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Background: Colorectal signet-ring cell carcinoma (SRCC) is characterized as a rare subset of colorectal 
cancer with extremely poor prognosis and it is known to have low or negative 18F fluorodeoxyglucose 
(18F-FDG) uptake. To date, no in-depth study revealing the metabolic features of colorectal SRCC has 
been conducted for the lack of reliable study model. The aim of this study was to explore the distinct 
characteristics of energy utilization for colorectal SRCC based on organoid model.
Methods: Three organoids were derived from colorectal SRCC patients with low or negative FDG uptake 
and three organoids were derived from colorectal adenocarcinoma (AC) patients. Glucose, fatty acid and 
glutamine uptake assays were performed to reveal the different metabolic features of SRCC organoids. 
Immunohistochemistry (IHC), western blotting and real-time PCR were used to test the expression of 
critical transporters and enzymes of energy metabolism. Glutamine deprivation analyses were used to 
confirm the dependence of colorectal SRCC on glutamine.
Results: Glucose, fatty acid and glutamine uptake assays showed that only glutamine uptake was 
significantly increased in colorectal SRCC organoids compared with paired normal organoids. Comparing 
SRCC organoids with AC organoids indicated that glucose and fatty acid uptake were strikingly higher in AC 
organoids while glutamine uptake was notably lower. Gene expression analyses confirmed that the glutamine 
transporter SLC1A5 and glutaminolysis enzyme GPT2 were significantly unregulated in colorectal SRCC. 
Silencing of SLC1A5 or GPT2 could suppress the proliferation of SRCC organoids but attenuating the 
sensitivity of SRCC to glutamine deprivation. Administration of SLC1A5 or GPT2 inhibitor could prohibit 
SRCC growth and significantly enhance the sensitivity of SRCC to the treatment of 5-fu and L-OHP.
Conclusions: This study highlights enhanced glutamine uptake and glutaminolysis as a metabolic feature 
of colorectal SRCC and a potential therapeutic target.
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Introduction

Colorectal signet-ring cell carcinoma (SRCC) is a rare 
type of adenocarcinoma (AC) and only accounts for 
approximately 1% of colorectal cancer (1,2). Patients 
diagnosed with SRCC are always characterized with 
extremely dismal prognosis. Though it has been established 
that colorectal SRCC patients have significantly higher 
rate of relapse and lower rate of response to standard 
chemoradiotherapy than other common adenocarcinoma, 
few previous studies have been conducted to explore the 
underlying mechanisms promoting colorectal SRCC 
initiation and progression (3). 

Lacking appropriate models for research is one of 
the primary reasons why the study of colorectal SRCC 
remains scarce. Recently, organoids have been broadly 
used to model different cancers for they can retain the 
structure, morphology, genetic mutations and heterogeneity 
of the parental tumor (4). By using this technology, we 
standardized the procedure of isolating and culturing SRCC 
organoids and established the first organoid line allowing 
the possibility of in-depth study of SRCC biology (5).  

Cancer cells always exhibit more enhanced metabolic 
dependence than normal cellular counterparts, displaying 
augmented nutrient acquisit ion and uncontrolled 
cell proliferation. Metabolic reprogramming during 
tumorigenesis is an essential process in nearly all cancers (6).  
The Warburg effect is the first example of metabolic 
reprogramming that Otto Warburg discovered in 1920s (7).  
Specifically, cancer cells generate energy for biological 
activities by preferring glycolysis to mitochondrial oxidative 
phosphorylation, regardless of the availability of oxygen. 
Based on the metabolic features, positron emission 
tomography (PET) of 18F fluorodeoxyglucose (18F-FDG) 
uptake has been utilized as an important imaging tool for 
the diagnosis and staging of various cancers. However, 
SRCC is known to have low fluorodeoxyglucose (FDG) 
uptake and PET/CT usually cannot successfully detect 
the primary or metastatic site of SRCC (8). Therefore, we 
hypothesized that rapid SRCC growth and progression may 
not be attributed to enhanced glucose utilization and SRCC 
cells may preferentially leverage other energy sources. 
Glutamine and fatty acid are two critical substrates for the 
bioenergetic pathways that support tumor growth (9), which 
therefore might be involved in the energy metabolism of 
colorectal SRCC. However, further experiments should be 
conducted to depict the landscape of energy utilization for 

colorectal SRCC. 
In this study, we compared the expression of critical 

genes responsible for glucose, fatty acid and glutamine 
metabolism between colorectal SRCC tissues and adjacent 
normal tissues, which demonstrated that enhanced 
glutamine utilization is an essential metabolic feature of 
colorectal SRCC with therapeutic potential. 

Methods 

Patients selection and SRCC-derived organoids culture 

Colorectal SRCC and adjacent normal intestinal tissues 
were obtained from patients diagnosed and treated at Fudan 
University Shanghai Cancer Center (FUSCC). Written 
informed consents were obtained on enrollment. The 
research protocol was reviewed and approved by the ethics 
committee of FUSCC. The standard protocol for isolating 
and culturing organoids derived from human SRCC was 
as previously described (5). For glutamine deprivation, 
organoids were cultured in glutamine- and pyruvate-free 
DMEM with high centration of glucose (Fisher Scientific, 
Catalogue No. SH30081) and 10% dialysed FBS (dFBS; 
Invitrogen, Catalogue No. 26400). The SRCC organoids 
used in this study were derived from three patients with low 
or negative FDG uptake. Another three AC organoids were 
derived from AC patients with relatively high SUVmax 
value. The authors are accountable for all aspects of the 
work in ensuring that questions related to the accuracy 
or integrity of any part of the work are appropriately 
investigated and resolved.

Expression vectors and gene transfection

Short hairpin RNA (shRNA) constructs against SLC1A5 
and GPT2 was generated using pLKO.1-TRC cloning 
vector (Addgene, #10878). shRNAs for GPT2 (sc-45647 
and sc-45648) and SLC1A5 (sc-60210 and sc-60211) 
were purchased from Santa Cruz Biotechnology. Each 
constructed plasmid was co-transfected with the packaging 
plasmids psPAX2 and PMD2.G into HEK293T cells using 
Lipofectamine 3000 reagent (Thermo Fisher Scientific) 
according to the manufacturer’s protocol. Virus particles 
were harvested 48 h after transfection. Transfection of the 
target cells with lentiviral particles were performed using 
polybrene (2 μg/mL, Sigma-Aldrich) pretreatment, and 
positive cells were selected with puromycin (2 μg/mL, 
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Sigma-Aldrich).

Western blotting and immunohistochemistry (IHC)

Western blotting was performed using whole-cell protein 
lysates of CRC cells using primary antibodies against 
SLC1A5 (ab237704, 1:1,000; Abcam) and GPT2 (16757-
1-AP, 1:1,000; Proteintech) and a secondary antibody (anti-
rabbit IgG, 1:7,500; Cell Signaling Technology). Equal 
loading of protein samples was monitored using an anti-β-
actin antibody (ab8226, 1:2,500; Abcam). Immunostaining 
of SRCC patients tissues was conducted as previously 
described (3,10,11).

RNA isolation and quantitative real-time reverse 
transcription polymerase chain reaction (qRT-PCR)

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used 
to isolate total RNA and PrimeScript RT reagent (TaKaRa, 
Dalian, China) was used to obtain samples. The expression 
status of specific genes and β-actin were determined by 
qRT-PCR using an ABI 7900HT Real-Time PCR System 
(Applied Biosystems, Frederick, MD, USA). All reactions 
were run in triplicate. 

Cell apoptosis and cell viability measurement 

According to the manufacturer’s instructions, FITC 
Annexin V Apoptosis Detection Kit (BD, La Jolla, CA, 
USA) was used to detect apoptotic rate of cells. Cell 
viability was measured by CCK-8 assay.

Glucose, fatty acid and glutamine uptake assay

There are 5×103 organoids were cultured in 96-well plates 
containing advanced DMEM (Thermo Fisher Scientific) 
with 10% fetal bovine serum (FBS, Thermo Fisher 
Scientific) and 2 mM glutamine and then transferred to 
a CO2 incubator set at 37 ℃ and 5% CO2 for 24 hours. 
Spent media were collected to measure remaining glucose, 
fatty acid and glutamine by using a glucose colorimetric/
fluorometric assay kit (Abcam), free fatty acid uptake assay 
kit (Abcam) and glutamine assay kit (Abcam) respectively 
following the manufacturer's instruction.

Statistical analysis

All statistical analyses were performed using R software 

(R version 3.2.5, https://www.r-project.org/). Significant 
differences between two groups were computed using 
Wilcoxon rank-sum test for data with skewed distribution 
or Student’s test for data with normal distribution.

Results

Glutamine uptake was significantly enhanced in SRCC

To elucidate the preference of energy source usage in SRCC, 
we isolated and developed three paired SRCC organoids 
from cancer and adjacent normal tissues (Figure 1A)  
and conducted glucose, fatty acid and glutamine uptake 
analyses, which showed that SRCC significantly increased 
the glutamine uptake compared with its paired normal 
organoids (Figure 1B). Instead, glucose (Figure 1C) and fatty 
acid (Figure 1D) uptake were not notably discrepant between 
the two groups. Further, we compared SRCC organoids 
with AC organoids (Figure 1E) and found that glutamine 
uptake was still elevated in SRCC organoids (Figure 1F) 
while AC organoids showed strikingly higher rate of glucose 
(Figure 1G) and fatty acid uptake (Figure 1H). 

Metabolic genes responsible for glutamine uptake and 
glutaminolysis were notably highly expressed in colorectal 
SRCC 

qRT-PCR was next used to detect the mRNA expression 
of critical genes contributing to glucose, fatty acid and 
glutamine uptake. The results showed that only SLC1A5 
mediating glutamine uptake was strikingly unregulated in 
SRCC while the other transporters driving glucose and 
fatty acid uptake were not significantly different between 
the cancer and normal organoids (Figure 2A). We further 
tested the pivotal enzymes catalyzing glutaminolysis in 
SRCC, revealing that GPT2 was dramatically unregulated 
(Figure 2B). Further western blotting confirmed that the 
protein level of SLC1A5 and GPT2 were highly expressed 
in SRCC (Figure 2C). We next validated the results from 
organoids in another cohort consisting of twenty paired 
SRCC patient tissues. qRT–PCR and IHC analysis 
confirmed the markedly higher expression of SLC1A5 and 
GPT2 in cancer tissues (Figure 2D,E).

Upregulation of SLC1A5 and GPT2 rendered SRCC 
organoid more sensitive to glutamine deprivation

To determine whether the upregulation of SLC1A5 
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and GPT2 can contribute to the dependence of SRCC 
organoids growth on glutamine, we knocked down SLC1A5 
or GPT2 in two organoids using two independent shRNAs 
(Figure 3A). Compared with the control organoids, SLC1A5 
or GPT2 knockdown organoids showed significantly 
decreased glutamine uptake (Figure 3B), grew more slowly 
under normal culture conditions (Figure 3C,D), but they 
were less sensitive to glutamine deprivation as tested by 
apoptosis assay (Figure 3E), suggesting that SRCC was 
dependent on glutamine for rapid growth. 

Chemical inhibition of SLC1A5 or GPT2 synergistically 
enhanced the treatment effect of chemotherapy in SRCC

As inhibitors targeting SLC1A5 and GPT2 have been 
developed, we explored whether the corresponding inhibitor 

could be effective to treat SRCC. The results suggested that 
V-9302 (SLC1A5 inhibitor) and AOA (GPT2 inhibitor) 
could significantly suppress SRCC organoids proliferation 
(Figure 4A,B). In contrast, V-9302 and AOA had no effect 
on organoids with silenced SLC1A5 and GPT2 expression, 
respectively (Figure 4A,B). We next used inhibitors to treat 
the all three organoids and examined the expression of Wnt 
target genes that were significantly associated with 'stem-like'. 
It showed that LGR5 and CD44 expression were dramatically 
downregulated in SRCC organoids upon being treated with 
V-9302 or AOA (Figure 4C). Further, we combined separately 
inhibitors with 5-fu and L-OHP, two commonly used 
chemotherapeutic drugs for colorectal cancer to treat SRCC 
organoids and found that combined administration of any 
inhibitors would significantly increase the sensitivity of SRCC 
organoids to 5-fu and L-OHP (Figure 4D). 

Figure 1 Glutamine uptake rate was enhanced in SRCC organoid. (A) Representative images of three SRCC organoids and paired normal 
colon organoids (light microscope, 200×); comparison of glutamine (B), glucose (C) and fatty acid (D) uptake rate between SRCC organoids 
and paired normal colon organoids; (E) representative images of three AC organoids (light microscope, 200×); comparison of glutamine (F), 
glucose (G) and fatty acid (H) uptake rate between SRCC organoids and AC organoids. *, P<0.05. SRCC, signet-ring cell carcinoma; AC, 
adenocarcinoma.
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Figure 2 Metabolic genes responsible for glutamine uptake and glutaminolysis were notably highly expressed in colorectal SRCC. (A) fold 
change of transcripts of genes driving glucose, fatty acid and glutamine uptake were detected by qRT-PCR in SRCC organoids and paired 
normal organoids; (B) qRT-PCR showing change of genes mediating glutaminolysis in SRCC organoids. (C) western blot showing SLC1A5 
and GPT2 expression in SRCC organoids and paired normal organoids; (D) SLC1A5 and GPT2 expression between paired normal tissues 
and SRCC tumor tissues in twenty patients from FUSCC database; (E) IHC staining of SRCC tumor tissues and paired normal tissues 
microarrays using SLC1A5 and GPT2 antibody for patients from FUSCC (light microscope, 200×). *, P<0.05. SRCC, signet-ring cell 
carcinoma.
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Figure 3 High expression of SLC1A5 and GPT2 rendered SRCC organoid more sensitive to glutamine deprivation. (A) Western blot 
showing short hairpin RNA-mediated deletion of SLC1A5 and GPT2 in two organoids; (B) glutamine uptake was examined in Control and 
GPT2 or SLC1A5 knockdown organoids; (C,D) silence of SLC1A5 and GPT2 significantly inhibited growth of SRCC organoids (light 
microscope, 200×); (E) control and GPT2 or SLC1A5 knockdown organoids were grown with or without glutamine for 72 h. Cell apoptosis 
was quantified. *, P<0.05. SRCC, signet-ring cell carcinoma.
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Discussion

SRCC is a rare subtype of colorectal adenocarcinoma with 
distinct biological behaviors and extremely poor prognosis. 
Stomach SRCC accounts for 90% of all SRCCs, while only 
1% of all colorectal cancers were SRCC. Previous basic 
studies mainly focused on gastric SRCC based on gastric 
cancer cell lines, but no mechanism studies have been 
conducted in colorectal SRCC for the lack of established 
colorectal SRCC cell lines. Recently, our team successfully 
established and verified the first colon signet ring cell 
organoid line and standardized its isolating and culturing 
procedures. By using this technology, we performed the 
first basic research aiming to reveal the metabolic features 
of colorectal SRCC based on organoid model.

Organoids grew from organ-specific stem cells and 

showed three-dimensional (3D) structures (12). They have 
currently been used to model different cancers, including 
those of the colon, stomach, lung, pancreas, liver, breast, 
prostate and fallopian tube for entirely retaining the 
structure, morphology, genetic mutations and heterogeneity 
of the parental tumor (4). By using a 3D culture system, 
high-throughput drug screening coupled with genomic and 
biological behavior analyses might be able to individualize 
therapeutic regimens, regardless of the prevalence of the 
tumor.

PET/CT has been widely adopted to detect primary 
and metastatic cancer. Its application is based upon the 
strikingly enhanced glucose uptake in malignant tumors. 
Nevertheless, previous clinical research suggested that 
SRCC usually showed low FDG uptake, making it’s 
infeasible to be detected by PET/CT. Therefore, we 

Figure 4 Chemical inhibition of SLC1A5 or GPT2 synergistically enhanced the treatment effect of chemotherapy in SRCC. (A) V-9302 
(20 µM) administration significantly inhibited SRCC organoids growth but did not impact the organoids with SLC1A5 depletion; (B) AOA 
(10 mM) administration significantly inhibited SRCC organoids growth but did not impact the organoids with GPT2 depletion; (C) qRT-
PCR showing V-9302 or AOA administration strikingly reduced expression of CD44 and LGR5; (D) apoptosis analysis of SRCC organoids 
treated with single 5-fu (1 mM) or L-OHP (20 µM) and inhibitors (V-9302 and AOA). *, P<0.05. SRCC, signet-ring cell carcinoma.
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speculated that glucose utilization may not be significantly 
up-regulated in colorectal SRCC. In this study, we 
discovered that compared with adjacent normal organoids 
and AC organoids, SRCC organoids showed dramatically 
increased glutamine uptake rate, suggesting that glutamine 
utilization may be an important metabolic feature for 
SRCC. Considering that energy source uptake was 
regulated by specific transporters, we conducted further 
experiments which showed that SLC1A5 contributing to 
glutamine uptake was indeed unregulated in SRCC. For 
the higher rate of glutamine uptake, we next examined the 
expression of critical enzymes catalyzing the glutaminolysis 
and found that GPT2 showed notably higher expression in 
SRCC. 

Circulating glutamine is the most abundant amino 
acid, making up over 20% of the free amino acid pool 
in the blood (13,14). The maintenance of high serum 
levels of glutamine provides a readily accessible source 
of carbon and nitrogen for biosynthesis, energetics and 
cellular homeostasis that cancer cells may exploit for 
growth (15). SLC1A5 mediates the exchange of amino acid 
substrates and is critical for glutamine uptake in rapidly 
growing cancer cells. The expression of SLC1A5 has been 
found to be elevated in many types of cancer including 
colorectal cancer and its higher expression was confirmed 
to be related to poor prognosis (16-18). GPT2 is an 
aminotransaminase that converts glutamate to a-KG, which 
is a TCA cycle intermediate. Its expression was also found 
to be upregulated in many cancers and was confirmed as an 
important factor contributing to rapid cell growth (19-23). 
Consistent with previous studies, we found that knock down 
of or pharmacological inhibition of SLC1A5 or GPT2 
could significantly suppress SRCC proliferation, suggesting 
that the glutamine metabolism mediated by SLC1A5 
and GPT2 might be critically important for SRCC. In 
addition, we also uncovered that glutamine deprivation or 
metabolism inhibition exert no effects on SRCC organoids 
with attenuated SLC1A5 or GPT2 expression. Taken 
together, pharmacological use of inhibitors was dependent 
on the expression of SLC1A5 or GPT2. 

Considering the optimal treatment effects of glutamine 
metabolism inhibitors, we combined inhibitors separately 
with L-OHP and found that addition of inhibitors 
significantly increased the antitumor effects of L-OHP 
by augmenting apoptosis inducing effects. However, 
further research is still warranted to reveal the underlying 
mechanisms.

In this study, we, for the first time, explored partial 

metabolic features of energy source utilization for SRCC 
organoid. However, we should admit that a large number 
of problems pertinent to SRCC energy metabolism remain 
to be elucidated. For example, we did not examine the 
glycolysis or fatty acid oxidization rate in SRCC though 
no significant differences upon glucose and fatty acid 
uptake were found between SRCC and normal organoids. 
Moreover, intracellular glycolysis or fatty acid oxidization 
have not been clarified. On the other hand, the SRCC 
organoids used in this study were derived from three 
patients with low or negative FDG uptake, thus the 
metabolic features of those SRCC patients with significantly 
high FDG uptake are still unknown.

In summary, we highlight that enhanced glutamine 
uptake and glutaminolysis is a metabolic feature of 
colorectal SRCC and SLC1A5 or GPT2 might be novel 
therapeutic targets for colorectal SRCC.
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