS*/*
cells (Supplementary Fig. 1B). Medium dose L-Asp (2 IU/
mL) caused a 73.2% reduction (p<0.001) in spheroid
size compared to the untreated control group. Similarly,
treatment with a high dose L-Asp (4 IU/mL) caused a
pronounced 88.6% reduction (p<0.001) in spheroid size
of the HCT116 ASNS*'* cells compared to the untreated
control group Supplementary Fig. 1B). In HCT116

(See figure on next page.)
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ASNS™'~ cells, 0.5 IU/mL L-Asp treatment caused a dra-
matic reduction (56.6%, p <0.0001) in spheroid size com-
pared to untreated cells. Medium dose (2 IU/mL) L-Asp
caused a significant 88.3% reduction (p <0.0001) in sphe-
roid size of the HCT116 ASNS™/~ cells. A high concen-
tration (4 IU/mL) of L-Asp drastically impacted (100%
reduction, p < 0.0001) spheroid formation of the HCT116
ASNS™~ cells. Quantification of these cells showed
that the L-Asp drastically reduced spheroid formation
and size to a larger degree (p<0.0001) in the HCT116
ASNS~'~ lines compared to the wild-type counterpart
(Supplementary Fig. 1B). To validate the contributing role
of asparagine in promoting cancer cell proliferation, we
conducted metabolomic analysis and examined the lev-
els of asparagine in the two cell lines using 2D monolayer
culture. LC-MS analysis revealed a drastic depletion of
asparagine in the HCT116 ASNS™~ cells compared to
HCT116 ASNS™'* cells (Supplementary Fig. 1C). Taken
together, these data indicate that the loss of HCT116
ASNS combined with depleted extracellular asparagine
may be responsible for the reduced cell proliferation.

To investigate the effects of ASNS deletion in tumor
progression, we used a cell-line derived cancer xenograft
Rag2/IL2RG (R2G2) mouse model and performed a tum-
origenicity study to examine tumor growth in vivo. The
molecular genetics of R2G2 mice have been previously
described [28-30]. To assess the tumorigenic effects of
the CRISPR-edited ASNS clones, we injected 10 million
cells each of HCT116 ASNS™'~ and the isogenic HCT116
ASNS™'* lines to the R2G2 mice flank of 5 female mice/

Fig. 1 Loss of asparagine synthetase (ASNS) prevents compact spheroid formation in asparagine (Asn) adjusted media and inhibits tumorigenesis
in vivo. A. ASNS transcript levels in human normal-adjacent colon tissues (n=51) and colorectal adenocarcinoma tissues (n=591) from TCGA
(COAD) database. B. Selective targeting of ASNS exon 5 in HCT116 cancer cell line. ASNS™~ cell line was generated via CRISPR-Cas9 mediated
deletion of exon 5. Mock-transfection of HCT116 wild type ASNS cells with Cas9. Western blot analysis confirmed the knock-out of ASNS showing
reduced protein expression. gPCR revealed a significant reduced number of ASNS transcript in the CRISPR-Cas9 edited cell line compared

to the ASNS*/*, thus confirming a knock-out efficiency. C. HCT116 ASNS** and HCT116 ASNS™~ cell lines were cultured in DMEM and RPMI media.
Representative images of spheroids derived from ASNS** pool and a CRISPR-Cas9 edited clones grown under asparagine depleted conditions

(0 mM Asn) and Asn supplemented conditions (4 mM Asn). Spheroid image captured 7 days after seeding using 4x objective lens of an inverted
microscope. Note the structural differences and"fuzziness” around the edges in the ASNS** cell lines. D Experimental design of tumorigenicity
experiment using Rag2/IL2RG (R2G2) immunocompromised mice, n=5 mice per group. Female R2G2 immunodeficient mice were inoculated
with ten million cells each of CRISPR- edited ASNS”~ and the control ASNS** lines. Day O represents the day when cell inoculation was performed.
E Tumor kinetics reveal a significant difference (p <0.05) in tumor volume of HCT116 ASNS™~ mice compared to HCT116 ASNS™* mice at day

20 post-implantation. F Representative images of mice tumors from each group. Note that tumor size was relatively smaller in the HCT116
ASNS™~ mice compared to the HCT116 ASNS** mice. G Average tumor volume at day 20 post implantation. H Hematoxylin and eosin staining

of tumors showing mitotic activity index in the HCT116 ASNS** and HCT116 ASNS™~ tumor-bearing female mice. I Reduced Ki67 immunostaining
in the HCT116 ASNS™~ tumors compared to HCT116 ASNS™* tumors. J Quantification of mitotic activity index in the HCT116 ASNS** and HCT116
ASNS™~ tumors. K Proliferative index for HCT116 ASNS** and HCT116 ASNS™~ indicated by Ki67 reactivity. Green box indicates mitotic figures.
Representative hematoxylin and eosin staining of tumors derived from HCT116 ASNS™* and HCT116 ASNS™~ mice under 100 x total magnification.
Mitotic figures (MFs) in the HCT116 ASNS** and HCT116 ASNS ™~ tumors under 400x total magnification. Extraction of ASNS expression dataset
from TCGA database was performed using R studio and individual scattered dot plot represents expression Log 2 abundance of ASNS. Individual
scattered plots for gene expression analysis of HCT116 ASNSY+ and HCT116 ASNS™~ cells (Fig. 1B), are n=6 replicates per genotype. Individual
scattered plots for spheroid experiments are mean + SEM of at least 10 spheroids/group. Statistical significance indicated by *p < 0.05, ***p < 0.001
and ****p <0.0001 using two-tailed Student’s t- test
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Fig. 1 (See legend on previous page.)

genotype (Fig. 1D). The growth kinetic curve revealed
that the tumors formed in the HCT116 ASNS™~ group
grew slowly compared to the HCT116 ASNS™™ mice

(Fig. 1E). Tumor size differed significantly between
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the two groups of mice (Fig. 1F) showing a 1.47-fold,
(p<0.05) reduction in the HCT116 female ASNS™'~ ani-
mals (Fig. 1G). A gastrointestinal pathologist con-
ducted histopathological evaluation of representative
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sections. 5 um slide sections obtained from the female
HCT116 ASNS™* and HCT116 ASNS™/~ tumor-bearing
mice and confirmed that 100% of the tissue slides were
derived from tumors indicating a complete tumor pen-
etrance in both HCT116 ASNS** and HCT116 ASNS™'~
mouse xenograft; tumors were poorly differentiated
carcinoma, mimicking tumor growth characteristics in
humans (Fig. 1H). Interestingly, qualitative assessment
of the tumors showed there was desmoplasia (defined
as a band of fibrous tissues intermixed within the tumor
sheet) [31] observed within the tumor stroma in the
HCT116 ASNS''* group which may be accounted for
by a host response to the expanding viable tumor mass.
Under high magnification (400x), we observed multi-
ple mitotic figures within the HCT116 ASNS™* tumors
(Fig. 1H).

Using immunohistochemistry, we observed reduced
staining for Ki67, an established marker of proliferation,
in the HCT116 ASNS~/~ female group to the HCT116
ASNS** female group (Fig. 1I). Quantification of the
mitotic figures under high-power field revealed a 75%
significant (p<0.01) reduction in the mitotic activity
index (MAI) (Fig. 1J) and a 46.2% significant reduction
(p<0.0001) in Ki67 positivity in the HCT116 ASNS~/~
group (Fig. 1K). Notably, sections that were observed to
be undergoing necrosis were Ki67-negative.

ASNS deletion extends survival and triggers metabolic
reprogramming in female R2G2 mice alone

To examine whether ASNS specifically has any effect on
survival by sex, we performed a survival study, wherein
male and female R2G2 mice were inoculated subcuta-
neously (s.c) with 10 million cells HCT116 ASNS*'* or

(See figure on next page.)
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HCT116 ASNS™'~ (n=10 mice/genotype/sex) (Fig. 2A).
A tumor kinetics curve revealed rapid tumor forma-
tion and growth in the HCT116 ASNS™* male, HCT116
ASNS™'~ male, and HCT116 ASNS™* female groups
(Fig. 2B). In contrary, tumor growth was slower in the
HCT116 ASNS™'~ female group (Fig. 2B). At day 9 post
inoculation, ASNS depletion in the tumor xenografts
from female mice was associated with a reduction (1.4-
fold, q<0.05) in tumor burden compared to the HCT116
ASNS~'~ male group (Fig. 2B) suggesting a distinct tumor
phenotype in the HCT116 ASNS female mice during the
early stages of tumor development. As the average tumor
volume is reported for each group of mice, and some of
the male mice with HCT116 ASNS*/T cells had maxi-
mal tumor burden at day 9, successive measurements of
tumor volume were not taken for this group. At day 18
post-inoculation, HCT116 ASNS™~ female mice main-
tained a sustained reduction in tumor burden compared
to the HCT116 ASNS~/~ male mice (1.45-fold, q<0.05)
(Fig. 2C). Similar to our initial xenograft in female mice
only (tumorigenicity study 1), tumor volume was signifi-
cantly different between the HCT116 ASNS™'~ female
and HCT116 ASNS*'* female mice (1.4-fold, q<0.05) at
18 days post-implantation (Fig. 2C). In general, these data
indicate a sex-specific difference in tumor growth that is
dependent on ASNS activity during cancer development.
Next, we investigated whether tumor-specific sur-
vival differences exist between the two genotypes and
sexes. Survival analysis revealed that there was no sig-
nificant difference in the median survival (MS) between
the HCT116 ASNS** male and HCT116 ASNS™'~
male group (HCT116 ASNS™* male: MS=19 days;
HCT116 ASNS™/~ male: MS=20.5 days, p=0.22)

Fig. 2 Loss of ASNS extends tumor-specific survival and triggers metabolic reprogramming in male and female R2G2 mice (Study 2). A Study
design (n=10 mice per group): R2G2 mice were inoculated with HCT116 ASNS** and HCT116 ASNS™~ cells lines. Day O represents the day

when inoculation was performed. In Group 1, male R2G2 mice received 10 million ASNS™* cells injected subcutaneously (s.c). Group 2 represents
male mice that were implanted with 10 million HCT116 ASNS homozygous knockout cells. In Group 3, female R2G2 mice were implanted

with HCT116 ASNS** cells. Group 4 female R2G2 mice were implanted with HCT116 ASNS™~ cells lines. B Tumor kinetics after cell lines
implantation. Tumorigenicity experiment showing a sustained growth kinetics in the four groups after subcutaneous implantation of cell lines. C
Tumor volume at 18 days post-tumor implantation. D Kaplan Meier curve indicates that loss of ASNS dramatically extends survival of female R2G2
mice by 11 days when compared to the ASNS*"* male. E Representative images of colorectal cancer tissue microarray (TMA) from ASNS tumors
showing immunohistochemical staining of Ki67, cyclin D1 and pHH3. Hematoxylin and eosin stained-sections are also included. 100x magnification
(Ki67, Cyclin D1 and H&E) and 400x magnification (phospho-histone H3, pHH3). Quantitation of Ki67 and pHH3 staining in 4 groups (n=5 mice

per group). F Untargeted metabolomics revealed sex differences in transsulfuration and urea cycle metabolism in tumor metabolome. Box

and whiskers plots display median value (center line) and whiskers showing the minimum and maximum value. Violin plots of transformed
metabolite levels were generated using Graphpad prism. HCT116 ASNS female™* n=10, HCT116 ASNS™~ female n=8, HCT116 ASNS** Male n=10,
HCT116 ASNS™~ male n=10. Statistical significance difference was determined using two-way ANOVA with mixed-effects model for the growth
kinetics in B, and mean tumor volumes (day 18) in C. Two-way ANOVA with mixed-effects model was used to accommodate the maximum tumor
volume reached in several of the HCT116 ASNS™* male mice starting day 9 post tumor implantation. Chi-square Fisher’s exact test was used

to estimate the difference in proportion of positively stained cells (E-F). Data in the bar plot are presented as mean + SEM. For tumor growth kinetics
and metabolomics data, p value was adjusted for multiple comparisons using FDR (Benjamini Hochberg) correction method. * denotes g <0.05,

and ** denotes < 0.01
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(Fig. 2D). There was also no difference in survival ~ASNS~/~ female: MS=30 days, p<0.001) (Fig. 2D). In
between male and female mice that harbored HCT116  addition, females with HCT116 ASNS~/~ tumors had
ASNS*'* tumors. However, the loss of ASNS extended  significantly improved survival compared to the male
survival in female HCT116 ASNS™'~ tumor bearing HCT116 ASNS™'~ counterpart (HCT116 ASNS™'~ male:
mice compared to the HCT116 ASNS*/* female group  MS=20.5 days, HCT116 ASNS™'~ female: MS=30 days,
(HCT116 ASNS*'* female: MS=20 days; HCT116  p<0.01) (Fig. 2D). Together, these findings indicate that
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ASNS deletion induces a robust antitumor activity and
extended survival in tumor-bearing female R2G2 mice;
an outcome that was absent in tumor-bearing male mice.

To further understand the cellular changes associated
with ASNS loss, we used high-throughput tissue micro-
arrays (TMAs). Histopathological assessment of TMA
showed that all tumors from male and female mice were
characterized by invasive carcinoma growing in solid
sheets, with no evidence of glandular differentiation,
morphologically classified as high grade poorly differ-
entiated carcinoma. We observed that male HCT116
ASNS** tumors were predominantly viable, with rare
foci of necrosis (Fig. 2E). Tumors from female HCT116
ASNS™'~ mice showed a sparse distribution of mac-
rophage infiltration around the tumors. To investigate
the mechanism of tumor suppression observed in the
female mice with HCT116 ASNS™/~ cells, we assessed
the rate of proliferation in both male and female tumors.
Immunohistochemical (IHC) staining analyses revealed
that female HCT116 ASNS~/~ tumors contained a signif-
icantly lower proportion of Ki67-positive cells compared
to HCT116 ASNS** tumors (Fig. 2E). Representative
images of hematoxylin and eosin-stained TMA slides
revealed a significantly reduced proportion of mitotic fig-
ures in the female HCT116 ASNS~'~ group. IHC analy-
sis of phospho-histone H3 (pHH3), a marker of mitosis,
showed a reduced number of pHH3-positive cells in the
female ASNS™'~ tumor slides, confirming a lower number
of mitotic figures in the HCT116 ASNS~'~ female group
(Fig. 2E). Quantitation of IHC stains showed a signifi-
cant reduced proportion of Ki67-positive cells (—33.3%,
p<0.05) in the female HCT116 ASNS™'~ tumor bearing
mice (Fig. 2E). HCT116 ASNS~/~ female tumors showed
a significantly reduced number of Ki67-positive staining
compared to the other three groups (HCT116 ASNS™/~
female vs. HCT116 ASNS''* female: —24.4%, p<0.05,
HCT116 ASNS™'~ female vs HCT116 ASNS''*male:
-33.3%, p<0.05), HCT116 ASNS~/~ female vs HCT116
ASNS™'~ male:—31%, p<0.05). Similarly, quantitation
of pHH3 staining revealed a significantly reduced level
of pHH3- marked nuclei (72.8% reduction, p<0.05)
within the tumors of the HCT116 ASNS~/~ female mice
compared to the HCT116 ASNS*/* male control. Nota-
bly, HCT116 ASNS*'* tumors from female mice showed
a drastic reduced number (61.9% reduction, p<0.05) of
mitotic figures indicated by pHH3 positivity compared
to the HCT116 ASNS*'* tumors from males (Fig. 2E),
suggesting that reduced proliferation and mitosis are
associated with the observed tumor suppression in the
tumor-bearing female mice with HCT116 ASNS™~ xeno-
graft. To validate macrophage infiltration, we performed
immunostaining for F4/80, a macrophage selective
marker. F4/807 cells were observed within viable tumors
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of all xenografts from male and female mice (n=5 sam-
ples/group) (Supplementary Fig. 2). We observed a
higher level of F4/80 staining in both HCT116 ASNS~/~
groups compared to the control HCT116 ASNS'/*
groups (Supplementary Fig. 2).

ASNS deletion alters tumor metabolism in a sex-specific
manner

Since we hypothesized that the link between ASNS and
poorer survival in female CRC patients is due to sex-spe-
cific metabolic reprogramming, we performed metabo-
lomics analysis on male and female tumor samples taken
from R2G2 mice in the survival study (n=10/group).
A full list of differentially altered metabolites between
HCT116 ASNS™~ and HCT116 ASNS™* tumors is pre-
sented with respect to sex of the mouse in Supplementary
Table S1. There were no commonly dysregulated metabo-
lites between the male and female tumor bearing R2G2
mice (q<0.05). Interestingly, there were 35 significantly
altered metabolites (identified in HILIC mode) in the
female R2G2 mice when comparing HCT116 ASNS™'~ to
HCT116 ASNS™/* tumors. In comparison, one metabo-
lite was identified in males that was significantly altered
in RPLC mode (q<0.05) (Supplementary Table S1).

The metabolites that were altered in female tumors
broadly represented metabolic changes to the trans-
sulfuration pathway, urea cycle and gluconeogenesis.
Deletion of ASNS caused a reduction in tumor aspara-
gine levels and there was no sex difference in aspara-
gine levels after the gene deletion (Fig. 2F). However,
HCT116 ASNS™'~ female tumors had a significantly
higher abundance of methionine (q=0.007), cysta-
thionine (q=0.09) and lysine (q=0.076) compared
to HCT116 ASNS*'* female tumors, suggesting an
upregulation of the transsulfuration pathway to main-
tain redox balance (Fig. 2F, Supplementary Table S1).
Three metabolites involved in the urea cycle also had
increased abundance in HCT116 ASNS™'~ tumors:
uric acid (q=0.04), ornithine (q=0.049), and arginine
(q=0.039). Arginine can serve as a substrate for pro-
line synthesis [32], and proline was also observed to
be increased in the HCT116 ASNS™/~ female tumors
(q=0.047). (Fig. 2F, Supplementary Table S1). Fur-
ther investigation of tumor amino acid levels showed
that other amino acids were significantly increased in
HCT116 ASNS™'~ tumors from females only: serine
(q=0.07) alanine (q=0.04), phenylalanine (q=0.039)
and methionine sulfoxide (MetO), an oxidized form of
methionine (q=0.031) (Supplementary Fig. 3, Supple-
mentary Table S1). In addition, a number of acetylated
amino acids, and di- and tripeptides, were increased
(Supplementary Fig. 3, Supplementary Table S1).
Increased levels of lactate were observed in HCT116
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ASNS™/~ tumors from female mice (compared to
HCT116 ASNS*'*) (q=0.012) which in addition to ala-
nine are metabolites that can serve as a gluconeogenic
precursors to phosphoenolpyruvate. Levels of phos-
phoenolpyruvate were also significantly increased in
the HCT116 ASNS~/~ female tumors compared to the
HCT116 ASNS™'* female tumors (q=0.028) (Supple-
mentary Fig. 3). In males, only leukotriene B4 (LTB4)
was increased (q<0.05) in tumors from HCT116
ASNS~'~ xenograft, and this metabolite was not altered
in female tumor xenografts (in Supplementary Fig. 2).
Using Ingenuity pathway analysis (IPA), we performed
a network analysis to determine the relationships
between the altered metabolites and possible interac-
tions with signaling molecules. We observed that a
number of the alterations observed in amino acid lev-
els were linked to upregulation of amino acid trans-
porters (SLC38A3, SLC6A14, SLC25A29, SLC7A5)
and G-protein coupled receptor isoform 6A (GPRC6A)
(Supplementary Fig. 4). A predicted inhibition of PI3K
and c-Jun N-terminal kinase (Jnk) was observed (JNK
sits upstream of ASNS regulation), and also the activa-
tion of ribosomal protein S6 kinase beta-1 (p70S6k),
protein kinase B (Akt), p38 mitogen-activated protein
kinase (P38 MAPK), and extracellular signal-regu-
lated kinase (ERK) (Supplementary Fig. 4). It was not
possible to perform a network analysis using the data
from male mice due to the low number of significantly
altered metabolites. Overall, these findings indicate
that tumors from female mice have complex metabolic
rewiring as a consequence of ASNS knockout, which is
not seen in tumors from male mice, showing that ASNS
may have sex-specific actions on CRC metabolism.

(See figure on next page.)
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Transcriptomic profiling of ASNS*'* and ASNS~'~ tumors
identifies ASNS and SLC1A3 as tumor enhancers

Since we identified a distinct metabolic rewiring in
the tumors from female R2G2 mice, and only the
female tumor bearing mice with HCT116 ASNS™~ had
improved survival, we then aimed to understand the
transcriptional effect of ASNS deletion in the female
tumor bearing mice. We performed RNA-Sequencing
of the HCT116 ASNS™'* and HCT116 ASNS™'~ tumors
derived from the female mice (n=4/genotype) in the
tumorigenicity study. PCA scores plots showed a distinct
clustering of samples in the control HCT116 ASNS™'*
group, indicating analytical reproducibility (Fig. 3A). We
identified 16 genes (12 downregulated genes and 4 upreg-
ulated genes) that were differentially expressed with a q
value <0.1 (Supplementary Table S2). Of these, 12 genes
fell under our cutoff threshold of q<0.05 and log FC>2
(Fig. 3B). As predicted, ASNS was identified as a DEG
that was significantly enriched in the HCT116 ASNS*/*
tumors. It is noteworthy that glutamate aspartate trans-
porter 1 (SLCIA3), the gene product responsible for
aspartate/glutamate uptake, was also decreased. SLCIA3
was significantly downregulated in the HCT116 ASNS ™/~
cells compared to the control, suggesting reduced aspar-
tate transport in the HCT116 ASNS™/~ tumors. Several
key genes regulating metabolism (including ASNS,
SLCIA3, DSC3, ATP6VIC2), transcriptional events and
oncogenic signaling (PRKAA2 (also known as AMPK),
ANXA10, GNG2, and CSAG1)) were significantly down-
regulated by ASNS deletion in the female CRC (Fig. 3B).
To verify the data from RNA-Seq, we conducted rt-qPCR
to quantify the expression levels of ASNS and SLCIA3
which was downregulated in the HCT116 ASNS~/~
tumors compared to HCT116 ASNS™'* group (Fig. 3C).

Fig. 3 Transcriptomic profiling of HCT116 cell-line derived tumors identifies genes related to ASNS in females. A Principal component analysis
(PCA) shows a unique separation of ASNS™~ samples from the ASNS™/* control using normalized count (n=4 mice/genotype). B Heatmap reveals
the top 12 differentially expressed genes using a fold change cut off=2 after adjusting for multiple comparisons. C Validation of gene expression
using RT-gPCR for asparagine synthetase (ASNS), RNA sequencing revealed the downregulation of the glutamate aspartate transporter 1 (SLCTA3).
D Ingenuity pathway analysis (IPA) revealed metabolic pathways impacted by ASNS signaling disruption. E. Analysis of top differentially expressed
genes revealed that the key metabolic genes Protein Kinase AMP-Activated Catalytic Subunit Alpha 2 (AMPKa2) and Phosphoinositide-3-Kinase
Regulatory Subunit 2 (PIK3R2) were significantly (p < 0.05) downregulated in the female ASNS™~ tumors. F Gene set enrichment analysis (GSEA)
revealed GPCR ligand binding enriched in the HCT116 ASNS™*with a normalized enrichment score (NES) of — 1.8 and a q value of 0.16 G. Relative
MRNA expression of GPERT in the HCT116 ASNS*/* fernale and HCT116 ASNS™~ female tumors. H. Correlation between ASNS and GPER]T using
RNA Seq count value. PCA was conducted using normalized log count of annotated genes to generate plot on Qlucore v3.8. Normalization

was set to Mean=0 and variance = 1. q value was set as 0.1. Heatmap showing DEGs from DESEQ2 on R studio. (HCT116 ASNS™*, n=4

and HCT116 ASNS™~, n=4). Individual dot plot represents mean + SEM with p value < 0.05 considered to be significant using two-sided t-test. *
represents p < 0.05 and **denotes p <0.01. An outlier in the ASNS™~ group was excluded from the TNFRSF9 dot plot due to the non-detectability
of TNFRSF9 in 75% of tumor samples in the ASNS™~ group. For all gPCR experiments, an outlier in HCT116 ASNS™~ group was also excluded due
to the non-detectability of RNA transcripts in one sample (CT value > 36). Canonical pathways were identified using a —log (p-value) score cutoff
of 1.4 and Fisher’s Exact Test on the IPA program. Linear regression plot was generated using R studio. GSEA was conducted using normalized count

data and an FDR g value cut off < 25%
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Metabolic pathways and networks impacted by the loss
of ASNS in the female tumors were further investigated
using IPA, an orthogonal software. Twenty-one canoni-
cal pathways were identified as impacted in the ASNS
CRISPR-edited tumor clones. Asparagine biosynthesis
and AMPK signaling were significantly impacted in the
HCT116 ASNS™'~ female group (Fig. 3D), indicating that

the loss of ASNS alters the metabolic profile and onco-
genic signaling of female tumors.

Surprisingly, ASNS deletion caused a dramatic reduc-
tion in PIK3R2 which was predicted to be inhibited in
the metabolomics analysis. In addition, RNA-seq analy-
sis showed a decrease of PRKAA2 (also known as AMPK)
that was predicted to be linked to PIK3CA (Fig. 3E). To
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further explore the impacts of these potential markers
of cancer, network analysis revealed the interconnectiv-
ity of these genes. Interestingly, ERK was predicted to be
activated which validates the findings from the metabo-
lomics network analyses (Supplementary Figs. 4 and 5).

In addition to network analysis, we also performed
gene set enrichment analysis (GSEA) which revealed
that G-protein coupled receptor (GPCR) ligand binding
was one of the top 50 enriched gene set with a normal-
ized enrichment score of—1.8 (q=0.16, p<0.05) in the
HCT116 ASNS™* female tumors. Specifically, G pro-
tein-coupled estrogen receptor 1 (also known as GPERI)
was significantly upregulated in the ASNS™~ tumors
(Fig. 3F, 3G). Of note, estrogen receptor signaling was
one of the canonical pathways altered in Fig. 3D. Valida-
tion of GPERI expression was performed using rt-qPCR
and we observed a striking 2.4-fold (p=0.035) upregula-
tion of GPERI mRNA in the HCT116 ASNS™/~ tumors
compared to HCT116 ASNS*/* tumors from female mice
(Fig. 3G). Regression analysis confirmed a strong nega-
tive correlation between GPERI and ASNS expression in
female HCT116 ASNS™/~ tumors (r=—0.76, p=0.029)
(Fig. 3H), thus suggesting a possible link between GPERI
activation and ASNS signaling. We also examined the
nuclear estrogen receptors ESRI and ESR2. ESR1 which
codes for Era was not expressed, which was expected as
Era expression is lost during colon tumorigenesis [33],
and there was no difference in relative ESR2 expres-
sion (data not shown). Together, these data indicate that
ASNS deletion exhibited pronounced effects on impor-
tant metabolic pathways and hormone receptor signaling
in tumor-xenografts implanted into female R2G2 mice.
Validation of the transcriptomic changes in the larger
mice cohort which included both male and female xeno-
graft mice (n=8-10 mice per group) showed that ASNS
was significantly downregulated in the HCT116 ASNS™'~
tumor xenografts from male and female R2G2 mice (Sup-
plementary Figs. 6). In contrast, GPERI was upregulated
in the HCT116 ASNS™/~ compared to HCT116 ASNS*/*
tumor xenografts in both male and female mice (Supple-
mentary Figs. 6).

Disruption of ASNS signaling synergizes with the novel
G-protein coupled estrogen receptor to inhibit tumor
progression

As GPCR ligand binding was enriched in the compari-
son of HCT116 ASNS™~ and HCT116 ASNS** tumors,
and GPERI negatively correlates with ASNS expression,
we sort to understand the effect of estradiol, a ligand for
GPERI, on both GPERI and ASNS expression. Estradiol
is a sex-steroid hormone that is produced in both males
and females, it is known to exert anti-proliferative effects
in CRC, and is produced at 10-times higher levels in

Page 14 of 18

females premenopause compared to age-matched men
GPER1 is a membrane bound protein that mediates
the biological effects of estrogen. Therefore, examina-
tion of the effect of E2 on GPER1 and ASNS could help
understand the link between sex sex-related factors that
may affect ASNS-expressing tumor cells and attenuated
tumor growth in females. E2 has been shown to reduce
cancer cell migration and estrogenic signaling, an effect
that is dependent on GPERI activity; of note, these
changes are reversed by GPERI silencing under hypoxic
conditions [16, 34]. We examined whether E2 can acti-
vate GPERI in HCT116 ASNS*'* cells (that have low
GPERI1 expression). As a positive control we used G1, a
selective GPERI agonist. Analysis of protein lysates from
both E2- and Gl-treated HCT116 ASNS™* cells using
western blot confirmed GPERI activation. (Fig. 4A-B).
10 puM E2 increases GPER1 expression in the HCT116
ASNS** cells compared to untreated control. The lev-
els of ASNS were not different between E2-treated cells,
or control groups (Fig. 4A-C). HCT116 ASNS** and
HCT116 ASNS” cells were further cultured in E2 and
spheroid size measured. HCT116 ASNS*'* culture with
E2, which increased GPER1, showed a decrease in cell
growth, aligning with previous results that show HCT116
ASNS~/~ tumors with high GPER1 have decreased tumor
size. However when HCT116 ASNS™/~ cells were cul-
tured in E2, an increase in tumor growth was observed
(Figs. 4B-C). Overall, these results indicate that the
anti-proliferative effects of E2 which may be mediated
through ligand-activation of GPER1, are dependent on
ASNS expression.

Discussion
We have previously reported sex-specific associations
between ASNS, asparagine levels and patient survival
[14, 35]. The mechanisms underlying these findings are
not clearly understood. Asparagine plays several biologi-
cal roles such as maintaining cellular homeostasis, and it
also fuels other amino acid metabolic pathways [15, 36].
Given these previous findings, we examined the role of
ASNS in tumorigenesis and its effects on tumor metabo-
lism, using a cell line derived xenograft model of CRC.
Colon cancer cells were implanted into the flank of male
and female R2G2 mice. We observed a higher tumor bur-
den in HCT116 ASNS** tumor-bearing male mice and
shortened survival specifically in HCT116 ASNS™* and
HCT116 ASNS™'~ tumor-bearing male relative to female
mice. Furthermore, we used a combined approach of his-
tology, IHC, transcriptomics, and metabolomics to gain
insights into how ASNS-driven asparagine metabolism
may regulate colon carcinogenesis.

Examination of tissue slides from the male HCT116
ASNS*'* tumors displayed a higher abundance of fibrotic
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Fig. 4 Relationship between asparagine synthetase (ASNS) and G-protein coupled estrogen receptor (GPER) signaling. A Western blot indicating
ASNS and GPER1 expression in estradiol (E2)-treated ASNS** cell lines. RPMI 1640 containing 0.4 mM of asparagine and supplemented with 4mM
glutamine was used for in vitro experiments. G1, a GPER agonist, serves as a positive control for the western blot experiment. B Quantitation

of GPER1 levels in E2-treated ASNS** cell line. C Quantitation of ASNS levels in in E2- treated ASNS** cell line n=3 replicates per condition

D Estradiol treatment of HCT116 ASNS** cells under normal nutrient condition. Cells were treated with media supplemented E2 (10 pM). E
Estradiol treatment of HCT116 ASNS™~ cells under sufficient nutrient condition. Individual dot plots represent mean + SEM. Statistical significance
was determined using student t-test with *indicating p < 0.05, **indicating p <0.01, *** indicating p < 0.001 and **** indicating p < 0.0001

after multiple comparison (Benjamini Hochberg's FDR method). ANOVA was used to compare differences in mean values of the E2, G1 and control
groups (B and C). Quantification of band intensity was conducted using Image J software

connective tissues and multiple mitotic figures. It has
been previously reported that fibrotic connective tissues
are associated with tumor invasiveness and are a poten-
tial prognostic marker of CRC metastasis [37, 38]. In
contradistinction, HCT116 ASNS™~ tumors from female

mice displayed reduced pHH3 staining and low Ki67
positivity confirming that the protection observed in
the female mice is due to reduced proliferation, wherein
ASNS loss exerts a dampening effect on the cell cycle. In
addition, tumors from female HCT116 ASNS™~ tumors
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showed a higher degree of infiltrating leucocytes and
cancer associated fibroblasts with scarce viable tumors
compared to all tumors from male mice. An abundant
distribution of intraepithelial lymphocytes is often cor-
related with an onset of necrosis [39]. Notably, tumors
from female HCT116 ASNS™'~ mice showed significant
necrosis compared to the other groups of mice.
Transcriptomic analysis also revealed other notable
changes at the gene expression level by ASNS genotype.
SLCIA3 was significantly reduced in the female HCT116
ASNS™~ tumors compared to HCT116 ASNS** tumors.
SLCIA3 is known to contribute towards tumor devel-
opment in human patients with metastatic CRC [40].
SLCIA3 also allows cancer cells to take up amino acids
and maintains a bidirectional interaction with the tumor
microenvironment which can promote hyperprolifera-
tion and tumor progression [39]. Pharmacologic blockade
of SLC1A3 sensitizes cancer cells to electron transport
chain inhibitors and induces cell death [41]. Given that
SLCIA3 is reduced in HCT116 ASNS~/~ tumors, this
favorably predisposes cancer cells, with reduced amino
acid uptake to cell death by necrosis. In addition to
SLC1A3, another cotransporter, SLC5A1 was also down-
regulated in HCT116 ASNS™'~ tumors. SLC5A 1, which is
expressed in the intestines, encodes the sodium-glucose
cotransporter (SGLT1), and carries glucose into cells
against a sodium ion concentration gradient [42]. Given
that this gene is downregulated, it supports findings from
the metabolomics analysis that these tumors have altered
glucose metabolism and favor gluconeogenesis.
Untargeted metabolomics analysis revealed that
metabolites involved the transsulfuration pathway
(methionine, cystathionine, and lysine which support
cell death), the urea cycle (uric acid, ornithine, argi-
nine, and proline), and gluconeogenesis (lactate, ala-
nine and phosphoenolpyruvate), were all increased
in female tumors with HCT116 ASNS™'~ compared
to HCT116 ASNS™'* cells. There was no alteration in
these metabolites between the two ASNS genotypes
from male tumors. This was a particularly interesting
finding given that the HCT116 cell line is derived from
a male patient, therefore the metabolomic changes
observed in the tumors results from factors extrinsic to
the tumor that are related to the sex of the mouse. An
unexpected finding was an increase in gluconeogenesis
in the HCT116 ASNS~/~ tumors. Increased gluconeo-
genesis has been shown to inhibit glycolysis and tumor
growth [43]. Given that our pathway analyses of both
metabolite and transcriptomics data showed a reduc-
tion of AMPK, an important mediator of nutrient sup-
ply, it is evident that ASNS knockout in female tumors
has a marked decrease in nutrient supply that may be
affecting tumor growth. These findings also support our

Page 16 of 18

prior study which hypothesized that CRCs from female
patients have a nutrient deplete phenotype [14]. The
increase in both gluconeogenesis and the urea cycle
also suggest increased disposal of amino acids that
are no longer needed physiologically by the tumor for
growth, wherein excess amino acids are converted into
urea through the urea cycle, or transformed into other
intermediates such as glucose when the supply of glu-
cose is insufficient during metabolic stress or starvation
[44]. Overall, the sex-specific differences in metabolite
levels caused by ASNS, suggests a mechanism by which
loss of ASNS can increase critical metabolites to con-
fer protection and improve survival outcomes in female
mice, possibly by decreasing the expression of impor-
tant nutrient sensors. To our knowledge, this is the first
study to show that ASNS deletion is particularly impor-
tant in altering widespread metabolism in females only
and not males, and is due to tumor-extrinsic factors.
This distinct “metabotype” can explain the sex-specific
difference in colon tumorigenesis.

Within our study we showed that GPERI expression
increased in HCT116 ASNS™/~ tumors. GPERI is intri-
cately linked to nutrient status and hormone levels, fur-
thermore it has been poorly characterized with respect to
CRC progression [45]. As our study examined sex-differ-
ences we further examined whether GPERI is activated
by estradiol in vitro. Interestingly, treatment with E2
caused an increase in GPERI in HCT116 ASNS*'* cells,
and a decrease in tumor spheroid size was observed.
However treatment of E2 with HCT116 ASNS™~ cells
caused an increase in spheroid size. These results indicate
that there is an complex interaction between E2, ASNS
and GPER1 that required further mechanistic inves-
tigation. It is however possible that GPERI and ASNS
are linked through KRAS; GPERI regulates phosphoi-
nositide-3-kinase (PI3K) which sits downstream of KRAS
[16].

Indeed, the functional roles of GPERI are not entirely
understood especially within the context of therapeu-
tic design [46]. Conflicting reports exist for the role
estrogen-mediated GPERI activation in cancer progres-
sion plays. One study showed that E2 can act through
GPERI to enhance hypoxia-induced expression of HIF1-a
and VEGF expression to promote CRC cell migration and
proliferation [34]. However, it has also been shown that
treatment of a mouse model of ulcerative colitis (UC)
with G1 resolves UC and protects colon crypt cells [47].

Finally, we acknowledge that a limitation of this study
is that the subcutaneous xenograft model does not com-
pletely recapitulate human CRC growing within the
colorectum [48]. The absence of T cells in the immuno-
compromised R2G2 mice may also limit the translational
applicability of our model [48, 49].
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Conclusions

The omics approach utilized in this study revealed
that sex-specific variability exists for CRC. Addition-
ally, there is an implication for sex in relationship to
the transcriptome and metabolome of whole organ-
isms under physiological and pathological conditions.
Future studies will aim to evaluate the relevance of die-
tary asparagine depletion and supplementation on CRC
progression. The pronounced effect of ASNS deletion
on suppressing tumor size and volume is promising
for the potential targeting of ASNS, and the potential
role of E2 and GPERI mediating this effect is an area of
future investigation. Overall, our data demonstrate that
multivariate approach that integrates metabolomic pro-
filing, transcriptomics and immunochemical analysis
can capture the dynamics of pathological states, which
are essential for explaining the sex-based differences in
CRC.
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