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CELL BIOLOGY

LncRNA GIRGL drives CAPRIN1-mediated phase
separation to suppress glutaminase-1 translation

under glutamine deprivation

Ruijie Wang1*, Leixi Cao'*, Rick Francis Thorne'?, Xu Dong Zhang1’3, Jinming Li",

Fengmin Shao'’, Lirong Zhang'?, Mian Wu'***

Glutamine constitutes an essential source of both carbon and nitrogen for numerous biosynthetic processes. The
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first and rate-limiting step of glutaminolysis involves the generation of glutamate from glutamine, catalyzed by
glutaminase-1 (GLS1). Shortages of glutamine result in reductions in GLS1, but the underlying mechanisms are
not fully known. Here, we characterize a long noncoding RNA, GIRGL (glutamine insufficiency regulator of gluta-
minase IncRNA), that is induced upon glutamine starvation. Manipulating GIRGL revealed a relationship between
its expression and the translational suppression of GLS1. Cellular GIRGL levels are balanced by a combination of
transactivation by c-JUN together with negative stability regulation via HuR/Ago2. Increased levels of GIRGL in
the absence of glutamine drive formation of a complex between dimers of CAPRIN1 and GLST mRNA, serving to
promote liquid-liquid phase separation of CAPRIN1 and inducing stress granule formation. Suppressing GLS1
mRNA translation enables cancer cells to survive under prolonged glutamine deprivation stress.

INTRODUCTION

Glutamine is the most abundant circulating amino acid (1-2) and,
along with exogenous glucose, represents a major cellular resource
for macromolecule synthesis and biomass accumulation. Glutamine
metabolites serve as both carbon and nitrogen sources for the bio-
synthesis of many important cellular components including tri-
chloroacetic acid cycle intermediates, fatty acids, and nucleotides
(3). Glutamine catabolism is widely exploited by cancer cells, and
many cultured in glutamine-deprived medium are unable to prolif-
erate and will eventually die (4). Cancer cells exposed to nutrient-
deficient conditions may also meet their demand for glutamine
through breaking down macromolecules (5).

Exogenous glutamine is primarily transported into cancer cells
through the alanine-serine-cysteine transporter 2 (ASCT2) (6). Af-
ter uptake and transport into mitochondria, glutamine is converted
to glutamate, which is further catabolized through glutamate dehy-
drogenase (GDH) or transaminases [glutamic pyruvic transaminase
(GPT)/glutamic oxaloacetic transaminase (GOT)], coupled with
production of NADH (reduced form of nicotinamide adenine di-
nucleotide), NADPH [reduced form of nicotinamide adenine dinu-
cleotide phosphate (NADP")], ammonium, and other nonessential
amino acids (NEAAs) (7). Moreover, glutamine is an important
substrate for the synthesis of a key intracellular antioxidant gluta-
thione. Glutathione is a tripeptide (Glu-Cys-Gly), which serves to
neutralize peroxide free radicals and mediates ROS (reactive oxygen
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species) homeostasis through production of NADPH via glutamate
dehydrogenase 1 (GLUD1) (8-9).

Glutamine conversion to glutamate is catalyzed by mitochondrial
glutaminase (GA), an enzyme encoded by two genes in mammals,
namely, the kidney-type (GLS1) and liver-type (GLS2) glutaminases
(10). The expression of GLS2 is restricted to certain normal tissue
types, whereas GLS1 is more broadly expressed among normal tissues
and thought to largely contribute to the aberrations in glutamine
catabolism observed in cancer cells (11). Notably, GLS1 is frequently
overexpressed in numerous malignant tumors and acts as an onco-
gene to support cancer growth (12-13). In contrast, silencing of
GLS2 by promoter methylation occurs in glioblastoma, liver, and
colorectal cancers, and its reexpression suggests it functions as a
tumor suppressor (14-15). Alternative splicing of GLS1 adds fur-
ther complexity, with the glutaminase C (GAC) isoform exhibiting
higher enzymatic activity compared to the kidney-type glutaminase
(KGA) isoform (16-17). Of relevance to this report, GLS1 expres-
sion can decrease under conditions of glutamine deprivation (18),
although the underlying mechanism remains unclear.

Long noncoding RNAs (IncRNAs) are defined as non-protein-
coding RNA transcripts longer than 200 nucleotides (19). They ex-
hibit controls over both gene and protein expression and function
through an extensive repertoire of mechanisms, including chroma-
tin modification and transcriptional and posttranscriptional events
along with protein interactions (20-21). Dysregulation of IncRNAs
has been linked to a variety of human cancers (22), with several
examples of IncRNAs known to be involved in the regulation of glu-
tamine metabolism. For example, the IncRNA ACOD1 enhances
the catalytic activity of glutamic-oxaloacetic transaminase through
direct binding near its substrate niche (23). With respect to GLS1,
the IncRNA GLS-AS targets and down-regulates GLS1 mRNA at
the posttranscriptional level via an ADAR/Dicer-dependent RNA
interference mechanism (24). In addition, IncRNA-CCAT?2 regu-
lates the alternative splicing of GLS1 in colorectal cancer, resulting
in the preferential expression of the more catalytically active iso-
form GAC over KGA (25).
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Here, we demonstrate that an IncRNA we call GIRGL is induced
via metabolic stress responses elicited by c-Jun. GIRGL functions to
attenuate GLS1 expression in cells deprived of glutamine. Under
basal conditions, the levels of GIRGL are restrained via the activity
of the RNA binding protein HuR (human antigen R), known for
stabilizing mRNAs or modulating their translation (26-27). HuR
affects GIRGL transcript stability via an Ago2-mediated RNA-
induced silencing complex (RISC) mechanism, consistent with re-
cent findings showing that HuR can suppress mRNA targets such as
c-Myc mRNA and lincRNA-p21 by facilitating interactions with
let-7/RISC (28-29). In cells deprived of glutamine, the elevated levels
of GIRGL function to inhibit GLS1 translation by acting as a scaf-
fold that facilitates the dimerization and activation of CAPRIN1
(30). CAPRINI is a ubiquitously expressed cytosolic phosphoprotein
(31) variously involved in stress responses (32) and mRNA localization/
stability (30, 33) and is both an agonist and an antagonist of trans-
lational activity (34-35). CAPRINT1 has also been shown to facilitate
stress granule (SG) formation, membrane-less organelles arising by
liquid-liquid phase separation (36), and this subcompartmentaliza-
tion process has recently been implicated in regulating translation
(34). We show here that glutamine deprivation causes GIRGL,
CAPRINI, and GLS1 mRNA to redistribute to SGs and, moreover,
demonstrate that GIRGL itself promotes CAPRIN1-dependent phase
separation. Manipulating GIRGL in cancer cells demonstrated that
its expression is antiproliferative under glutamine-replete condi-
tions but allowed cells to survive in the absence of glutamine, indic-
ative of a role in adaptive responses to nutrient stress.

RESULTS

LncRNA GIRGL negatively regulates cellular glutamine
metabolism through suppression of GLS1

We hypothesized that IncRNAs induced in response to glutamine
deprivation would be involved in metabolic adaptation including
the down-regulation of glutaminases (18). Of the two glutaminase
isoforms GLS1 and GLS2, we need to ascertain whether they are
both down-regulated in the absence of glutamine. We first estab-
lished that GLS1, but not GLS2, protein levels decreased in a
time-dependent manner during glutamine starvation in HCT116
cells (fig. S1A). The HCT116 model system was then subjected to
microarray analyses to identify candidate IncRNAs induced during
glutamine deprivation (table S1). From these data, 14 responsive
IncRNAs were validated by quantitative polymerase chain reaction
(qPCR) along with the previously characterized c-Myc gene (fig.
S1B). This screen produced a total of six IncRNAs whose expression
was significantly elevated in response to glutamine starvation. Each
of the IncRNAs (Gln-1, Gln-4, GIn-6, Gln-7, Gln-12, and Gln-14)
was then depleted in HCT116 cells using two independent short
hairpin RNAs (shRNAs), with the efficacy of knockdown confirmed
by qPCR. Among these, silencing of Gln-4 (ENSG00000233834.2,
LOC100506098), but not other IncRNAs, resulted in increased
GLSI1 protein levels relative to shiRNA control-treated cells (fig.
S1C). On this basis, we focused our subsequent investigations on
Gln-4, which we name GIRGL (glutamine insufficiency regulator of
glutaminase IncRNA).

Supplementing the findings of the sShRNA experiments, over-
expression of GIRGL in HCT116 cells decreased the expression of
GLS1 (Fig. 1A). Moreover, the introduction of an shRNA-resistant
GIRGL construct (GIRGL-R) in shGIRGL-treated cells restored the
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expression of GLS1 (Fig. 1B), thus ruling out that the actions of
GIRGL on GLSI1 expression resulted from off-target effects. Ex-
tending our analyses to a second colorectal carcinoma cell line,
HT29, confirmed that knockdown of GIRGL increases GLS1 levels,
whereas its forced expression decreases GLS1 (Fig. 1, C and D, re-
spectively). Mirroring the changes in GLS1 expression, there were
decreased levels of cellular glutaminase activity observed following
glutamine deprivation, and furthermore, knockdown of GIRGL
resulted in relative increases in glutaminase activity under both
glutamine-replete and glutamine-deprived conditions (Fig. 1E). In-
structively, knockdown of GLSI substantially diminished glutami-
nase activity to the same basal levels in cells cultured with and
without glutamine (fig. S1D). In contrast, knockdown of GLS2 had
little, if any, effect on cellular glutaminase activity cultured with and
without glutamine (fig. S1E), indicating that GLSI is the major con-
tributor to cellular glutaminase activity.

While GIRGL was strongly induced in a time-dependent man-
ner in both HCT116 and HT29 cells following glutamine starvation,
GIRGL levels were unresponsive in NCM460 normal colonic cells
(fig. S1F). In addition, the induction of GIRGL was dependent on
the glutamine concentration, with maximal induction and effects
on GLSI occurring in the absence of glutamine (fig. S1G). Absolute
quantitation of GIRGL levels showed that its basal expression was
approximately 30 copies per cell, which increased five- to sixfold
upon glutamine starvation (fig. SIH). Moreover, cellular fraction-
ation and imaging by fluorescence in situ hybridization (FISH)
showed that GIRGL was substantially localized in the cytoplasm
(fig. S1, I andJ). Last, we considered the possibility that GIRGL was
translated as occurs with some IncRNAs. We identified an internal
ribosome entry site (IRES) in GIRGL, albeit with a low probability
score (nucleotides 10 to 43), but testing this region using a split
green fluorescent protein (GFP) reporter showed no translation,
indicating that GIRGL is a bona fide IncRNA (fig. S1K) (37). In the
context of colon carcinoma cells, these data collectively demon-
strate that GIRGL is responsive to the exogenous concentration of
glutamine and time of glutamine deprivation, and its induction
serves to inhibit GLS1 expression.

From the aforementioned findings, the implied actions of GIRGL
on GLSI1 would elicit changes in glutamine metabolism. Examining
glutamine utilization along with the levels of key metabolites fol-
lowing knockdown of GIRGL in HCT116 cells revealed significantly
increased a-KG along with increased levels of glutamine consump-
tion, adenosine 5'-triphosphate (ATP), and NADPH (Fig. 1F and
fig. S1, L to N). Furthermore, knockdown of GIRGL led to the
down-regulation of intracellular ROS levels (Fig. 1G), consistent
with anticipated effects of increased glutathione levels (Fig. 1H) to-
gether with accompanying increases in a-KGDH activity (fig. S10).
Next, we measured the oxygen consumption rate (OCR) often used
as proxy measure of mitochondrial respiration. Comparing control
shRNA cells with those treated with independent shRNAs targeting
GIRGL revealed significant increases in OCR, while conversely, ec-
topically expressed GIRGL significantly decreased OCR (fig. S1, P
and Q, respectively). Thus, manipulating GIRGL results in whole-
sale effects on cell respiration, which is reflected in the observed
changes in glutamine metabolites.

We next extended our analysis to investigate the actions of
GIRGL on other glutamine-dependent cellular processes. Evaluation
of protein synthesis rates showed that GIRGL depletion promoted
protein synthesis under both normal and glutamine starvation
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Fig. 1. GIRGL negatively regulates cellular glutamine metabolism. (A) Expression of GIRGL (qPCR, top) and GLS1 (Western blot, bottom) in HCT116 cells transduced
with control (PCDH) or GIRGL-containing (PCDH-GIRGL) vectors. Relative GLS1 levels were determined throughout by densitometry against the p-actin loading control.
(B) Expression of GLS1 following shRNA-mediated silencing of GIRGL alone or in combination with an shRNA-resistant GIRGL (GIRGL-R) construct. (C and D) GLS1 expres-
sion in HT29 cells following silencing of GIRGL using two independent shRNAs (sh-1 and sh-2) (C) or following GIRGL overexpression (D). (E) Intracellular glutaminase
activity in HCT116 cells transduced with shCtrl or shRNAs targeting GIRGL after culture with or without 2 mM glutamine for 24 hours. (F to H) Cellular a-KG levels (F), ROS
levels (G), and GSH levels (H) in HCT116 cells transduced with shCtrl or independent shRNAs targeting GIRGL (sh-1 and sh-2). (I) Protein synthesis in HCT116 cells trans-
duced with shCtrl or shRNAs targeting GIRGL cultured with or without 2 mM glutamine for 24 hours. FITC, fluorescein isothiocyanate. (J) Intracellular glutamine, gluta-
mate, aspartate, and asparagine levels in HCT116 cells as per (). (K) RNA synthesis in HCT116 cells as per (I). (L) DNA synthesis in HCT116 cells as per (I). Epifluorescence
microscopy compares de novo DNA synthesis (EdU; red) versus total (green). Representative fields (left) and quantitation (right). (A) to (F) and (H) to (L) are mean £ SD;
n =3 independent experiments, two-tailed Student’s t test. (G) represents three independent experiments (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001).
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conditions (Fig. 1I). As anticipated, knockdown of GLS1 inhibited
protein synthesis in the presence of extracellular glutamine, but
these effects were not observed under glutamine starvation condi-
tions (fig. S1R). In addition to supporting protein synthesis, gluta-
mine provides carbon and nitrogen for amino acids, particularly
aspartate and asparagine, as well as nucleotide synthesis (38). De-
pletion of GLS1 in the presence of glutamine led to the accumulation
of glutamine with decreases in glutamate, aspartate, and asparagine
(fig. S1S). In comparison, knockdown of GIRGL increased the intra-
cellular levels of glutamate, aspartate, and asparagine under normal
culture conditions and increases in glutamate and aspartate in the
absence of glutamine (Fig. 1J). Moreover, under glutamine-replete
conditions, GIRGL depletion promoted both RNA and DNA syn-
thesis, though not under glutamine starvation conditions, except for a
minor increase in DNA synthesis rates above controls (Fig. 1, Kand L,
respectively). Predictably, knockdown of GLS1 inhibited RNA and
DNA synthesis in the presence of extracellular glutamine, but these
effects were entirely diminished under glutamine starvation condi-
tions, which significantly attenuated both processes (fig. S1, T and
U). Collectively, these findings indicate that GIRGL inhibits gluta-
mine metabolism through negative regulation of GLS1.

c-Jun positively, whereas HuR negatively, regulates GIRGL
expression in response to glutamine deprivation

The gene encoding GIRGL is located on chromosome 7 (20,217,577~
20,221,700) and is composed of three annotated transcripts
(AC005083.1-201, AC005083.1-202, and AC005083.3), the longest
transcript of 740 nucleotides containing all five exons. Notably,
GIRGL does not bear significant homology to murine sequences.
GIRGL is juxtapositioned in a head-tail orientation with the MACCI1
gene, with the next nearest neighboring gene being ITGB8 lying ~110 kb
downstream of GIRGL (fig. S2A). Given previous examples where
IncRNAs can influence the expression of neighboring genes (39),
we evaluated whether a co-regulatory relationship existed between
MACCI1 and GIRGL. Instructively, silencing of MACC1 did not
alter GIRGL levels (fig. S2B), and similarly, knockdown of GIRGL
failed to influence the expression levels of MACCI (fig. S2C). Dif-
ferent from GIRGL, glutamine deprivation does not affect MACC1
level (fig. S2D).

We next sought to decipher how glutamine deprivation condi-
tions result in increased levels of GIRGL. We first undertook gPCR
assays against intron-specific sequences to assess the production of
GIRGL pre-mRNA. Notably, there was a time-dependent increase
in all sequences in response to glutamine deprivation (Fig. 2A),
thereby confirming that GIRGL is transcriptionally activated under
such conditions. To shortlist the likely transcription factors in-
volved, profiling the proximal promoter region of GIRGL in the
JASPAR database revealed nine predicted transcription factors in-
volving 16 binding motifs (table S2). Among these candidates, only
c-Myc and c-Jun were up-regulated under glutamine deficiency
along with a notable increase in the levels of transcriptionally acti-
vated c-Jun (Ser73—phosphorylated) (Fig. 2B). Instructively, knock-
down of c-Jun, but not c-Myc, reduced the levels of GIRGL in
HCT116 cells (Fig. 2C), whereas overexpression of c-Jun led to an
increase in GIRGL levels (Fig. 2D). These findings suggested that
c-Jun was responsible for the transcriptional up-regulation of GIRGL
following glutamine deprivation. Confirming this notion, chromatin
immunoprecipitation (ChIP) assays showed that phosphorylated c-Jun
bound directly to the GIRGL promoter region [-1238 to —1250 base
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pairs (bp)] along with a matrix metalloproteinase 1 (MMP1) gene
promoter control known to bind with c-Jun (Fig. 2E). Luciferase
reporter constructs incorporating this binding site (Fig. 2E) showed
that it was responsive to expression of ectopic Flag—c-Jun, and deci-
sively, this activity was abrogated when the binding sequence was
mutated (Fig. 2F). However, the levels of GIRGL still increased after
silencing of c-Jun in cells subjected to glutamine deprivation (Fig. 3A),
suggesting additional regulation beyond transcription level control.
The half-life time of GIRGL was prolonged in the presence of tran-
scription inhibitor actinomycin D (Fig. 3B), suggesting that GIRGL
was subject to posttranscriptional regulation under these conditions.

Numerous reports indicate that RNA stability can be regulated
by HuR (27), and we hypothesized that this mechanism may ac-
count for the posttranscriptional regulation of GIRGL. Direct inter-
actions between GIRGL and HuR could be observed in RNA
pull-down assays against GIRGL and in RNA immunoprecipitation
(RIP) assays using antibodies against anti-HuR (Fig. 3, C and D, re-
spectively). Moreover, knockdown of HuR increased GIRGL levels,
while its ectopic expression decreased GIRGL levels (Fig. 3, Eand F,
respectively). Consistently, the half-life of GIRGL was prolonged
after silencing of HuR (Fig. 3G). In addition, we considered the im-
pact of glutamine deprivation on the expression of HuR. Examining
the levels of HuR revealed a time-dependent decrease in response to
glutamine deprivation (Fig. 3H), and as anticipated, the amount of
HuR captured in RNA pull-down assays using GIRGL showed less
HuR captured under glutamine-deficient conditions (Fig. 3I). Col-
lectively, these results indicate that GIRGL interactions with HuR
serve to accelerate its decay.

More recently, it had been reported that HuR functions to desta-
bilize RNAs by facilitating their interactions with let-7/RISC (28-29).
To examine whether HuR regulates GIRGL through a similar mecha-
nism, we determined whether Ago2, a major element of RISC, com-
plexes with HuR and GIRGL. First, reciprocal co-IP analyses using
antibodies against HuR and Ago2 verified interactions between
endogenous Ago2 and HuR in the HCT116 cell model (fig. S2E).
Significantly, GIRGL was recovered in RIP assays against Ago2 (fig.
S2F), and as observed with HuR, shRNA-mediated silencing of
Ago2 increased the levels of GIRGL (fig. S2G). Moreover, akin to
experiments undertaken with HuR, the half-life of GIRGL was pro-
longed after silencing of Ago2 (fig. S2H). Last, as assessed in RIP
assays against either HuR or Ago2, silencing of Ago2 or HuR signifi-
cantly reduced the relative amount of GIRGL recovered within im-
munoprecipitates (fig. S2, I and J). Together, our findings indicate
that GIRGL turnover is mediated by a HuR/Ago2 (RISC)-mediated
mechanism, which appears attenuated under glutamine depriva-
tion conditions.

GIRGL suppresses the translation of GLS1

Having uncovered how GIRGL levels are regulated under gluta-
mine deprivation, we returned to investigate the mechanism(s) by
which GIRGL suppresses GLS1 expression. Glutamine depletion
caused a time-dependent reduction in GLS1 protein levels in both
HCT116 and HT29 cells, while GLS1 expression was maintained at
basal levels following knockdown of GIRGL using two independent
shRNAs (Fig. 4A and fig. S3A). We considered that GIRGL may
physically interact with GLS1, but RNA pull-down assays failed to
demonstrate binding between GIRGL and GLS1 protein (Fig. 4B).
Moreover, neither glutamine insufficiency nor GIRGL depletion
affected the levels of GLS1 mRNA (Fig. 4, C and D, and fig. S3, B
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covered target proteins (bottom) were measured by qPCR and Western blot, respectively. (E) GIRGL (qPCR, top) and HuR protein level (bottom) measurements in HCT116
cells after silencing HuUR using two independent shRNAs. (F) GIRGL levels were determined as per (D) following transduction of control (pCMV-3xFlag) or Flag-HuR (pCMV-
3xFlag-HuR) (top). Ectopic HuR was revealed with anti-Flag antibodies (bottom). (G) Half-life time of GIRGL in HCT116 cells transduced with shCtrl or shHuR before addi-
tion of actinomycin D (5 ug/ml) for 0 to 9 hours. (H) HuR protein measurements in HCT116 cells following glutamine deprivation for 0 to 48 hours. (I) RNA pull-down assays
conducted as per (C) in HCT116 cells cultured with or without glutamine. (A), (B), and (D) to (G) are mean + SD; n = 3 independent experiments, two-tailed Student’s t test.
(Q), (H), and (1) represent three independent experiments (*P < 0.05; **P < 0.01).

and C), proposing that GIRGL down-regulates GLS1 neither by di- On the basis of the latter findings, we hypothesized that GIRGL

rect interactions or through transcriptional effects. Analyses using
cycloheximide chase assays confirmed that the stability of the GLS1
protein was similar in the presence and absence of GIRGL (Fig. 4E
and fig. S3D). Furthermore, the levels of CDH1, the E3 ligase known
to target GLS1 for ubiquitin-dependent proteasomal degradation
(40), were not affected by silencing of GIRGL (Fig. 4F). Notably,
inhibition of proteasomal activity with MG132 in cells subjected to
glutamine deprivation did not stabilize the levels of GLS1 (Fig. 4G
and fig. S3E), thus providing clear evidence that the instability of
GLS1 under such conditions is proteasome independent.

Wang et al., Sci. Adv. 2021; 7 : eabe5708 24 March 2021

regulates GLS1 levels via translational control. Consequently, we
estimated protein translation levels using polysome profiling as-
says. Compared with normal culture conditions, the absence of
glutamine per se did alter the assembly of polysomes associated
with GLS1 mRNA. However, the formation of elongating polysomes
containing GLS1 was decreased (Fig. 4H), indicating a reduction in
the levels of translated GLS1 mRNA in the absence of glutamine.
Manipulation of GIRGL by either knockdown or overexpression
resulted, respectively, in either decreased or increased formation
of ribosomal and polyribosome assembly involving GLS1 mRNA
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Fig. 4. GIRGL suppresses the translation of GLS1. (A) GLS1 protein levels in HCT116 cells transduced with shCtrl or independent shRNAs against GIRGL (shGIRGL-1,
shGIRGL-2) after culture without glutamine (0 to 48 hours). B-Actin served as loading control. (B) GLS1, HuR, or B-actin proteins captured in RNA pull-down assays using
HCT116 cell lysates against biotin-labeled sense (Ctrl) or antisense GIRGL probes. (C and D) GLST mRNA levels in HCT116 cells after transduction with shCtrl or indepen-
dent shRNAs against GIRGL (C) or cultured without glutamine for 0 to 48 hours (D). (E) GLS1 protein levels in HCT116 cells transduced with shCtrl or shGIRGL after treat-
ment with 50 uM cycloheximide (CHX) for 0 to 12 hours (left). Densitometric analyses (right). (F) CDH1 protein expression after silencing of GIRGL in HCT116 cells using
two independent shRNAs. (G) GLS1 protein levels in HCT116 cells treated with or without 20 uM MG132 for 6 hours following culture without glutamine for 0 to 48 hours
(top). Densitometric analyses (bottom). (H) Velocity sedimentation analysis of HCT116 cells treated with or without glutamine for 48 hours. Continuous OD;s4nm Measure-
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as per (H) in HCT116 cells transduced with either shCtrl or shGIRGL-1. (J) Velocity sedimentation as per (H) in HCT116 cells transduced with either PCDH or PCDH-GIRGL.
(A), (B), and (E) to (G) represent three independent experiments. (C), (D), and (H) to (J) are mean + SD; n = 3 independent experiments, two-tailed Student’s t test.
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(Fig. 4, I and J). Together, these results establish that the down-
regulation of GLS1 observed after glutamine deprivation results from
the GIRGL-mediated translational suppression of GLS1 mRNA.

LncRNA GIRGL cooperates with CAPRIN1 to suppress
translation of GLS17

To investigate the mechanism responsible for GIRGL-mediated
suppression of GLS1, we interrogated the protein interactome of
GIRGL using RNA pull-down assays. Mass spectrometry (MS) was
used to identify proteins that specifically coprecipitated with biotin-
labeled antisense GIRGL but not the control (Fig. 5, A and B). Top
four candidate proteins were further verified by Western blotting
(Fig. 5C), and only GRP78 was found to be unable to interact with
GIRGL. Consistently, RIP assays confirmed that GIRGL was robustly
retrieved within anti-CAPRIN1 or anti-G3BP1 immunoprecipitates
(Fig. 5D). Because G3BP1 exists as a homodimer or heterodimer
with G3BP2 (41), we also established that G3BP2 coprecipitates
with GIRGL (Fig. 5C). Of note, the most prevalent candidate iden-
tified by MS was HNRPM, but because it is frequently recovered in
RNA binding protein screens, presumably because of its role in
pre-mRNA binding (42-43), we did not consider it further. G3BPs
are known to bind CAPRINI to promote SG formation (36). We
therefore examined whether the individual SG components were
co-regulated or whether their levels affected GLS1 expression. However,
individual knockdown assays against G3BP1, G3BP2, or CAPRIN1
revealed no resulting changes in the respective SG components (fig.
S4, A to C). Knockdown of HNRPM also failed to affect GLS1 levels
(fig. S4D). Notably, only knockdown of CAPRIN1 caused increased
GLS1 levels in contrast to experiments with G3BP1 and G3BP2,
which failed to influence GLS1 expression. Moreover, GLSI1 level
will not be reduced upon glutamine deficiency if CAPRIN1 is de-
pleted (fig. S4E), indicating that glutamine insufficiency-induced
GLSI1 reduction is required for CAPRIN1. Consistently, the forced
expression of CAPRIN1 reduced GLSI expression (Fig. 5E). Nota-
bly, GIRGL overexpression was unable to suppress GLS1 expres-
sion following the depletion of CAPRINI (Fig. 5F), suggesting that
CAPRINTI is functionally required for GIRGL-mediated inhibition
of GLS1 translation. Polyribosome profiling analysis performed in
CAPRIN1-depleted cells phenocopied the effects seen following
GIRGL silencing, with notable increases in the formation of polyri-
bosome and associated translatable GLS1 mRNA (Fig. 5G). Thus,
these data collectively indicate that CAPRIN1 cooperates with GIRGL
to suppress the translation of GLSI mRNA.

Previous reports have highlighted the role of cytosolic CAP-
RIN1 in mRNA transport and translation, with selective binding
reported for c-Myc and cyclin D2 mRNAs occurring through a
highly conserved arginine-glycine-glycine repeat (RGG) domain
present in its C-terminal region (31). These observations proposed
that CAPRIN1 may also physically interact with GLS1 mRNA. Up-
holding this notion, RNA pull-down assays demonstrated that
CAPRINI was selectively captured with GLS1 mRNA (Fig. 6A),
while GLS1 mRNA was markedly enriched in RIP assays against
CAPRINI (Fig. 6B). Moreover, we observed that GLS1 mRNA and
GIRGL were also reciprocally captured in RNA pull-down assays
against GIRGL and GLS1, respectively (Fig. 6C). Instructively, si-
lencing of CAPRIN1 reduced the association between GLS1 mRNA
and GIRGL (Fig. 6D), indicating that CAPRIN1 forms a ternary
complex with GIRGL and GLS1 mRNA. However, knockdown of
GIRGL also diminished the association between CAPRIN1 and
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GLS1 mRNA (Fig. 6E), suggesting that GIRGL regulates the associ-
ation between CAPRIN1 and GLS1 mRNA and is thus a necessary
element in suppression of GLSI translation. As expected from this
interpretation, RNA pull-down analyses undertaken against GIRGL
in cells subjected to glutamine deprivation demonstrated enhanced
recovery of CAPRIN1 and GLS1 mRNA compared to cells cultured
under glutamine-replete conditions (Fig. 6F).

GIRGL promotes homodimerization of CAPRIN1 and forms

a quaternary complex with GLST mRNA

We extended our investigations to understand how GIRGL binding
to CAPRINI influences its function. First, silencing of GIRGL
showed no effect on the expression levels of CAPRINI (Fig. 7A). It
has been reported that CAPRIN1 functions as homodimer whose
formation is mediated via amino acid residues 132 to 251 (44) pre-
sent within the conserved HR1 region (fig. S5A). Notably, after
chemical cross-linker treatment using disuccinimidyl suberate (DSS),
dimers rather than monomers were the predominant form of en-
dogenous CAPRIN1 captured in pull-down assays against GLS1
mRNA (fig. S5B), consistent with the notion that CAPRINT1 is pre-
sent in dimeric form when it inhibits GLS1 translation. On the basis
of the requirement for GIRGL binding in CAPRIN1 function estab-
lished above, we postulated that GIRGL might affect the dimeriza-
tion of CAPRIN1. shRNA silencing of GIRGL decreased, whereas
GIRGL overexpression increased, the amount of CAPRIN1 dimers
detected in HCT116 cell total protein extracts captured through
chemical cross-linking (Fig. 7, B and C). Furthermore, as seen in
experiments using GLS1 mRNA (fig. S5B), more CAPRIN1 dimers
than monomers were retrieved in pull-down assays against GIRGL
(Fig. 7D). Together, these results imply that GIRGL promotes
CAPRINI dimerization, which captures GLS1 mRNA and inhibits
its translation.

To better define the complex between dimerized CAPRIN1,
GIRGL, and GLS1 mRNA, we used epitope-tagged CAPRIN1 con-
structs. We then undertook two-step IPs from cells expressing Flag
and hemagglutinin (HA)-tagged CAPRINI. In the first-phase IP
using anti-Flag antibodies, HA-CAPRIN1 and GIRGL were recov-
ered with Flag-CAPRINI, whereas conversely after elution and sec-
ondary IP against HA, both Flag-CAPRIN1 and GIRGL were
coprecipitated (Fig. 7E), further indicating that GIRGL forms a ter-
nary structure with dimerized CAPRIN1.

Last, experiments were undertaken to map the interacting re-
gions responsible for binding between CAPRIN1, GIRGL, and
GLS1 mRNA. In addition to full-length Flag-tagged CAPRIN1, a
series of truncates (amino acids 1 to 322, 323 to 606, and 323 to
709) were constructed (fig. S5A) and used in RIP assays using
anti-Flag antibodies. As anticipated, both GIRGL and GLS1
mRNA were robustly recovered with full-length CAPRINT1 (fig. S5,
C and D, respectively). Among the truncated forms of CAPRIN1,
GIRGL only bound to amino acids 1 to 322, whereas GLS1 mRNA
showed strong affinity for amino acids 323 to 709, indicating that
the HR1 and E-rich domains (amino acids 1 to 322) of CAPRIN1
are responsible for interactions with GIRGL, while the RGG
motif (amino acids 607 to 709) is responsible for its binding to
GLS1 mRNA.

Conversely, to determine which regions within GIRGL and
GLS1 mRNA are responsible for their interactions with CAPRIN1,
in vitro transcribed RNAs were used in pull-down assays to detect
CAPRINT1 binding. On the basis of the asymmetrical form predicted
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by its secondary structure, we divided GIRGL into two fragments
for this analysis (nucleotides 1 to 424 and nucleotides 424 to 740;
fig. S5E). RNA pull-down assays showed that Flag-CAPRIN1 was
selectively recovered with sense, but not antisense, GIRGL, while
only fragment2 (nucleotides 424 to 740), but not fragment1 (nucle-
otides 1 to 424), supported CAPRIN1 binding (fig. S5F). We further
dissected the predicted symmetrical Y-shaped configuration of frag-
ment2 by individually deleting each arm from the GIRGL sequence.
However, neither the GIRGL-arm1 nor the GIRGL-arm2 deletion

Wang et al., Sci. Adv. 2021; 7 : eabe5708 24 March 2021

mutants promoted the dimerization of CAPRINI (fig. S5G), proposing
that the predicted symmetrical Y-shaped configuration is respon-
sible for dimer binding. Moreover, dividing the GLS1 mRNA into 5’
untranslated region (5'UTR), coding sequence, and two 3’'UTR
sequences (3'UTR-1 and 3'UTR-2) and repeating the pull-down
assays revealed binding between Flag-CAPRINI and 3'UTR-1 of
GLS1 mRNA (fig. S5H). Thus, GIRGL associates with CAPRIN1
within its HR1-E-rich domain, whereas its interaction with the
3'UTR of GLS1 mRNA occurs distinctly via its RGG motif.
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GIRGL promotes phase separation of CAPRIN1-GLS1T mRNA
complexes into SGs

After establishing the nature of the GIRGL-CAPRIN1-GLS1 mRNA
complex, we returned to consider how this physiologically integrates
within the context of glutamine deprivation. Because CAPRINI has
been associated with both SG formation and translational control
(34, 36), we considered that GIRGL may exert its actions in the con-
text of SGs. Overexpression of SG proteins can initiate SG for-
mation in the absence of stress (31), and we confirmed that this
phenomenon occurs with CAPRIN1 in our experimental system.
Enforced expression of enhanced GFP (EGFP)-CAPRINI1 generated
fluorescent punctate structures, which did not overlap with the lipid
membrane marker Dil (fig. S5I). Instructively, ectopic expression of
GIRGL resulted in the coalescence of endogenous CAPRINI into
similar punctate structures (Fig. 7F), suggesting that GIRGL medi-
ates SG formation. There was costaining observed between CAPRIN1
and the SG markers G3BP1 and TIA1 (Fig. 7F and fig. S5], respec-
tively), identifying these structures as SGs. Extending this analysis
to a fully endogenous context, multicolor confocal analysis of GLS1
mRNA, GIRGL, and CAPRIN1 showed that their largely diffuse cy-
toplasmic staining under glutamine-replete conditions shifted to
highly colocalized punctate structures in the absence of glutamine
(Fig. 7G). Consistently, the latter structures demonstrated costaining
between CAPRIN1 and G3BP1 or TIA1 (fig. S5, K and L, respectively).

Wang et al., Sci. Adv. 2021; 7 : eabe5708 24 March 2021

Together, these data indicate that GIRGL promotes CAPRIN1-
dependent SG formation under glutamine deprivation conditions
and that the resulting SGs capture GLS1 mRNA.

SGs form through liquid-liquid phase separation, resulting from
the aggregation of SG component proteins that interact through
intrinsically disordered (ID) regions (45). This process can be modeled
in vitro and, for example, has been used to show how posttransla-
tional modifications of the fragile X mental retardation protein (FMRP)
affect its phase separation with RNA (46). Using this approach, we
observed the formation of visible droplets (phase-separated protein-
rich condensates) when Flag-CAPRIN1 was incubated with 3'UTR-1
of GLS1, but not with the GLS1 5'UTR (Fig. 7H and fig. S5M). For-
mation of the CAPRIN1-containing condensates was dependent on
the concentration of 3'UTR-1 GLS1 mRNA (fig. S5N), and more-
over, these droplets were observed to undergo fusion events (fig.
S50), characteristic of protein droplets formed by liquid-liquid
phase separation. Notably, the frequency of phase droplet forma-
tion between CAPRIN1 and GLS1 mRNA was comparatively in-
creased when full-length sense, but not antisense, GIRGL was added
to these assays (Fig. 7I and fig. S5P), suggesting that GIRGL increas-
es the rate of phase droplet formation between CAPRIN1 and GLS1
mRNA. We additionally used FRAP (fluorescence recovery after
photobleaching) to study the mobility of CAPRIN1 and GLS1-3'UTR-1
within droplets. Monitoring fluorescence signals in the photobleached
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Student's t test (*P < 0.05; **P < 0.01; ***P < 0.001).
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window indicated that there was a time-dependent recovery in
CAPRINI1 (72 + 8% mobile fraction values, Ty, = 32 + 3 s,
mean + SD) and GLS1-3'UTR-1 (70 + 6% mobile fraction values,
T2 = 33 = 4 s) signals with similar recovery kinetics (fig. S5Q).
Comparable analyses of FRAP signals for GLS1-3'UTR-1 (67 + 5%
mobile fraction values, Ty, = 23 + 2 s) versus GIRGL (62 + 9%
mobile fraction values, T}/, = 25 + 4 s) in CAPRIN1-formed drop-
lets again showed similar recovery characteristics (fig. S5R), together
indicating that CAPRIN1, GLS1-3'UTR-1, and GIRGL are intrinsi-
cally fluid and part of the same mobile fraction within the droplets.
Thus, the findings of the biophysical experiments fully support the
notion that GIRGL contributes to CAPRIN1-dependent SG forma-
tion in association with GLS1 mRNA.

Biological implications of GIRGL in tumorigenesis

We next considered the fundamental impact of GIRGL on cancer
cell growth under normal and glutamine-depleted conditions. Un-
der normal 2 mM levels of glutamine supplementation, silencing of
GIRGL increased, whereas its overexpression inhibited the growth
of HCT116 cell proliferation (Fig. 8A). The growth-enhancing ef-
fect of GIRGL silencing was further pronounced after lowering the
glutamine levels to 0.4 mM (Fig. 8B), but notably, in the complete
absence of glutamine, the number of cells markedly decreased after
2 days when GIRGL was depleted (Fig. 8C, top). Furthermore, ectop-
ic expression of GIRGL potentiated cell growth when glutamine is
absent, proposing that GIRGL plays a survival function during glu-
tamine deficiency stress (Fig. 8C, bottom). Similarly, the growth-
inhibitory effects of GIRGL were recapitulated in colony formation
assays using HCT116 cells (Fig. 8, D and E).

Supplementary experiments were then used to verify the func-
tional relationship between GIRGL and GLS1. First, under glutamine-
replete conditions, GIRGL knockdown promoted cell growth, which
could be reversed by GLS1 knockdown (fig. S6A). Consistently, the
ectopic expression of GLS1 substantially reversed the growth-
inhibitory phenotype resulting from GIRGL overexpression (fig.
S6B). Second, depletion of GLS1 in combination with GIRGL
shRNA during glutamine starvation prevented the loss of cell via-
bility observed after GIRGL depletion and long-term culture (fig.
S6C). Moreover, while GIRGL overexpression restored modest
steady-state growth in the absence of glutamine, ectopic GLS1
expression erased the ability of GIRGL to preserve cell viability and
growth (fig. S6D). Last, to cement the functional relationship between
GIRGL and GLS1, we examined the combined effects of GLS1 knock-
down and GIRGL overexpression under glutamine-deprived conditions.
Informatively, overexpression of GIRGL in GLS1-knockdown cells
showed little impact on the cell viability or growth (fig. S6E). This,
together with the preceding experiments, indicates that GIRGL ac-
tions substantially involve GLS1. In addition, by extension, this sug-
gests that GLS2 is unlikely to be involved in the GIRGL-dependent
regulation of cell survival under glutamine-deprived conditions.

Last, we considered the impact of GIRGL on tumorigenicity and
examined the growth of HCT116 cells as xenografted tumors in nu/nu
mice. Consistently, depletion of GIRGL markedly increased growth
in vivo, while its enhanced expression decreased tumor growth
(Fig. 8, F and G). We further conducted an assessment of GIRGL
expression in a cohort of 30 pairs of colon cancer versus normal
tissues. This analysis showed that approximately half of cases exhib-
ited markedly higher GIRGL levels in tumors compared to their
normal adjacent tissues, while others were unchanged or slightly
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reduced (Fig. 8H). Our working model linking GIRGL, GLS1 and
the impact of glutamine deprivation is shown in Fig. 9.

DISCUSSION

The limiting vasculature of the tumor microenvironment combined
with competition among cancer cells can result in localized nutrient
deficiencies (47-48). Consequently, cancer cells must strategically
counter the fluctuating levels of even abundant nutrients such as
glutamine. Previous studies have revealed plasticity in cancer cell
metabolism during adaptation to glutamine deprivation (49-50).
For example, HCT116 colon cancer cells maintain energy produc-
tion and cell viability by promoting de novo synthesis of glutamine
and glutamate (49). Nevertheless, prolonged glutamine starvation
compromises cell viability (51), and therefore, a balance must be
struck between promoting proliferation and ensuring cell survival.
Here, we considered the effects of glutamine fluctuations on gluta-
minase, the key initiating enzyme involved in glutaminolysis. Con-
sistent with the emerging theme that the glutaminase isoform GLS1
is most relevant to tumorigenesis (11, 13), we observed that depriv-
ing colon cancer cells of glutamine decreased the levels of GLS1,
while the levels of GLS2 remained unaffected. The levels of GLS1
diminish gradually and proportionally to the availability of gluta-
mine, indicating that rapid changes in glutaminase function are
neither warranted nor advantageous.

Glutamine deprivation is known to induce the proto-oncogene
c-Myc (18), which has been reported to up-regulate GLS1 through
its repression of posttranscriptional mechanisms mediated by
miR-23a/b (12) and the IncRNA GLS-AS (24). Consistently, we found
that glutamine deprivation stress also increased c-Myc expression,
but we did not observe up-regulation of GLS1. Rather, our efforts to
understand the mechanisms controlling GLS1 expression revealed
the involvement of GIRGL, an IncRNA that negatively regulates
GLS1 through a mechanism that appears independent of c-Myec.
GIRGL was shown to restrain mitochondrial respiration, suggest-
ing that it contributed to the efficacious utilization of available glu-
tamine, thus ensuring that limiting substrate amounts will not be
exhausted. Subsequent investigations addressed two main aspects
of the relationship between the levels of glutamine, GIRGL, and
GLS1: the first being the basis for the up-regulation of GIRGL under
limiting glutamine conditions and, second, how the increased ex-
pression of GIRGL affects the expression of GLS1.

We observed that GIRGL was up-regulated in a time- and
concentration-dependent manner in cancer cells in response to glu-
tamine deficiency. Previous studies have shown that glutamine
deficiency invokes stress-activated Jnk/c-Jun signaling (52-53), and
consistently, we found that glutamine deficiency resulted in the
activation of c-JUN. GIRGL was transcriptionally driven by c-JUN,
although the levels of GIRGL were not maintained by c-JUN alone.
GIRGL levels were destabilized through recruitment to RISC, a pro-
cess mediated by its binding to the RNA binding protein HuR. Al-
though HuR is known for its role as a stabilizer of mRNAs or
IncRNAs (27), more recent investigations have shown that HuR
also promotes RNA degradation as observed with c-Myc mRNA
and lincRNA-p21 (28-29). Thus, the basal levels of GIRGL appear
to be maintained through comparatively low transcription com-
bined with its turnover by RNA silencing. Following glutamine
deprivation, GIRGL levels are up-regulated by the combination of
c-Jun-mediated transcriptional increases along with a significantly
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Fig. 8. Biological implications of GIRGL in tumorigenesis. (A to C) HCT116 cells were transduced with shCtrl or with one of two independent shRNAs targeting GIRGL
(upper) and PCDH or PCDH-GIRGL (bottom) before culturing in 2 mM (A), 0.4 mM (B), and 0 mM (C) glutamine. Cell numbers were counted over consecutive days to assess
proliferation. (D and E) Silencing of GIRGL promotes, whereas overexpression of GIRGL inhibits, the clonogenic potential of HCT116 cells. (F and G) HCT116 cells (2 x 106)
transduced with shCtrl or shGIRGL-1 (F) or PCDH or PCDH-GIRGL (G) were inoculated into opposite flanks of nu/nu mice. Tumor sizes were measured at the indicated time
points (left) and excised and weighed after 4 weeks (right) after mice were humanely culled. (H) Relative GIRGL expression among 30 pairs of matched colorectal cancer

and adjacent normal tissues determined by qPCR. (A) to (C), (F), and (G) are mean =+ SD; n = 3 independent experiments, two-tailed Student’s t test. (D) and (E) represent
three independent experiments (*P < 0.05; **P < 0.01).
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Fig. 9. Working model for induction of GIRGL expression and down-regulation of GLS1 under glutamine deprivation conditions.

longer half-life, where, consistently, HuR levels are down-regulated.
These dual mechanisms therefore constitute a feedback loop re-
sponsible for maintaining GIRGL levels in response to glutamine
availability.

With respect to the inhibitory effects of GIRGL on GLS1 levels,
we showed that the underlying basis involved decreased GLS1
translation. The mechanism involved formation of complex be-
tween GIRGL, GLS1 mRNA, and the RNA binding proteins, CAPRIN1
and G3BP. It has been previously established that CAPRIN1, G3BP1,
and G3BP2 collude to promote the translation of PKR (double-
stranded RNA-dependent protein kinase) and IFITM2 (interferon-
induced transmembrane protein 2) mRNAs during the antiviral
response against dengue virus (35). Moreover, dengue-derived
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subgenomic ncRNAs were shown to inhibit the translation of PKR
and IFITM2 mRNAs by binding to CAPRIN1, G3BP1, and G3BP2
(35). An additional report in murine macrophage showed that
CAPRINT1 also stabilized signal transducer and activator of tran-
scription 1 (Statl) mRNA, but its levels were shown to be modulated
by the IncRNA Srosl, which blocks the dimerization of CAPRIN1
and indirectly reduces the half-life of Statl mRNA (30). A notable
feature of these studies is the ability of ncRNAs to affect gene ex-
pression through CAPRINT1, albeit in different ways. In contrast to
Srosl, GIRGL enhances CAPRIN1 dimerization, and thus, its ef-
fects on GLS1 expression appear more consistent with the actions of
the dengue-derived ncRNAs that antagonize target gene translation
as part of a larger ribonucleoprotein (RNP) complex. The region of
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GIRGL involved in CAPRIN1 binding is a predicted symmetrical Y
shape, and given that both arms were necessary to support CAPRIN1
dimerization, this suggests that these arms act tandemly to promote
CAPRINI dimerization.

CAPRIN1 and G3BP1 are regulatory components of the membrane-
less RNP organelles called SGs (36). The composition of the GIRGL-RNP
complex involving CAPRIN1 and G3BP1 is itself instructive given
previous examples (36, 44). SGs represent cytoplasmic condensates
of RNPs that arise in response to different environmental insults
including heat shock, hypoxia, hyperosmolarity, oxidative stress,
and nutrient starvation along with pathological conditions such as
viral infection (32). SGs form dynamically by liquid-liquid phase
separation and are thought to represent stalled initiation com-
plexes resulting from polysome disassembly (54-56). In toto, our
experimental observations strongly suggest that GIRGL regulates
GLS1 translation via SGs.

Metabolic stress caused by glutamine deficiency up-regulates
GIRGL, and this coincides with the formation of SGs containing
CAPRINI, GLSI mRNA, and GIRGL. In the absence of stress,
forced expression of GIRGL resulted in the formation of CAPRIN1-
based SGs, recapitulating the phenomenon typically observed when
SG components are overexpressed (46). Complexes of CAPRIN1,
GLS1 mRNA, and GIRGL were shown to exist in cells and can form
in vitro, where specific binding regions were mapped between
CAPRINI, GIRGL, and GLS1 mRNA. In particular, CAPRIN1
bound to the 3’'UTR of GLS1 mRNA through its highly conserved
RGG domain, which is consistent with interactions between other
target mRNAs such as ¢-MYC and cyclin D2 that undergo entry
into SGs (31). Furthermore, within cells, GIRGL negatively affected
the inclusion on GLS1 mRNA in ribosomal and polyribosomal con-
taining fractions, indicating how it affects GLS1 translation. Crucially,
it was shown that the inclusion of GIRGL promotes the efficiency of
phase separation of CAPRIN1-GLS]1, the fundamental basis of SG
formation. It seems probable that the ability of GIRGL to facilitate
CAPRINI1 dimerization is an initiating feature of this process.

From a broader perspective, SGs are not the only type of RNP-based
condensates to exist within cells (57). In addition to SGs, there are also
cytoplasmic P-bodies and neuronal granules together with nuclear
suborganelles including the nucleolus and nuclear paraspeckles. While
progress is being made into how RNP condensates form (58), another
equally important aspect to consider is how their composition and
function are regulated to deal with specific stressors. Certain RNA
chaperones may be specifically associated with either SGs or P-bodies,
while some are found associated with both (57). Here, we found that
CAPRIN]I, but not G3BP1, was required to allow cells to specifically
respond. Glutamine deprivation stress resulted in the compartmentaliza-
tion and translational inhibition of GLS1 mRNA, the key enzyme
involved in the catabolism of the depleted substrate. Moreover,
while the IncRNA NEAT] is known to be an essential structural com-
ponent of nuclear paraspeckles (59), to our best knowledge, this is the
first reported IncRNA implicated in SG formation.

Following on from this is the general interest in the role of RNP
condensates in disease states. Here, we considered the impact of
GIRGL on tumorigenesis, showing that GIRGL was strongly up-regulated
in response to glutamine deprivation in colon cancer lines, but not
in normal NCM460 colorectal cells. Moreover, the growth of colon
cancer cells under glutamine-replete conditions was negatively af-
fected by GIRGL expression both in vitro and in vivo, consistent
with its effects on GLS1 expression. However, GIRGL expression
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was shown to positively affect cancer cell survival following pro-
longed glutamine deprivation, indicating a role during nutrient
stress. Because GIRGL inhibits GLS1 expression under such condi-
tions, we speculate that this acts as a preservative measure used to
dampen the consumption of the limited glutamine resource, which,
in turn, favors cell survival. Glutamine levels can become limiting
within the solid tumor microenvironment, and likely reflecting its
activation in vivo, the expression of GIRGL was increased in a sub-
set of colon cancers. However, whether this mechanism of cellular
adaptation affects disease outcomes remains to be determined along
with the role of GIRGL in other pathophysiological contexts.

MATERIALS AND METHODS

Reagents, antibodies, and recombinant DNA

Reagents are shown in table S4.1, antibodies are shown in table S4.2,
and recombinant DNA is shown in table S5.

Cell culture and lentiviral transduction

HCT116, HT29, and human embryonic kidney (HEK) 293T cells were
cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum and 1% sodium pyruvate and maintained at 37°C in
5% CO,, whereas the NCM460 cell line was cultured in RPMI 1640
(Gibco). Lentiviruses for gene knockdown and overexpression experi-
ments were generated by transfecting HEK293T cells for 48 hours with
pLKO.1-based shRNAs, pRev, pGag, and pVSVG (2:2:2:1 ratio) or
pSIN/pCDH, psPAX2, and pMD2.G (2:2:1 ratio). Supernatants were
0.45 um-filtered, supplemented with polybrene (8 ug/ml) (Sigma-
Aldrich) before incubating with target cells and selecting with puro-
mycin (1 mg/ml). Targeting sequences are shown in table S3.2.

Quantitative and semiquantitative PCR

Total RNA isolated using TRIzol reagent (Invitrogen) was used to
synthesize complementary DNA (cDNA) using the Prime-Script
RT Reagent Kit (Takara). qPCR assays were performed using SYBR
Green real-time PCR analysis (Takara) with the specified primers
(table S3.1), and the results were recorded as cycle thresholds (Cy)
normalized against the internal control (B-actin). Alternatively,
semiquantitative PCR was performed using 2x Taq PCR mix with
25 cycles for internal controls and 30 to 40 cycles for IncRNAs.

Absolute RNA quantitation

Standard curve assays were used, where absolute quantitation of
RNA expression was required. Plasmids containing the target cDNA
of interest were used to construct standard curves by plotting C;
values against copy number as determined from the adjusted final
concentration of plasmids. RNA was extracted from a fixed number
of cells and cDNA equivalents from 2000 cells used in each qPCR.
Average RNA copy numbers per cell were calculated from the sample
Ci values referenced against the linear portion of the standard curve.

Metabolic measurements

Cellular glutamine consumption, glutaminase activity, 0-KG, a-KGDH,
ATP, NADPH/NADP" ratio, GSH [glutathione (reduced form)],
ROS, glutamate, aspartate, and asparagine levels were measured
using the glutamine assay (BioAssay Systems), glutaminase activity
assay (BioVision), 0-KG assay (BioVision), 0-KGDH assay (BioVision),
ATP assay (BioVision), NADPH/NADP" ratio assay (BioVision),
total GSH assay (Sigma-Aldrich) kits, ROS assay (Thermo Fisher
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Scientific), glutamate assay (BioAssay Systems), aspartate assay
(Abcam) and asparagine assay (Abcam), respectively, according to
the manufacturer’s instructions.

DNA, RNA, and protein synthesis assays

To measure DNA synthesis, cells were cultured with or without
2 mM glutamine in the presence of 5-EdU (5-ethynyl-2’deoxyuridine)
for 24 hours (DNA synthesis assay kit, BioVision). Results were
assessed using epifluorescence microscopy to reveal de novo syn-
thesis as EAU incorporation [red fluorescent protein (RFP) filter,
red] versus total DNA (GFP filter, green). Alternatively, RNA syn-
thesis levels were measured using RNA synthesis assay kit (Abcam).
After culture with or without 2 mM glutamine for 24 hours, cells were
pulsed for 2 hours with 5-EU (ethynyl uridine) and RNA incorpora-
tion measured by fluorescence (excitation/emission) = 494/521 nm),
normalizing values to total RNA. Protein synthesis levels were mea-
sured using a protein synthesis assay kit (BioVision) by pulsing cells
for 2 hours with O-propargyl-puromycin, and protein incorporation
was measured by fluorescence (excitation/emission = 494/521 nm), nor-
malizing values to total protein.

GFP reconstitution assay

The predicted IRES of GIRGL (1 to 175 bp) was inserted into the
pCirc-GFP-IRES circular RNA (circRNA) translation reporter con-
taining a split GFP system using Eco RI and Eco RV (37).

Oxygen consumption rate

Seahorse XFe24 analyzer (Seahorse Bioscience, Agilent) assays were
performed according to the manufacturer’s instructions. Briefly,
3% 10" to 5 x 10 cells per well were seeded in 24-well XF cell culture
microplates in growth medium for 24 hours before changing the
medium to XF base medium (pH 7.4) containing pyruvate (1 mM),
glutamine (1 mM), and glucose (10 mM). After 1-hour equilibra-
tion, oligomycin (1.5 mM), FCCP (carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone) (0.5 mM), and rotenone/antimycin A
(0.5 mM) were sequentially added, with data analyzed using the
Seahorse XF Glycolysis Stress Test Report Generator package.

In vitro transcription and RNA pull-down assays

In vitro transcription reactions were performed as previously de-
scribed (60) using primer sequences appended to table S3.5. For the
RNA pull-down assays, cell lysates prepared by ultrasonication in
RIP buffer were precleared against streptavidin-coated magnetic
beads (Invitrogen). In vitro transcribed biotin-labeled RNA or
DNA probes (table $3.4) adsorbed to the streptavidin beads were
then incubated with cell lysates at 4°C for 4 hours before washing
five times in RIP buffer and elution in Laemmli sample buffer.

RNA in situ hybridization and immunofluorescence

Cells were fixed on glass coverslips in 4% formaldehyde and perme-
abilized using 0.1% Triton X-100 before performing RNA in situ
hybridization reactions as previously described (60). In vitro tran-
scribed probes were prepared as described above (probe sequence
shown in table S3.6) and Alexa Fluor-labeled using the Nucleic
Acid Labeling Kit (Invitrogen). Cell nuclei were counterstained by
4',6-diamidino-2-phenylindole (DAPI), and images were acquired
using a Leica TCS SP8 confocal system. For immunofluorescence
(IF) staining, cells were prepared as for FISH, then blocked with 5%
bovine serum albumin, and incubated for 1 hour at room temperature
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with primary antibodies before addition of Alexa Fluor secondary
antibodies for 0.5 hour at room temperature. For combination
FISH/IF staining, FISH was conducted first before IF staining.

Western blotting and IPs

Western blots were performed as previously described (60). For IPs,
cells were lysed in IP lysis buffer [150 mM NaCl, 50 mM tris (pH 7.4),
10% glycerol, and 1.5 mM MgCl,] supplemented with protease in-
hibitor phenylmethylsulfonyl fluoride and cocktail before incubation
for 4 hours at 4°C with protein A/G beads precoated with indicated
antibodies. Beads were washed three times using IP lysis buffer
and eluted (95°C, 10 min), and the samples were analyzed by Western
blotting. Steps were performed under ribonuclease (RNase)-free con-
ditions as required. Alternatively, cell lysates were prepared for two-
step IPs using lysis buffer containing 20 mM Hepes (pH 7.8), 400 mM
KClI, 5% glycerol, 5 mM EDTA, 1% NP-40, protease inhibitor cock-
tail, and RNase inhibitor. The first IP used anti-Flag antibodies be-
fore elution with Flag peptides. Ten percent of the sample was
reserved for Western blotting and semiquantitative reverse tran-
scription PCR (RT-PCR) analysis, while the remaining eluate was
subjected to the secondary IP.

RNA immunoprecipitation

RIP assays were performed as described (61). Briefly, cells were
lysed in RIP buffer [150 mM KCl, 25 mM tris (pH 7.4), 0.5 mM
dithiothreitol (DTT), 0.5% NP-40, protease inhibitor cocktail (Roche),
and RNase inhibitors]. Soluble cell lysates were precleared with pro-
tein A/G beads alone before IP with the indicated antibodies at 4°C
for 3 hours. After washing, the bead-bound immunocomplexes
were eluted using elution buffer [50 mM tris (pH 8.0), 1% SDS, and
10 mM EDTA] at 65°C for 10 min. To isolate protein-associated
RNAs from the eluted immunocomplexes, samples were treated
with proteinase K, and RNAs were extracted by phenol/chloroform
before RT-PCR analysis.

Chromatin IP

ChIP assays were performed according to the manufacturer’s in-
structions (Cell Signaling Technology). Bound DNA fragments were
subjected to quantitative or semiquantitative PCR using specific
primers (table S3.3). Primers amplifying target sequences in the MMP1
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoters
were used as positive and negative controls, respectively.

Luciferase reporter assay
Assays were performed as previously described (61) using the Dual-
Luciferase Reporter Assay System (Promega).

Polysome profiling

Polysome profiling assays were performed as described previously
using cells seeded in 15-cm dishes (62). After indicated treatments,
cells were pulsed with cycloheximide (100 pg/ml) for 10 min,
washed in ice-cold phosphate-buffered saline containing cyclo-
heximide (100 ug/ml), and lysed in polysome lysis buffer [5 mM
tris-HCI (pH 7.5), 2.5 mM MgCl,, 1.5 mM KCI, 1 mM DTT, 0.5%
Triton X-100, 0.5% sodium deoxycholate, cycloheximide (100 pg/ml),
100 U of ribonuclease (RNase) inhibitor, and EDTA-free protease
inhibitor]. Clarified lysates were then layered onto 11 ml of 10 to 45%
sucrose density gradients [20 mM Hepes-KOH, 5 mM MgCl,,
100 mM KCI, 1 mM DTT, cycloheximide (100 mg/ml), and 10 to 45%

16 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

RNase-free sucrose] and centrifuged in an SW-41Ti rotor at
40,000 rpm at 4°C for 2 hours. Fractions were acquired using the
Labconco Auto Densi-Flow Gradient Fractionator connected to an
Isco Tris pump with constant monitoring of optical density (OD) at
254 nm. Total RNA was extracted from each fraction using TRIzol,
and cDNA prepared using the SuperScript III reverse transcriptase
(Invitrogen) with transcript abundance was determined by qPCR.

Subcellular fractionation
Subcellular fractionation was performed as previously described (60).

Phase separation assays

Phase separation assays were performed as described previously
(46, 63). Briefly, the indicated recombinant proteins were prepared
in buffer [25 mM Na,HPO, (pH 7.4), 30 mM NacCl, and 2 mM
DTT] before mixing with in vitro transcribed Alexa Fluor-labeled
RNAs diluted in tris-EDTA buffer. Protein-RNA solutions were
thoroughly mixed and incubated at room temperature, following
which 10 pl of the mixture was transferred onto a 35-mm glass-bottom
dish (NEST 801001) and immediately imaged. Confocal fluores-
cence images were obtained using a Leica TCS SP8 confocal system.
The presence or absence of droplet formation in different condi-
tions (phase separation) was determined by round droplets with
greater or equal to 1 pm diameter. All images represent a single
focal plane focused onto the surface of the glass slide. Phase separa-
tion was quantified as the index of dispersion (62/u), where the
variance in the fluorescence intensity per image was determined
and normalized to the mean fluorescence intensity of the solution
phase. At least 20 randomly selected regions (36 x 36 pm each) were
analyzed for each condition to achieve a representative sample mea-
sure. Each datum point presented in the bar graphs was derived
from one imaging region. Accompanying analyses of protein and
RNA in the dilute and condensed phases were performed as de-
scribed previously (63-64).

Fluorescence recovery after photobleaching

FRAP assays were conducted using the FRAP module of the Leica
TCS SP8 confocal system. Circular regions of interest were software-
defined in the phase separation droplets and bleached using 95%
laser power with either the 488- or 561-nm laser lines as required.
Time-lapse images were collected, and fluorescence recovery was
quantified as described in (63, 65).

Xenograft model

Balb/c nude mice (4 weeks old, &), obtained from Beijing Vital River
Laboratory Animal Technology Co. Ltd., were maintained in a spe-
cific pathogen-free facility. Studies on animals were conducted
with approval from the Animal Research Ethics Committee of
Zhengzhou University.

Quantification and statistical analyses

No statistical methods were used to predetermine sample size.
Statistical analysis was carried out using Microsoft Excel and GraphPad
Prism 8 to assess differences between experimental groups. Densi-
tometry was performed where indicated using Image Lab software.
Statistical significance was analyzed by two-tailed Student’s ¢ test
for comparisons of two samples. Tests performed with P < 0.05
were considered statistically significant (ns, not significant, *P < 0.05,
**P <0.01, ***P < 0.001).
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/13/eabe5708/DC1

View/request a protocol for this paper from Bio-protocol.
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