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Houbao Liu,1,2,3,4,5,* and Tao Suo2,3,4,5,8,*
SUMMARY

Abnormal mTORC1 activation by the lysosomal Ragulator complex has been implicated in cancer and
glycolytic metabolism associated with drug resistance. Fasting upregulates RNF152 and mediates the
metabolic status of cells. We report that RNF152 regulates mTORC1 signaling by targeting a Ragulator
subunit, p18, and attenuates gemcitabine resistance in gallbladder cancer (GBC). We detected levels of
RNF152 and p18 in tissues and undertook mechanistic studies using activators, inhibitors, and lentivirus
transfections. RNF152 levels were significantly lower in GBC than in adjacent non-cancer tissues. Fasting
impairs glycolysis, induces gemcitabine sensitivity, and upregulates RNF152 expression. RNF152 overex-
pression increases the sensitivity of GBC cells to gemcitabine, whereas silencing RNF152 has the opposite
effect. Fasting-induced RNF152 ubiquitinates p18, resulting in proteasomal degradation. RNF152 defi-
ciency increases the lysosomal localization of p18 and increases mTORC1 activity, to promote glycolysis
and decrease gemcitabine sensitivity. RNF152 suppresses mTORC1 activity to inhibit glycolysis and
enhance gemcitabine sensitivity in GBC.

INTRODUCTION

Gallbladder cancer (GBC), despite being one of the most common malignancies of the biliary tract, is often diagnosed at advanced stages

when the prognosis is poor.1,2 The early detection of GBC is limited because it is mostly asymptomatic and is often diagnosed when meta-

static dissemination has occurred.3 These challenges are further compounded by limited treatment options because GBC develops resis-

tance to most chemotherapies.4,5

Increasing evidence suggests that atypical physiological conditions such as hyperglycemia and a heterogeneous tumormicroenvironment

contribute to drug resistance by creating the metabolic conditions that support the proliferation of cancer cells.6–8 In healthy tissues, cells

obtain energy through mitochondrial oxidative phosphorylation, whereas the increased proliferation associated with tumor cells is derived

from energy obtained by aerobic glycolysis.9 This is known as the Warburg effect and a well-known characteristic of cancerous cells,10,11

including GBC.12 For instance, hyperglycemia before surgery in GB C is known as a risk factor for overall survival (OS).13 Therefore, controlling

hyperglycemia or targeting metabolic pathways in cancer cells to enhance sensitivity to chemotherapeutic agents has become an important

strategy in cancer management.14

Fasting is known to modulate the upregulation of metabolic pathways in cancer cells.15 Intermittent fasting by consuming no or minimal

amounts of food for a specific duration of time, usually 12 to 24 h, can decrease the growth of primary tumors in animal models.16,17 Fasting

has also been found to reduce proliferation and glucose uptake in the tumor cells of GBC and other biliary tract cancers.18,19 The reduction of

glucose in cells through fasting is believed to inhibit AKT/mTOR signaling to prevent the Warburg shift and enhance cancer cell sensitivity to

chemotherapy.18,20 In addition, during nutrient deprivation, healthy cells cease proliferating anddivert their resources tomaintenance, whereas

tumor cells continue to divide because of mutations in tumor suppressor genes andmitogenic pathways. This distinct response to fasting be-

tween healthy and tumor cells is known as differential stress resistance and contributes to tumor susceptibility to chemotherapeutic agents.21,22
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Scheme 1. This model suggests that during fasting, RNF152 is upregulated, promoting the ubiquitination and degradation of p18 while inhibiting its

interaction with Rag. Consequently, this disruption prevents the recruitment of mTORC1 for activation on the lysosome. In RNF152-deficient cells, the

formation of the p18-Rag complex on lysosomes occurs, resulting in the activation of mTORC1 and gemcitabine resistance.
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RINGfinger-related E3 ubiquitin ligases target specific proteins for degradation bymediating the covalent attachment of ubiquitin.23 They

contribute to tumorigenesis, cancer development, and drug resistance and display both oncogenic and tumor-suppressive functions.24 The

RING finger protein 152 (RNF152) was detected in an unbiased genome-wide CRISPR-Cas9 loss of function screen to identify genes involved

in gemcitabine (GEM) resistance in GBC.25 RNF152 is known to be downregulated in several biliary tract cancers, including hepatocellular

carcinoma and colorectal cancer.26,27 In starved cells, RNF152-related protein degradation leads to the inactivation of the mTOR complex

1 (mTORC1), which is involved in themultidrug resistance of GBC.28,29 Increased levels of mTORC1 are known to enrich levels of the Ragulator
Figure 1. Fasting impairs glycolysis and induces gemcitabine sensitivity in gallbladder cancer (GBC)

(A) Short-term starvation (STS) reduced glucose uptake in GBC-SD cells.

(B) STS decreased lactate production via glycolysis in GBC-SD cells.

(C) Extracellular acidification rate (ECAR), an indicator of glycolysis, was reduced in GBC-SD cells cultured in fasting mimic medium.

(D) Oxygen consumption rate (OCR), which reflects mitochondrial respiration, was increased in GBC-SD cells cultured in fasting mimic medium.

(E) STS downregulates the expression of rate-limiting glycolytic enzymes in glucose metabolism (PKM2, HK2, and PFK1) according to western blot analysis.

(F) STS sensitizes cancer cells to gemcitabine (GEM)-mediated cytotoxic effect as measured by a CCK8 assay.

(G) Cell proliferation was also evaluated using EdU immunofluorescence staining.

(H) The graph shows the relative fold fraction of EdU-positive cells. Data presented asMeansG SD (n= 3). *p< 0.05, **p< 0.01 compared with the control group.
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Table 1. Correlation of RNF152 expression and clinic parameters in 25 patients of gallbladder cancer

Characteristics All cases

RNF152

p valueLow High

Participants 25 9 16

Age (years) 0.678

<60 11 4 7

R60 14 4 10

Gender 0.610

Male 10 3 7

Female 15 6 9

Clinical stage 0.174

1–2 9 2 7

3–4 16 8 8

Differentiation 0.033

Well 10 7 3

Poorly 15 4 11

Lymphnode metastasis 0.008

No 7 5 2

Yes 18 3 15
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complex protein p18/LAMTOR1, which anchors mTORC1 to lysosomal membranes.30,31 Once attached to lysosomes, mTORC1 plays a

pivotal role in cell metabolism and activating the translation of proteins involved in glycolysis and drug resistance.

In this study, we determined the relationship between p18, RNF152, and mTORC1 in GBC. RNF152 expression levels were determined in

the tissue of patients with GBC and GBC cells grown in fastingmimic media.18 We found a lower level of RNF152 expression in GBC cells and

tissue. However, fasting upregulates the expression of RNF152, which then targets p18/LAMTOR1 to inhibit the activity of mTORC1 and

thereby increase the sensitivity of GBC cells to GEM. Our results indicate that fasting or the overexpression of RNF152 could be used with

GEM to manage GBC more effectively, as shown in Scheme 1.
RESULTS

Fasting inhibits glycolysis and promotes GEM sensitivity in GBC cells

To verify that fasting can influence themetabolic status and drug resistance of cancer cells, we measured glucose uptake and lactate produc-

tion in GBC-SD cells cultured in either fasting mimic media (i.e., short-term starvation, STS) or regular media (control) for 48 h (Figures 1A and

1B). STS significantly decreased glucose uptake and lactate production in GBC-SD cells. Extracellular acidification rate (ECAR)measurements

indicated that glycolysis was reduced in GBC-SD cells cultured in the fasting mimic medium (Figure 1C) and oxygen consumption rate (OCR),

which measures the extent of mitochondrial respiration, was increased (Figure 1D). The expression of rate-limiting glycolytic enzymes (PKM2,

HK2, and PFK1) in the GBC-SD cells substantiate these results (Figure 1E). STS downregulates the expression of PKM2, HK2, and PFK1 and

signifies a reduction in glucose metabolism. Furthermore, STS also sensitizes cancer cells to the cytotoxic effects of GEM (Figures 1F–1H).

Measuring cell numbers and proliferation by CCK8 assay and EdU immunofluorescence staining demonstrates that GEM-treated STS

GBC-SD cells have lower cell viability than control cells. Our results reinforce the evidence that fasting reduces levels of glycolysis and renders

GBC cells more susceptible to chemotherapeutic agents. For instance, Krstic et al. reported that fasting has a sorafenib-sensitizing effect on

hepatocellular carcinoma through p53-dependent metabolic synergism.20 Similarly, fasting can enhance the susceptibility of breast cancer

cells to doxorubicin and cyclophosphamide and can protect normal cells from chemotoxicity by reducing levels of glycolysis.22
RNF152 expression is suppressed in GBC

To determine the status of RNF152 in GBC we measured levels of expression in the tumor tissues of 25 patients with GBC and examined its

correlation with clinical parameters (Table 1). The protein levels of RNF152 andmRNAexpression were significantly lower in GBC tumor tissue

than in adjacent non-cancerous tissue (p = 0.0083) (Figures 2A and 2B). Staining by immunohistochemistry (IHC) detected higher levels of

RNF152 in normal tissues than in tumor tissue (Figure 2C). To further investigate the role played by RNF152 in GBC, we altered its expression

in GBC-SD and SGC-996 cells (Figure 2D). Colony formation assays indicated that cell proliferation was significantly reduced when RNF152 is

overexpressed in GBC cells, whereas silencing RNF152 resulted in enhanced levels of cell proliferation (Figures 2E and 2F). These results were

confirmed by EdU staining (Figure 2G). Overall, these findings demonstrate that inhibiting the expression of RNF152 enhances the prolifer-

ation of GBC cells.
iScience 27, 109659, May 17, 2024 3



Figure 2. RNF152 is a potential therapeutic target for the treatment of gallbladder cancer (GBC)

(A) Protein expression levels of RNF152 in seven patients with GBC were measured by western blot analysis of the paired GBC and peritumoral tissue samples.

(B) Relative mRNA expression of RNF152 in 25 paired GBC tissues, as determined by RT-PCR.

(C) Representative immunohistochemical (IHC) images showing RNF152 expression in GBC tissues and non-tumor tissue from patients with GBC. Scale bar,

100 mm.

(D) Western blot analysis of the RNF152 protein levels in GBC-SD and SGC-996 cells after transfection. NC, negative control.

(E) Colony formation assay of cell proliferation in GBC-SD lines after transfection.

(F) The graph shows the statistical results of the colonies in GBC-SD and SGC-996 cells.

(G) Cell proliferation was also evaluated in the indicated cells using EdU staining. Scale bar: 100 mm. Data presented as MeansG SD (n = 3). **p < 0.01 compared

with the NC or shScr group.
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Downstream regulation of RNF152 is influenced by fasting in GBC

To determine if fasting can influence the downstream regulation of RNF152 in GBC, we measured its expression in cells cultured in fasting

mimic media for 48 h. Western blotting indicated that STS for 48 h increased the protein levels of RNF152 and reduced levels of cell prolif-

eration (Figures 3A and 3B). When these cancer cells were transplanted in mice to create a xenograft model of GBC, fasting and the over-

expression of RNF152 resulted in tumors with a smaller mass (Figures 3C and 3D). Both fasting and RNF152 overexpression inhibited tumor

growth. Fasting combined with the implantation of RNF152-overexpressing GBC-SD cells had the most obvious inhibitory effect on tumor

growth in the mice (Figures 3C and 3D). In contrast, suppressing the expression of RNF152 partially reverses the effects of fasting

(Figures 3E–3G). Therefore, fasting promotes the expression of RNF152 and inhibits the growth of GBC in vitro and in vivo, indicating that

fasting could influence the downstream regulation of RNF152.
Loss of RNF152 decreases GEM sensitivity

GBC cells are known to acquire increased resistance to chemotherapy. To verify whether the expression of RNF152 could influence drug sensi-

tivity in GBC, we determined the IC50 in GBC cells treated with GEM and lacking RNF152 expression. The level of GEM resistance was signif-

icantly increased in GBC-SD (control IC50 = 8.69, shRNF152 IC50 = 52.71) and SGC996 (control IC50 = 17.26, shRNF152 IC50 = 47.83) cells

lacking the expression of RNF152 (Figure 4A). Apoptotic assays confirmed these results (Figures 4B and 4C). Higher levels of apoptotic cells

were observed in the control cells transfected with shscr (GB-SD= 34.6%, SGC996 = 45.2%) than in those transfected with shRNF152 (GB-SD=

19.3%, SGC996 = 22.09%). Representative images of cell densities in GBC-SD and SGC-996 cells treated with an IC50 concentration of GEM
4 iScience 27, 109659, May 17, 2024



Figure 3. RNF152 is an important downstream target of fasting in gallbladder cancer (GBC)

(A) Western blotting indicated that STS for 48 h and RNF152 overexpression increased the protein level of RNF152.

(B) RNF152 overexpression and STS for 48 h inhibited GBC cell proliferation as measured by a CCK8 assay.

(C) Images of dissected tumors. Both fasting and RNF152 overexpression inhibited tumor growth in themice. Fasting combinedwith the implantation of RNF152-

overexpressing GBC-SD cells had the most obvious inhibitory effect on tumor growth in the mice, n = 6 per group.

(D) Tumor volumes and tumor weights.

(E) The effect of RNF152 knockdown, STS 48 h, and RNF152 knockdown combined with STS on GBC-SD cell proliferation was evaluated by CCK8.

(F) Images of dissected tumors. Fasting inhibited tumor growth in mice. RNF152 knockdown promoted tumor growth in mice. Fasting combined with shRNF152

GBC-SD cells did not inhibit tumor growth in the mice, n = 6 per group.

(G) Tumor volumes and tumor weights. **p < 0.01, ***p < 0.001.
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illustrate that the depletion of RNF152 results in increased levels of drug resistance (Figure 4D). RNF152 deletion also reduces the sensitivity to

GEM in vivo (Figure 4E). Tumors expressing RNF152 are smaller and have an increased response to GEM than those inhibiting the expression

of RNF152.
RNF152 represses mTORC1-mediated glycolysis during fasting

Glycolysis is believed to be mediated in cancer cells through the mTORC1 pathway and involves the activity of p-4E-BP1 and pS6K1.31,32

Therefore, we determined the levels of these proteins inGBC cells grown under STSwith or without the overexpression of RNF152. The down-

regulation of p-4E-BP1 and pS6K1 indicated that both STS and RNF152 overexpression inhibited the mTORC1 pathway and STS combined

with RNF152 overexpression had the most obvious inhibitory effect on mTORC1 activation (Figure 5A). In contrast, RNF152 knockdown pro-

moted glycolysis and increasedmTORC1 activation but this effect could be reversed by themTOR inhibitor Torin1 (Figure 5B). RNF152 knock-

down increased glucose uptake and lactate production but this increase in glycolysis could also be reversed by Torin1 (Figures 5C and 5D). All

these factors combined indicate that increased levels of RNF152 through STS are associated with the suppression of mTORC1-mediated

glycolysis.
RNF152 regulates p18 levels in a proteasome-dependent manner

Increased levels of mTORC1 are associated with enriched levels of the Ragulator complex protein p18, which anchors mTORC1 to lysosomal

membranes.31 Therefore, we investigated whether the differential expression of RNF152 may affect levels of p18. We found an opposing

expression profile between RNF152 and p18 in GBC tissue. Representative IHC images indicate low levels of RNF152 and high levels of
iScience 27, 109659, May 17, 2024 5



Figure 4. Loss of RNF152 decreases gemcitabine (GEM) sensitivity in vitro and in vivo

(A and B) RNF152-depleted cells exhibited resistance to GEM, as assessed by cell viability assay under GEM treatment for 72 h at indicated doses (A) and

apoptotic assay by Annexin-V/PI staining for flow cytometry after GEM treatment for 72 h at IC50 (B).

(C) The graph shows the statistical results of apoptosis.

(D) Representative images of cell densities in GBC-SD and SGC-996 cells treated with GEM at IC50 or vehicle and stained with crystal violet.

(E) Images and volume of tumors isolated from mice in different groups. *p < 0.05, **p < 0.01.

ll
OPEN ACCESS

iScience
Article
p18 expression in GBC tissues, whereas high levels of RNF152 and low levels of p18 expression are found in non-tumor tissues (Figure 6A).

Western blot analysis of p18 protein expression levels in GBC and matched normal tissues confirm these results (Figure 6B). Moreover, when

RNF152 is inhibited, levels of p18 increase, whereas the overexpression of RNF152 lowers the expression of p18 (Figure 6C). Western blotting

analysis of p18 after the addition of a proteasome inhibitor, MG132 (10 mM), or a lysosome inhibitor, bafilomycin A1 (BafA, 100 nM, a

V-ATPase inhibitor), indicated that the levels of p18 are increased by MG132. This suggests that levels of p18 are regulated by the

proteasome (Figure 6D). Immunoprecipitation (IP) analysis suggests that an endogenous interaction exists between RNF152 and p18 in

GBC-SD and SGC-996 cells (Figure 6E). Western blot analysis of p18 immunoprecipitated from cells over or under-expressing RNF152

and analyzed by anti-ubiquitin antibody indicates a greater degree of ubiquitinationwhen RNF152 levels are higher (Figure 6F). Overall, these

results indicate that RNF152 regulates the levels of p18 in a proteasome-dependent manner.
Increased p18 levels are associated with the increased lysosomal localization of the Ragulator-Rag complex and mTORC1

To confirm whether increased p18 levels are associated with the increased lysosomal localization of the Ragulator-Rag complex and

mTORC1, we used fluorescent imaging of co-immunostained lysosomal protein LAMP2 and either mTOR, RagA, or p14 with or without

the expression of p18 (Figures 7A–7C). The colocalization index of mTOR-LAMP2, RagA-LAMP2, and p14-LAMP2 was significantly higher

when p18 was present (Figure 7D). Further analysis using co-IP demonstrated that p18 interacts with RagA, RagC, and p14 in GBC-SD cells

(Figure 7E). These results confirm that increased p18 levels facilitate lysosomal anchoring of the Ragulator-Rag complex and activation of

mTORC1.
Inhibiting p18 counteracts abnormal mTORC1 signaling induced by RNF152 deficiency

We next determined whether the knockdown of p18 could influence mTORC1 in a way that is opposite to the effects of RNF152 deficiency.

We measured the expression of RNF152, p18, mTORC1 substrate, and rate-limiting glycolytic enzymes in GBC-SD and SGC-996 cells by

western blotting and found that p18 knockdown could reverse the effects of RNF152 deficiency (Figure 8A). These results were verified by

colony formation in GBC-SD and SGC-996 cells (Figure 8B). The knockdown of p18 reduced the high levels of colonies formed when

RNF152 was inhibited. The silencing of both RNF152 and p18 led to lower levels of cell migration. This would imply that although p18

is not required for mitochondrial oxidative phosphorylation under fasting conditions, it is important in the glycolysis and proliferation

of GBC cells.
6 iScience 27, 109659, May 17, 2024



Figure 5. RNF152 senses fasting to repress mTORC1-mediated glycolysis

(A) Both STS and RNF152 overexpression inhibited mTORC1 activation (thereby downregulating p-4E-BP1 and pS6K1). STS combined with RNF152

overexpression had the most obvious inhibitory effect on mTORC1 activation.

(B) RNF152 knockdown promoted glycolysis and increased mTORC1 activation, and this effect could be reversed by the mTOR inhibitor Torin1 (250 nM).

(C) RNF152 knockdown increased glucose uptake, and this increase could be reversed by Torin1.

(D) RNF152 knockdown increased lactate production via glycolysis, and this increase could also be reversed by Torin1. **p< 0.01 compared with the shScr group,

##p < 0.01 compared with the shRNF152 group.
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RNF152 enhanced the sensitivity of GEM by inhibiting mTORC1 signaling and glycolysis in vivo

Having established that RNF152 enhanced the sensitivity of GEM through inhibiting mTORC1 signaling and glycolysis in GBC cells, we

investigated whether similar results could be obtained in vivo. GBC cells under or overexpressing RNF152 were transplanted in mice to

create a xenograft model. After 24 days the tumors were assessed for the expression of RNF152, p18, mTORC1 substrate, and rate-limiting

glycolytic enzymes (Figure 9A). The overexpression of RNF152 led to reduced levels of p18 and other proteins associated with glycolysis.

However, the loss of RNF152 expression had the opposite effect and increased levels of glycolytic enzymes. When mice were treated with

GEM, the tumors overexpressing RNF152 were significantly smaller than the control tumors (Figure 9B). Representative tumor samples

stained for the expressions of Ki-67 indicate that the overexpression of RNF152 results in a lower level of cell proliferation and increased

sensitivity to GEM (Figure 9C). Tumor volume indicates that fasting can enhance sensitivity to GEM, however when the expression of

RNF152 is inhibited in tumors, the resistance to GEM is increased (Figure 9D). With the collation of these results, we can conclude that

the upregulation of RNF152 through fasting can enhance the sensitivity of GBC cells to GEM through inhibiting mTORC1 signaling and

glycolysis.

DISCUSSION

The survival rate of patients with GBC remains a concern because it is diagnosed at a late stage when metastasis and drug resistance have

developed.5,33 Therefore, a key factor in improving the therapeutic outcome of GBC is through the enhancement of drug sensitivity by using a

combination of therapies.4 Intermittent fasting is gaining credibility as a method of enhancing the chemotherapeutic susceptibility of tu-

mors.34,35 However, the exact metabolic pathways involved and how they affect cancer cells are unclear. Therefore, in this study, we examined

the effects of fasting on RNF152, a ubiquitin ligase that is downregulated in several biliary tract cancers.27 Our research suggests that RNF152

can act as a fasting sensor and is an important regulator of the p18/mTORC1 pathway in GBC cells. RNF152 suppresses the activity of

mTORC1 in GBC cells to inhibit glycolysis and enhance the sensitivity of GBC cells to GEM.

In our study, RNF152 was downregulated in the tumor tissue of GBC patients and in proliferating GBC cells. However, the overexpression

of RNF152 led to a reduction in the proliferation of GBC cells. Moreover, fasting was found to increase the expression of RNF152. RNF152 is

known to be downregulated in other cancers, including hepatocellular carcinoma and colorectal cancer (CRC).26,27,36 Increasing evidence
iScience 27, 109659, May 17, 2024 7



Figure 6. RNF152 regulates p18 levels in a proteasome-dependent manner

(A) Representative immunohistochemical (IHC) images illustrating levels of RNF152 and p18 expression in GBC tissues and non-tumor tissue. Scale bar, 100 mm.

(B) Western blot analysis of p18 protein expression levels in GBC and matched normal tissues.

(C) p18 expression following RNF152 knockdown and overexpression was quantified by western blotting.

(D) A proteasome inhibitor, MG132 (10mM), or a lysosome inhibitor, the vacuolar H + -ATPase inhibitor, bafilomycin A1 (BafA, 100 nM), for 30min.MG132, but not

BafA, significantly increased p18 levels.

(E) Immunoprecipitation analysis with the indicated antibodies (exogenous interaction). The endogenous interaction of RNF152 and p18 was identified in GBC-

SD and SGC-996 cells.

(F) Representative western blot images of p18 immunoprecipitated and analyzed by anti-ubiquitin antibody.
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suggests that RNF152 can suppress the proliferation of cancer cells by regulating mTORC1 through a mechanism involving ubiquitination.

Deng et al. discovered that RNF152 negatively regulates mTORC1 by targeting RagA for K63-linked ubiquitination.28 In another study,

RagA was not ubiquitylated in CRC cells whereas mTORC1 was upregulated.27 An interesting finding in our study was that levels of

RNF152 could be controlled through fasting. In support of this finding, Weng et al. discovered that fasting could inhibit aerobic glycolysis

and proliferation in CRC by the suppression of the AKT/mTOR/HIF1a pathway.18 Similarly, we have found that fasting can inhibit this pathway

in GBC through RNF152 ubiquitination.

Several cancers are associated with the aberrant regulation of p18, including metastatic melanoma, bladder cancer, and hepatocellular

carcinoma.30,37,38 In our study, p18 contributed to drug resistance and glycolysis by modulating the location and lysosomal activity of the

Ragulator-Rag complex formed with mTORC1. We found that inhibiting p18 counteracts abnormal mTORC1 signaling induced

by RNF152 deficiency. Similar mechanisms of drug resistance involving the combination of RNF152 and the p18/mTORC1 pathway

have been reported.30,31 The upregulation of RNF152 is known to control levels of mTORC1 through the K63-linked ubiquitination of

RagA thereby preventing the assembly of the p18 and Ragulator-Rag complex.28 Moreover, the ubiquitin E3 ligase UBE3A has been found

to regulatemTORC1 activity by targeting p18/LAMTOR1.39 Sun et al. discovered that ubiquitination and degradation of p18 by UBE3A results

in decreasedmTORC1 activity and UBE3A knockdown results in increased lysosomal localization of p18 and other members of the Ragulator-

Rag complex.39 Furthermore, the upregulation of mTORC1 by other factors is known to increase glycolysis and is associated with cancer. For

instance, the interaction of galectin-3 with Rag GTPases and Ragulator on lysosomes leads to the promotion of glycolysis through the
8 iScience 27, 109659, May 17, 2024



Figure 7. Increased p18 levels are associated with increased lysosomal localization of the Ragulator-Rag complex and mTORC1

(A) Images of GBC-SD cells co-immunostained for lysosomal protein LAMP2 (red) and mTOR (green).

(B) Images of GBC-SD cells co-immunostained for lysosomal protein LAMP2 (red) and RagA (green).

(C) Images of GBC-SD cells co-immunostained for lysosomal protein LAMP2 (red) and p14 (green).

(D) Quantification of mTOR-LAMP2, RagA-LAMP2, and p14-LAMP2 colocalization in GBC-SD cells.

(E) p18 co-immunoprecipitates RagA, RagC, and p14 in GBC-SD cells. **p < 0.01.
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activation of mTORC1.40 Galectin-3 is upregulated in several cancers and is believed to be associated with glycolysis andmitochondrial meta-

bolism in tumors.41,42 However, whether galectin-3 or UBE3A form part of a network with RNF152 in regulating the Ragulator-Rag complex

and p18/mTORC1 pathway remains to be investigated. Certainly, the relationship between p18/mTORC1, metabolic pathways, and drug

resistance has been well-established and our results support these findings.43,44
Figure 8. Knockdown of p18 counteracts RNF152 deficiency-induced abnormal mTORC1 signaling

(A) Western blotting experiments to assess the expression of RNF152, p18, mTORC1 substrate, and rate-limiting glycolytic enzymes in GBC-SD and SGC-996 cells.

(B) Knockdown of p18 reversed the promotive effects of RNF152 deficiency in colony formation in GBC-SD and SGC-996 cells.

iScience 27, 109659, May 17, 2024 9



Figure 9. RNF152 enhanced the sensitivity of gemcitabine by inhibiting mTORC1 signaling and glycolysis

(A) Western blot analysis of xenograft tumors from BALB/c nude mice subcutaneously injected with transfected GBC-SD and SGC-996 cells for the expression of

RNF152, p18, mTORC1 substrate, and rate-limiting glycolytic enzymes.

(B) In vivo growth of tumors as measured by tumor volume in mice inoculated with GBC-SD cells; Images and volume of tumors isolated from mice in different

groups.

(C) Representative HE and immunohistochemistry staining for the expressions of Ki-67 and RNF152. Scale bar, 50 mm.

(D) Images and volume of tumors isolated from mice in different groups. **p < 0.01, ***p < 0.001.
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There are limitations to our study, including the low number of tissue samples examined and the inability to monitor the calorific intake or

the physiological andmetabolic status of patients with GBC. In addition, ethnicity was restricted to a limited genetic background, and further

studies of RNF152 expression in other genetic backgrounds are required. However, the uniqueness of this study lies in the ability to associate

metabolic pathways with the differential expression of RNF152 and the activation of the p18/mTORC1 pathway. To conclude, our research

suggests that the expression of RNF152 can be enhanced through fasting and can mediate the metabolic status of GBC cells. Moreover,

RNF152 is an important regulator of mTORC1 signaling by mediating the degradation of p18. Therefore, RNF152 functions as a tumor sup-

pressor protein by inhibiting the activity of mTORC1 to suppress glycolysis and enhance the sensitivity of GEM in GBC. Further investigations

could uncover other components involved in the RNF152, p18, and mTORC1 network and whether this could be manipulated by fasting.

Manipulating the expression of RNF152 may have potential in the management of GBC.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-RNF152 Santa Cruz Biotechnology Cat#sc-398407

Anti-p18 Cell Signaling Technology Cat#8975

Anti-p-S6K1 Thr389 Cell Signaling Technology Cat#9205

Anti-S6K1 Cell Signaling Technology Cat#9202

Anti-p-4E-BP1 Ser65 Cell Signaling Technology Cat#9451

Anti-4E-BP1 Cell Signaling Technology Cat#9644

Anti-HK2 Proteintech Cat#22029-1-AP

Anti-PKM2 Proteintech Cat#60268-1-Ig

Anti-PFK1 Santa Cruz Biotechnology Cat#sc-377346

Biological samples

Human GBC tissues, and adjacent normal tissues Shanghai Xinhua Hospital N/A

Chemicals, peptides, and recombinant proteins

Fetal bovine serum GIBCO Cat#A5669701

RIPA buffe Sigma-Aldrich Cat#R0278

BCA Reagent Thermo Fisher Scientific Cat#A55861

DAPI Sigma-Aldrich Cat#17510

Gemcitabine MedChem Express Cat#HY-17026

Lipofectamine 3000 Invitrogen Cat#L3000001

Critical commercial assays

Cell Counting Kit-8 Dojindo Cat#CK04

Click-iT EdU Imaging Kit Invitrogen Cat#C10339

Annexin-V/PI apoptosis kit MultiSciences Cat#70-AT107-30

Glucose Uptake Fluorometric Assay Kit Biovision Cat##K666-100

Lactate Colorimetric Assay Kit Biovision Cat##K627-100

Seahorse XF Cell Mito Stress Test Kits Seahorse Bioscience Cat#103015-100

Seahorse XF Glycolysis Stress Test Kits Seahorse Bioscience Cat#103020-100

Deposited data

Unbiased genome-wide CRISPR-Cas9 screen Xu et al.25 Xu et al.25

Experimental models: Cell lines

GBC-SD Chinese Academy of Sciences N/A

SGC-996 Chinese Academy of Sciences N/A

Experimental models: Organisms/strains

Mouse: BALB/c nude Vitalriver N/A

Oligonucleotides

RNF152 shRNA: 50-CCGGATGTCAGATCTGTTTCAATTAC

TCGAGTAATTGAAACAGATCTGACATTTTTTTG-30
GenePharma N/A

p18 siRNA: 50-GGAGCUGGUUGUACAGUUU-30 GenePharma N/A

Software and algorithms

ImageJ Software National Institutes of Health https://imagej.nih.gov/ij

GraphPad Prism 6.0 GraphPad Prism Software https://www.graphpad.com/

SPSS 22.0 statistical software IBM Corp https://www.ibm.com/products/spss-statistics
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Lead contact

Requests for further information or materials should be directed to and will be fulfilled by the lead contact, Tao suo (suo.tao@zs-hospital.

sh.cn).
Materials availability

This study did not generate any new unique reagents.
Data and code availability

� All data reported in this paper can be made available by lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and tissues

The human GBC cell lines (GBC-SD and SGC-996) were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of

Sciences (Beijing, China). Cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum

(FBS, Thermo Fisher Scientific, Waltham, MA, USA) at 37�C in a humidified atmosphere with a humidified atmosphere containing 5% CO2.

Fasting cells were cultured under the same conditions in a fasting mimic medium (glucose-free DMEM supplemented with 0.5 g/L glucose

and 1% FBS) for 48 h, as described previously.18

Clinical cancer tissues and their paired adjacent normal tissues were collected from GBC patients (N = 25) in Zhongshan Hospital, Fudan

University, Shanghai, China. Ethical approval for the use of human subjects was obtained from the Research Ethics Committee of Zhongshan

Hospital consistent with ethical guidelines of the 1975 Declaration of Helsinki (B2022-364R), and informed consent was obtained from each

patient. The information on clinical characteristics and clinical outcomes is presented in Table 1. The clinical and demographic information of

gallbladder cancer patients is shown in Table S1.
Mice and ethics statement

Ethical approval was obtained from the Zhongshan Hospital Research Ethics Committee consistent with ethical guidelines of the 1975 Decla-

ration of Helsinki, Animal Ethics Approval is shown in Figure S1. BALB/cmale nudemice (4–5 weeks of age, weighing 18–20 g) were purchased

from Vitalriver (Beijing, China) and housed in pathogen-free conditions.
METHOD DETAILS

Cell transfection

Lentivirus encoding RNF152 shRNA (shRNF152) and a nontargeting shRNA (shNC) were purchased from GenePharma (Suzhou, China). The

sequence of the RNF152-shRNA was 50-CCGGATGTCAGATCTGTTTCAATTACTCGAGTAATTGAAACAGATCTGACATTTTTTTG-30. The
siRNAs targeting p18 (si-p18) and control siRNA were obtained from GenePharma. The sequence of the si-p18 was 50-GGAGCUGGUUGUA

CAGUUU-30. To overexpress RNF152, pEnter-RNF152 was purchased from Vigene Biosciences (Shandong, China). Cell transfection with plas-

mids or siRNAs was conducted using Lipofectamine 3000 (Invitrogen, Waltham, MA, USA) following the manufacturer’s instructions. An

RNF152 cell clone overexpressing RNF152 was established using the retroviral vector pMY-IG as described previously.45
Western blotting, immunohistochemistry (IHC), and co-immunoprecipitation

Protein was extracted from cells using RIPA lysis buffer (Sigma-Aldrich, St. Louis, MO, USA). Protein concentration was determined with BCA

Reagent (Thermo Fisher Scientific) and equal amounts of protein were separated using 10% SDS-PAGE. The proteins were transferred to a

polyvinylidene difluoride membrane blocked in low-fat milk and incubated with primary antibodies overnight at 4�C. The primary antibodies

used in this study were RNF152 (sc-398407, Santa Cruz Biotechnology, Dallas, TX, USA), p18 (Cat#8975, Cell Signaling Technology, Danvers,

MA, USA), p-S6K1 Thr389 (Cat#9205, Cell Signaling Technology), S6K1 (Cat#9202, Cell Signaling Technology), p-4E-BP1 Ser65 (Cat#9451, Cell

Signaling Technology), 4E-BP1 (Cat#9644, Cell Signaling Technology), HK2 (22029-1-AP, Proteintech, Rosemont, IL, USA), PKM2 (60268-1-Ig,

Proteintech), PFK1 (Cat#sc-377346, Santa Cruz Biotechnology), and GAPDH (sc-365,062, Santa Cruz Biotechnology). The membranes were

incubated with secondary antibodies (Boster, Wuhan, China) for 1 h and then immunoreactive bands were detected with enhanced chemi-

luminescence reagent (Boster).

IHC analysis was performed as described previously using antibodies toward Ki67 (273019-I-AP, ProteinTech) and RNF152 (sc-398407,

Santa Cruz Biotechnology).46 The sections were scored by two independent reviewers using a scale from 0 to 4 for the proportion of tumor

cells (0, no positive tumor cells; 1, <10% positive tumor cells; 2, 10–50% positive tumor cells; 3, 50–75% positive tumor cells; and 4, >75%
14 iScience 27, 109659, May 17, 2024
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positive tumor cells) and a scale from 1 to 3 for the intensity of the staining (1, no staining; 2, weak staining; and 3, strong staining). The staining

index was determined as the proportion of tumor cells 3 staining score.

Co-immunoprecipitation (IP) experiments were performed using antibodies toward RagC (Cat#5466, Cell Signaling Technology) as

described previously.47 Briefly, cells were lysed with RIPA buffer and then centrifuged at full speed for 15 min to obtain the supernatant, which

was incubated with the RagC antibody, IgG, and protein G agarose (Pierce, Rockford, IL, USA) at 4�C overnight. The beads were washed with

IP buffer and proteins were eluted by heating the samples at 100�C for 5 min. The eluted proteins were separated with SDS-PAGE and

analyzed by western blotting.
In vitro ubiquitination assay

The in vitro ubiquitination of p18 was measured using a Ubiquitin Ligase Kit (Boston Biochem, Cambridge, MA, USA) according to the man-

ufacturer’s instructions. Samples were separated by SDS-PAGE and subjected to western blotting. Ubiquitination was detected by incubating

western blots with p18 and ubiquitin antibodies (Cell Signaling Technology).
Cell proliferation and apoptosis assay

Following each treatment, cell proliferation and viability were measured by using a Cell Counting Kit-8 (CCK8, Dojindo Laboratories, Kuma-

moto, Japan) according to themanufacturer’s instructions and EdU staining (Click-iT EdU ImagingKit, #C10339, Invitrogen). Cells stainedwith

CCK-8 reagent were incubated at 37�C for 2 h and then measured at an absorbance of 450 nm. To determine apoptosis, cells were stained

using an Annexin-V/PI apoptosis kit (MultiSciences, Hangzhou, China) according to the manufacturer’s instructions. Then Annexin-V+ cells

were examined by flow cytometry (BD Biosciences, San Jose, CA, USA).
Colony formation and cell migration

Following treatment, cells (500 cells/well) were seeded into six-well plates. After 2 weeks, the cells were fixed and stained with 0.05% Crystal

Violet and the number of colonies was countedby lightmicroscopy. To determine themigration of cells we performed awound-healing assay.

Cells were grown to confluence in six-well plates, a scratch was made on the surface of each well with a pipette tip. Images of migration into

the scratch were recorded after 24 h.
OCR, ECAR, and glycolysis assay

The mitochondrial function and glycolytic capacity of GBC cells were measured using a Seahorse Bioscience XF96 Extracellular Flux Analyzer

and Seahorse XF Glycolysis Stress and Cell Mito Stress Test Kits (Seahorse Bioscience, North Billerica, MA, USA) according to the manufac-

turer’s instructions. The OCR and ECAR values were normalized to the total cell number and presented as the mean G SD. Glycolysis was

measured through glucose uptake and lactate production by using a Glucose Uptake Fluorometric Assay Kit (Biovision, Waltham, MA,

USA; #K666-100) and a Lactate Colorimetric Assay Kit (Biovision, #K627-100), respectively.
Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked with 0.8% bovine serum albumin. They were

then incubated with appropriate primary antibodies, mTOR (Cat#2983, Cell Signaling Technology), LAMP2 (ab13524, Abcam), RagA

(Cat#4357, Cell Signaling Technology), or p14 (Cat#8975, Cell Signaling Technology), overnight at 4�C. Then they were incubated with Alexa

Fluor secondary antibodies (Invitrogen) and nuclei were stained with DAPI (Sigma-Aldrich). Images were visualized with an Olympus (Tokyo,

Japan) inverted microscope.
Tumor xenografts

GBC cells (2 3 104) overexpressing or inhibiting RNF152 were injected subcutaneously into the right flanks of the mice and the size of the

tumors was monitored weekly. Mice were randomly assigned to control and fasting groups (n = 6 per group). The control mice were fed ro-

dent chow ad libitum (average daily consumption was 15 kJ) whereas the fasting groups were fed a 7-day diet that contained 50% of the

normal calorific intake on day 1, 10% of the normal calorific intake on days 2 and 3, and the normal calorific intake on days 4–7. This cycle

was repeated. All animals had free access to water. At the end of the experiment, the mice were killed humanely and the tumors were

dissected. Tumor volume was calculated by the formula: volume = (length 3 width2)/2.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed by using SPSS 22.0 software (IBM Corp., Armonk, NY, USA) and presented as an average of biological

replicates (mean G S.D.). Student’s t test or one-way ANOVA was used to evaluate the differences. All graphs were generated using

GraphPad Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA). p < 0.05 was considered statistically significant.
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