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Cereblon (CRBN) inhibits prostate cancer metastasis by
negatively regulating 6-phosphogluconate

dehydrogenase (6PGD)
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Metastasis is the primary cause of mortality in advanced prostate cancer, and the emergence of resistance to androgen receptor
(AR)-targeted therapies highlights the urgent need for alternative therapeutic strategies. Metabolic reprogramming has increasingly
been recognized as a key driver of metastatic progression. In this study, we uncover a novel tumor-suppressive role for cereblon
(CRBN), a substrate receptor of the CRL4"EN E3 ubiquitin ligase complex, in modulating prostate cancer metastasis through
regulation of 6-phosphogluconate dehydrogenase (6PGD), a critical enzyme in the oxidative pentose phosphate pathway (oxPPP).
CRBN directly binds a conserved C-terminal a-helix in 6PGD, promoting its polyubiquitination and proteasomal degradation
independently of immunomodulatory drugs (IMiDs). Genetic or pharmacological loss of CRBN via CRISPR/Cas9, RNA interference, or
PROTAC-mediated degradation stabilized 6PGD and elevated the NADPH/NADP™ ratio. Conversely, re-expression of wild-type CRBN
reduced 6PGD levels, restored NADPH/NADP? ratio, and suppressed cell migration and invasion. Transcriptomic profiling revealed
CRBN-induced upregulation of CDH1 and downregulation of the EMT marker MMP1, while CRBN degradation produced the
opposite pattern—both effects were reversed by 6PGD inhibition. These regulatory effects were conserved across multiple cancer
cell lines and observed in CRBN-deficient mouse tissues. Functional studies using intra-splenic xenograft models further
demonstrated that CRBN suppresses metastatic dissemination. Collectively, our findings identify 6PGD as a novel endogenous
substrate of CRBN and establish the CRBN-6PGD axis as a critical metabolic checkpoint in prostate cancer metastasis. Therapeutic

targeting of this pathway may offer promising strategies for CRBN-deficient or 6PGD-driven cancers.
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INTRODUCTION

Prostate cancer remains a leading cause of cancer-related
mortality among men worldwide, with its lethality primarily driven
by metastatic progression—the main contributor to treatment
failure and death in advanced-stage disease [1-3]. Metastasis is a
complex, multistep process whereby cancer cells detach from the
primary tumor, invade surrounding tissues, and disseminate via
the bloodstream or lymphatic system to form secondary tumors in
distant organs such as the bone, liver, and lungs [4, 5]. Despite
advances in androgen receptor (AR)-targeted therapies, resistance
to these agents remains a formidable clinical challenge, under-
scoring the need to identify alternative molecular drivers of
metastasis and develop effective strategies to suppress cancer cell
dissemination.

Recent studies have identified cereblon (CRBN) as a key
regulatory protein in cancer biology. As a substrate receptor of
the cullin-RING (CRL4“"®N) E3 ubiquitin ligase complex, CRBN
mediates the ubiquitin-dependent degradation of diverse cellular
targets involved in transcription, DNA repair, and cell cycle control
[6-10]. CRBN is best known as the pharmacological target of
immunomodulatory drugs (IMiDs), including thalidomide and its
analogs, which exert anti-proliferative, anti-angiogenic, and
immunomodulatory effects in multiple myeloma and other
hematologic malignancies [11-13]. Notably, diminished CRBN
expression has been associated with poor prognosis and
enhanced migratory behavior in various cancer types [14-16].
However, the physiologic substrates of CRBN and its mechanistic
role in metastasis remain incompletely understood.
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6-Phosphogluconate dehydrogenase (6PGD), an essential
enzyme in the oxidative arm of the pentose phosphate pathway
(oxPPP), plays a central role in cancer metabolism. 6PGD catalyzes
the oxidative decarboxylation of 6-phosphogluconate to ribulose-
5-phosphate, generating NADPH—a critical cofactor that supports
reductive biosynthesis and antioxidant defense. These metabolic
programs are often co-opted by cancer cells to support
proliferation, survival, and metastatic progression [17-19]. Aber-
rant upregulation of 6PGD has been reported in several cancers,
including prostate cancer, where it contributes to tumor growth,
invasiveness, and therapy resistance through redox and signaling
modulation [17-21]. Nevertheless, the regulatory mechanisms
governing 6PGD protein turnover remain poorly defined.

In this study, we identify 6PGD as a previously unrecognized
endogenous substrate of CRBN. We demonstrate that CRBN binds
directly to 6PGD and promotes its Joo'!yubiquitination and
proteasomal degradation via the CRL4AFEN complex. Mechan-
istically, CRBN-mediated degradation of 6PGD limits NADPH
production and suppresses epithelial-mesenchymal transition
(EMT), thereby inhibiting prostate cancer cell migration, invasion,
and metastasis. Conversely, CRBN loss—induced either genetically
or pharmacologically—results in 6PGD accumulation and
increased metastatic potential. These findings uncover a tumor-
suppressive function of CRBN via 6PGD regulation, establishing
the CRBN-6PGD axis as a key metabolic checkpoint in prostate
cancer metastasis with broad therapeutic implications.

MATERIALS AND METHODS

Cell lines and cell culture

RWPE-1 (CRL-11609), DU145 (HTB-81), PC3 (CRL-1435), H1299 (CRL-5803),
HEK293T (CRL-3216), MEF (SCRC-1008), and U-87 MG (HTB-14) cells were
purchased from ATCC (Manassas, VA, USA). The LNCaP cell line was
purchased from the Korean Cell Line Bank (KCLB). RWPE-1, DU145, PC3,
LNCaP, and H1299 cells were cultured in RPMI medium (Gibco, 11875093,
Grand Island, NY, USA), while HEK293T, MEF, and U-87 MG cells were
cultured in DMEM (Gibco, LB00102) supplemented with 2 mM glutamine
(Gibco, A2916801), 100 IU/mL penicillin, 100 pg/mL streptomycin (Gibco,
15140-122), and 10% heat-inactivated fetal bovine serum (HyClone,
SH30071.03HI, Logan, Utah, USA) at 37°C in a humidified 5% CO,
incubator. All cell lines were confirmed to be mycoplasma-free.

Antibodies

Primary antibodies against CRBN (HPA045910) were from Sigma-Aldrich
(St. Louis, MO, USA). Anti-CRBN (71810S), CDH1 (3195T), and rabbit 1gG
(45262S) were from Cell Signaling Technology (Danvers, MA, USA). Anti-
6PGD (ab129199), CUL4A (ab92554), and MMP1 (ab137332) were from
Abcam (Cambridge, UK). Additional anti-6PGD (NBP1-31589) was from
Novus Biologicals (Centennial, CO, USA). Anti-HA (901501) was from
BioLegend (San Diego, CA, USA); anti-Myc (05-419) from Millipore
(Darmstadt, Germany); anti-DDB1 (A300-462A) from Bethyl Laboratories
(Montgomery, TX, USA); and anti-B-Actin (LF-PA0207) and GAPDH (LF-
PA0018) from AB Frontier (San Jose, CA, USA). Rabbit IgG (sc-2027) was
from Santa Cruz Biotechnology (Dallas, TX, USA). HRP-conjugated
secondary antibodies against rabbit and mouse were from Jackson
ImmunoResearch (111-035-003, West Grove, PA, USA).

Retrovirus production and packaging

Retrovirus generation and transduction were conducted per protocols
from the Stewart laboratory. Briefly, 1 ug of GFP-CRBN plasmid and 1 pg of
retroviral packaging plasmids were co-transfected into HEK293FT cells
using FUGENE HD (Promega, E2311, Madison, WI, USA) in serum-free
DMEM. Viral supernatant was collected and filtered (0.45 um) to remove
cells. Polybrene (10 ug/mL) was added and incubated with target cells for
8 h. GFP-positive infected cells were sorted using FACS.

Co-immunoprecipitation (Co-IP)

HEK293T cells were seeded to 60% confluency and transfected with
expression plasmids using FUGENE or Lipofectamine 2000 (Invitrogen,
11668019, Waltham, MA, USA). After 24 h, cells were harvested, washed in
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ice-cold DPBS (WELGENE, LB00102, Gyeongsan, Korea), and lysed in NP-40
buffer (Elpisbiotech, EBA-1049, Daejeon, Korea) with protease and
phosphatase inhibitors (Xpert). Lysates were rotated for 1h at 4°C,
centrifuged at 12,500 rpm for 20 min, and supernatants incubated with
antibodies overnight. Protein complexes were captured with Protein G
Sepharose beads (GE Healthcare, 17061801, Chicago, IL, USA), washed four
times, and analyzed by Western blot.

Immunoblot analysis

Cells were lysed in NP-40 buffer with protease and phosphatase inhibitors
and incubated for 1h at 4°C. After centrifugation (12,500 rpm, 20 min),
protein concentrations were determined by Bradford assay (Biosesang,
B1017, Yongin, Korea). Equal amounts of protein were separated by SDS-
PAGE, transferred to nitrocellulose membranes (BioRad, 1620112, Hercules,
CA, USA), and probed with primary and HRP-conjugated secondary
antibodies. Signals were visualized by ECL detection (GE Healthcare,
RPN2109) and film development (Fujifilm, 47410, Tokyo, Japan).

In vivo ubiquitination assay

As previously described [22], cells were transfected with HA-ubiquitin
(2 ng) and treated with MG132 (10 uM) or MLN4924 (25 uM) for 4 h. Cells
were lysed in 200 uL of NP-40 buffer containing 1% SDS and boiled at
100 °C for 5 min. IP buffer (800 pL) was added, immunoprecipitations were
performed, and analyzed by immunoblotting.

RNA isolation and qRT-PCR

Total RNA was extracted using TRIzol (Ambion, 1596026, Austin, TX, USA)
and purified with the Direct-zol RNA Miniprep Kit (Zymo Research, R2052,
Irvine, CA, USA). cDNA was synthesized from 3 pg of RNA using TOPscript
RT drymix (Enzynomics, RT200, Daejeon, Korea). qRT-PCR was performed
using SYBR Green Master Mix (Enzynomics, RT500U), and gene expression
was normalized to B-actin or RPLPO.

CRBN knockout and siRNA transfection

CRBN knockout was performed in HEK293T, U87, H1299, and Caki-1 cells
using a CRISPR/Cas9 system (Santa Cruz, sc-412142). sgCRBN/Cas9 and
HDR plasmids were transfected with FUGENE, and puromycin selection was
applied after 24 h. For siRNA, cells were transfected with 10 nM CRBN
siRNA (GenePharma, Suzhou, China) using FUGENE, and protein knock-
down was confirmed by immunoblotting after 48 h.

Lentivirus production and transduction

shRNA plasmids against 6PGD in pGIPz and controls were purchased from
Open Biosystems (Huntsville, AL, USA). Lentiviral particles were produced
by co-transfecting shRNA, PAX2, and pMD2.G into HEK293FT cells. Viral
supernatants were harvested at 48 h and concentrated using PEG-it. Target
cells were transduced with polybrene (8 pg/mL) and selected with
puromycin (1 ug/mL) for 2 weeks. Knockdown was verified by
Western blot.

NADPH and 6PGD activity assays

NADPH/NADP* ratios were determined using a glucodehydrogenase
cycling assay at 565 nm [19]. For 6PGD activity, 15 pg of lysate was added
to assay buffer (50 mM Tris-HCl, pH 8.0; 0.1 mM NADP*; 1 mM MgCly;
0.2mM 6-phosphogluconate). NADPH production was measured at
340 nm every 20 s for 10 min using a DU800 Spectrophotometer (Beckman
Coulter, Brea, CA, USA).

RNA sequencing and analysis

Total RNA (100 ng) was prepared using the Direct-zol kit. Sequencing reads
were trimmed using Trim Galore (v1.18) and aligned to GRCh38 using STAR
(v2.7.1a). FeatureCounts (v2.0.0) and Ensembl v101 annotations were used
for quantification. Gene counts were normalized using RLE normalization.

Migration and invasion assays

For migration, PC3 and DU145 cells were seeded (1 x 10° cells/well, 6-well
plates), and confluent monolayers were scratched with a 200 L pipette tip.
After washing, cells were cultured in fresh medium, and wound closure
was monitored using Imagel. For invasion, Transwell chambers (SPL,
35224, Pocheon, Korea) were coated with Matrigel (BD Biosciences,
354230, San Diego, CA, USA), and 1x10° cells were seeded in serum-free
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medium. After 18-36 h, invaded cells were fixed, stained with crystal violet,
and quantified under a microscope (five fields/sample).

Animal studies

WT and CRBN-KO mice (C57BL/6 background) were maintained under SPF
conditions. Tissues were harvested, lysed, and analyzed by immunoblot-
ting. All procedures were approved by the Asan Animal Care and Use
Committee and Inha University Institutional Animal Care and Use
Committee. The number of animals per group was determined based on
prior studies using similar in vivo metastasis models, ensuring sufficient
biological replicates for robust and consistent phenotype assessment.
Animals were randomly assigned to control and experimental groups to
minimize selection bias. Blinding was not feasible due to the nature of the
experimental procedures; however, outcome measurements were con-
ducted according to predefined quantitative criteria to mitigate
potential bias.

Splenic metastasis model

All procedures were approved by the Asan Institute IACUC (2020-13-195).
NRG mice (6-week-old males) were anesthetized, and DU145 or PC3 cells
were injected into the spleen (5 x 10° or 1 x 10° cells/mouse, respectively).
Tumors were monitored until the humane endpoint. Livers were weighed,
frozen, or fixed in 10% NBF for histology.

Tail vein-lung metastasis model

All procedures were approved by the Inha University IACUC. BALB/c nu/nu
mice of 6-8 weeks old were purchased from Orient Bio-Inc. A total of
2.5 % 10° human cells (Du145, Du145 CRBN, PC3, and PC3 CRBN) in 100 uL
of phosphate-buffered saline (PBS) were slowly injected into mice through
the tail vein to establish the mouse lung metastasis model of prostate
cancer 16 weeks after injection; the lungs were fixed in Bouin's solution for
the quantification of visible metastatic tumor nodules. Lungs were
processed for hematoxylin and eosin (H&E) staining.

Protein structure refinement
Crystal structures of 6PGD (PDB: 4GWK) and CRBN (PDB: 4TZ4) were
obtained from RCSB. Ligands and DDB1 were removed. Missing residues
were modeled with Modeller 9.20 via ModWeb and ModLoop [23].
Structures were minimized using GROMACS 5.1.6 with added H-atoms and
evaluated using QMean4 [24, 25].

Molecular docking

ClusPro 2.0, GRAMM-X, and FireDock [23, 26, 27] were used for rigid-body
docking of CRBN and 6PGD. Binding models with favorable energetics and
no steric clashes were selected for further simulation.

Molecular dynamics simulations

GROMACS 5.1.6 with Amber-03 force field was used [24]. Solvated boxes
(TIP3P water, 0.1 M NaCl) were equilibrated via NVT and NPT (500 ps each),
followed by 10 ns production runs. The last 5 ns were analyzed.

Binding energy calculation

FoldX was used to calculate binding free energies from 5-ns MD
trajectories. Energetic terms included Van der Waals, solvation, electro-
statics, entropy, and steric interactions [28].

Hotspot and interface analysis

Clustered MD frames (cutoff 0.25 nm) were analyzed by Robetta (CASM) for
hotspot identification [29]. ConSurf and SPPIDER were used to identify
evolutionarily conserved and interface residues [30].

Bioinformatic analysis

Publicly available transcriptomic datasets from prostate cancer patient
specimens and normal prostate tissues were analyzed to evaluate CRBN
and 6PGD mRNA expression patterns. RNA-seq data were obtained from
the GDC TCGA-PRAD cohort (tumor, n = 502; normal, n = 52), the TCGA-
PRAD PanCancer Atlas cohort (n=493), and the SU2C/PCF metastatic
prostate cancer cohort (n = 208). In addition, microarray data from the GEO
database (GSE32571; tumor, n =59; normal, n=39) were included for
independent validation. The GDC TCGA-PRAD and GSE32571 datasets were
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used to compare CRBN and 6PGD mRNA expression levels between
prostate cancer and normal prostate tissues, whereas the TCGA-PRAD
Pancancer Atlas and SU2C/PCF datasets were used to examine correlations
between CRBN and 6PGD transcript levels in prostate cancer specimens.

Quantification and statistical analysis

Data are presented as mean +SD from three independent experiments.
Two-tailed unpaired Student’s t tests, Spearman correlation analysis, or
two-way ANOVA tests were performed using Microsoft Excel and PRISM.
*p <0.05 **p<0.01, **p<0.001, and ****p<0.0001 were considered
statistically significant.

RESULTS

CRBN regulates 6PGD protein stability via ubiquitin-
proteasome-dependent degradation

To evaluate the potential regulatory interaction between CRBN
and 6PGD, we first generated CRBN-knockout (KO) HEK293T cell
lines using the CRISPR/Cas9 system. HEK293T cells were selected
for their high transfection efficiency, enabling robust exogenous
protein expression suitable for mechanistic characterization. In this
model, CRBN loss resulted in an approximately 1.7-fold increase in
6PGD protein, without affecting 6PGD mRNA levels (Fig. 1A, B).
Reintroduction of wild-type CRBN into these KO cells successfully
restored 6PGD protein levels, confirming a post-translational
regulation mediated by CRBN (Fig. 1A).

To elucidate the underlying mechanism, wild-type cells were
treated with MLN4924, a neddylation inhibitor of CRL4 activity, or
MG132, a proteasome inhibitor. Both treatments triggered an
accumulation of 6PGD protein, implicating CRL4 complex-
mediated proteasomal degradation in 6PGD turnover (Fig. 1C).
Cycloheximide chase assays further demonstrated that 6PGD
stability was significantly prolonged in CRBN-deficient cells
compared to wild-type controls (Fig. 1D).

To determine whether CRBN physically interacts with 6PGD, we
performed co-immunoprecipitation (co-IP) assays. Both endogen-
ous and overexpression-based co-IPs confirmed a direct interac-
tion between CRBN and 6PGD (Fig. 1E and Fig. S1A).
Immunoprecipitation with DDB1 further demonstrated that
6PGD is recruited to the CRL4FEN complex (Fig. 1E and Fig.
S1A). Notably, DDB1 co-immunoprecipitated Flag-tagged 6PGD in
wild-type but failed to do so in CRBN-KO cells (Fig. S1B), indicating
that CRBN is the essential substrate receptor recruiting 6PGD to
the CRL4 E3 ligase complex.

To assess whether this interaction leads to polyubiquitination,
we performed in vivo ubiquitination assays. Robust HA-tagged
ubiquitin incorporation onto 6PGD was observed in wild-type
cells, whereas CRBN-deficient cells showed diminished poly-
ubiquitination (Fig. 1F). Re-expression of CRBN in KO cells
restored 6PGD ubiquitination (Fig. 1G), and pretreatment with
MLN4924 significantly attenuated 6PGD polyubiquitination (Fig.
1H), validating the requirement for CRL4 activity. Finally, we
examined the impact of immunomodulatory drugs (IMiDs) on
the CRBN-6PGD interaction. Interestingly, CRBN maintained its
interaction with 6PGD in the presence of IMiDs, consistent with
prior observations for glutamine synthetase (GS) (Fig. S1C) [22].
This interaction was also preserved with the IMiD-
binding-deficient mutant CRBNY*84/W386A (Fig S1D) [11], and
IMIiD treatment did not affect CRBN-dependent 6PGD poly-
ubiquitination (Fig. STE). Collectively, these data establish that
CRBN functions as a physiological E3 ligase receptor for 6PGD,
promoting its ubiquitination and degradation independently of
the IMID.

CRBN recognizes the C-terminal domain of 6PGD to mediate
ubiquitination and degradation

To map the structural determinants of CRBN recognition, we
generated truncated 6PGD constructs corresponding to its
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Fig. 1 CRBN regulates 6PGD protein expression through ubiquitination and proteasomal degradation. A Immunoblot analysis of CRBN
and 6PGD expression in wild-type (WT) and CRBN-knockout (KO) HEK293T cells. CRBN was reintroduced into CRBN-KO cells. Relative
6PGD:f-actin ratios, normalized to WT control, are indicated. B qRT-PCR analysis of 6PGD mRNA levels in CRBN-KO HEK293T cells following
CRBN knockout or ectopic CRBN expression. Values were normalized to $-actin. Data represent the mean + SD of three independent replicates;
n.s., not significant. C Immunoblot showing increased 6PGD protein levels upon proteasome or NEDD8-activating enzyme inhibition. WT and
CRBN-KO cells were treated with MG132 (200 nM, 12 h) or MLN4924 (10 pM, 3 h). Relative 6PGD:p-actin ratios are shown. D Cycloheximide
(CHX) chase assay assessing 6PGD protein stability. Immunoblot and quantification of 6PGD expression at the indicated time points; values
were normalized to the 0 h time point. E Endogenous co-immunoprecipitation showing interaction of 6PGD with CRBN, CUL4, and DDB1.
Lysates were immunoprecipitated with IgG or anti-CRBN and analyzed by immunoblotting. F CRBN-dependent polyubiquitination of 6PGD via
the CRL4FBN complex. WT and CRBN-KO cells were transfected with the indicated plasmids, treated with MG132 (10 uM, 3 h), and subjected to
denaturing immunoprecipitation of 6PGD. Ubiquitination was detected with anti-HA. G Ectopic CRBN expression restores 6PGD ubiquitination
in CRBN-KO cells. HA-ubiquitin and 6PGD were analyzed as in (F). H MLN4924 treatment abrogates 6PGD ubiquitination. Cells were co-treated
with MLN4924 and MG132, and analyzed as in (F).

N-terminal (6PGD-NT) and C-terminal (6PGD-CT) domains (Fig. 2A). helical motif containing residues Tyr449 and Phe450, which are

Co-immunoprecipitation (co-IP) assays revealed that CRBN selec- conserved from yeast to humans (Fig. S2A).
tively interacts with the C-terminal domain of 6PGD (Fig. 2B). To further define the molecular basis of the CRBN-6PGD
Sequence alignment of this region identified a highly conserved a- interaction, we applied a computational modeling pipeline
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Fig.2 CRBN recognizes the C-terminal domain of 6PGD to mediate ubiquitination and degradation. A Schematic representation of CRBN
and 6PGD constructs used in this study. CRBN full-length (CRBN-FL) contains the N-terminal domain (NTD), helical bundle domain (HBD), and
C-terminal domain (CTD). 6PGD full-length (6PGD-FL) includes the nucleotide-binding domain (NBD) and catalytic domain. B Co-
immunoprecipitation (Co-IP) assay demonstrating that the C-terminal domain of 6PGD is necessary for binding to CRBN. C Predicted docking
model of the 6PGD-CRBN complex based on molecular dynamics simulations, using 6PGD (PDB ID: 4GWK) and CRBN (PDB ID: 4TZ4).
D, E Alanine substitution of key residues in CRBN (H353A, E377A) and 6PGD (Y449A, F450A) disrupts their interaction. B, D, E HEK293T cells
were transfected with the indicated constructs, and lysates were subjected to HA immunoprecipitation followed by immunoblotting.
Representative results from two or three independent experiments are shown. F Molecular interaction model showing CRBN residues H353
and E377 engaging with the a-helical motif (residues 438-453) in the 6PGD C-terminal region. G The predicted 6PGD-CRBN binding interface
(dotted circle) is spatially distinct from the known CRBN-IMiD binding pocket (solid circle).

integrating the Binding Estimation After Refinement (BEAR)

respectively (Fig. 2D). Correspondingly, mutations at Tyr449 or
protocol, molecular docking, molecular dynamics (MD) simula-

Phe450 of 6PGD (6PGDY**** and 6PGD'X‘5°A) completely abolished

tions, and free energy calculations [23, 24, 26-28]. These analyses
predicted multiple high-affinity binding modes between CRBN
and 6PGD (Fig. S2B), identified the putative docking interface (Fig.
2C and Fig. S2C), and highlighted key interacting residues
(Supplementary Tables 1 and 2).

These predictions were experimentally validated through
alanine-substitution mutageness Co-IP assalgs demonstrated that
the CRBN™>*A CRBN®’7%, and CRBN"*>**8772 double mutant
reduced 6PGD binding to 0.4-, 0.7-, and 0.3-fold of control,

SPRINGER NATURE

interaction with CRBN (Fig. 2E). Structural modeling confirmed
that the CRBN-6PGD interface is spatially distinct from the IMiD-
binding pocket (Fig. 2F), consistent with our earlier findings that
neither IMiDs nor the CRBNY3®*W38A mytant affected this
interaction (Fig. S1C-E).

To assess the functional relevance of these interface residues,
we performed ubiquitination assays. Only wild-type CRBN restored
6PGD polyubiquitination in CRBN-deficient cells (Fig. S2D),
whereas interface-disrupting mutations in either CRBN or 6PGD
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Fig. 3 CRBN modulates 6PGD protein abundance and enzymatic activity in prostate cancer cells. Analysis of GDC TCGA-PRAD cohort and
GSE32571 prostate cancer cohort showing reduced CRBN mRNA expression A and elevated 6PGD mRNA expression B in prostate cancer
patient tissues compared with normal prostate tissues. *p < 0.05; **p < 0.01; ***¥p < 0.0001. C, D Scatter plots demonstrating a weak negative
correlation between CRBN and 6PGD mRNA expression in prostate cancer patient samples from the TCGA-PRAD (Pancancer Atlas) cohort
C and the SU2C/PCF metastatic prostate cancer cohort (D). E Western blot analysis showing reduced CRBN and elevated 6PGD protein
expression in DU145 and PC3 prostate cancer cells compared to the normal prostate epithelial cell line RWPE-1. CRBN silencing via siRNA
increases 6PGD protein levels F, enzymatic activity, and intracellular NADPH/NADP* ratio G in RWPE-1, DU145, and PC3 cells. Pharmacological
degradation of CRBN using TD165 (500 nM, 12 h) elevates 6PGD protein abundance H, activity, and NADPH/NADP* levels (I). Ectopic
expression of CRBN decreases 6PGD protein levels J, enzymatic activity, and NADPH/NADP* ratio K; these effects are further enhanced by
TD165 treatment. Data represent the mean + SD of biological replicates. *p < 0.05; **p < 0.01; ***p < 0.001.

significantly impaired ubiquitin conjugation (Fig. S2E). Collectively,
these results demonstrate that CRBN specifically recognizes the
C-terminal a-helical motif of 6PGD via residues H353 and Glu377,
interacting with 6PGD residues Tyr449 and Phe450 to trigger
polyubiquitination and proteasomal degradation.

CRBN modulates 6PGD protein abundance and enzymatic
activity in prostate cancer cells

To investigate the clinical relevance of the CRBN-6PGD axis, we
analyzed publicly available patient datasets, including GDC TCGA-
PRAD and an independent GEO dataset (GSE32571). Across these
cohorts, we consistently observed a significant reduction in CRBN
MRNA expression and an increase in 6PGD mRNA expression in
prostate cancer tissues compared with normal prostate tissues
(Fig. 3A, B). Further analysis of the TCGA-PRAD (Pancancer Atlas)
cohort and the SU2C/PCF metastatic prostate cancer cohort
revealed a weak negative correlation between CRBN and 6PGD
transcripts in patient samples (Fig. 3C, D). Guided by these clinical
observations, we next examined the regulatory relationship
between CRBN and 6PGD in prostate cancer cell lines. 6PGD
protein levels were elevated to 3.5- and 4.0-fold of control in
DU145 and PC3 cells, and the intracellular NADPH/NADP* ratios
were significantly elevated relative to the non-malignant prostate
epithelial cell line RWPE-1. Importantly, these protein-level
changes occurred without corresponding alterations in 6PGD
mRNA expression, supporting a consistent post-translational
mode of regulation that parallels our observations in the
HEK293T cells (Fig. 3E and Fig. S3A, B). In contrast, the expression
levels of other CRL4“REN complex components, including DDB1
and CUL4A, remained consistent between normal and cancerous
cell lines (Fig. 3E).

To validate the functional consequence of CRBN loss, we
depleted CRBN using either siRNA or TD165, a CRBN-specific
proteolysis-targeting chimera (PROTAC) [31]. Both approaches
significantly increased 6PGD protein levels, enzymatic activity, and
intracellular NADPH/NADP* ratios across DU145 and PC3 cells (Fig.
3F-1), again without altering 6PGD mRNA expression (Fig. S3C, D).
Conversely, transient overexpression of Myc-tagged CRBN reduced
both 6PGD protein levels and enzymatic activity, effects that were
rescued by TD165 treatment (Fig. 3J, K). Together, these findings
confirm that CRBN governs 6PGD abundance and metabolic activity
in prostate cancer cells via post-translational control.

CRBN suppresses AR-negative prostate cancer cell metastasis
in vitro and in vivo

To investigate the functional role of CRBN in prostate cancer
progression, we established DU145 and PC3 cell lines with stable
retroviral overexpression of CRBN (CRBN EE) (Fig. S4A). CRBN
overexpression significantly attenuated the migratory and invasive
capacities of both cell lines in vitro (Fig. 4A, B), without affecting
cell proliferation (Fig. S4B), suggesting a specific defect in
metastatic potential rather than general growth.

To assess the metastatic burden in vivo, we utilized two
xenograft models. In an intra-splenic model using immunodefi-
cient NRG mice, the CRBN EE group exhibited significantly lower
liver-to-body ratios and fewer metastatic liver lesions compared to
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controls (Fig. 4C and Fig. S4C). Similarly, in a tail vein injection
model, CRBN EE cells exhibited significantly reduced formation of
metastatic lung nodules, confirmed by H&E staining (Fig. S4D, F).
These data strongly support an anti-metastatic function of CRBN in
prostate cancer.

To determine whether CRBN-mediated regulation of 6PGD is
dependent on androgen receptor (AR) status, we pharmacologi-
cally reduced CRBN expression using TD165 treatment in the AR-
positive prostate cancer cell line LNCaP and assessed functional
outcomes using a wound healing assay. Although TD165
treatment effectively degraded CRBN, it failed to increase 6PGD
protein levels or enhance migration in LNCaP cells (Fig. S4G, H).
This clear difference suggests that the CRBN-6PGD axis and its
impact on metastasis are specific to the AR-negative context,
potentially due to distinct metabolic or signaling dependencies in
AR-positive prostate cancer.

The CRBN-6PGD axis regulates EMT-related gene expression
To elucidate the molecular mechanisms linking CRBN to
metastasis, we performed transcriptomic analysis of DU145 CRBN
EE cells. RNA sequencing identified significant alterations of EMT
markers, including upregulation of epithelial marker CDH1 (E-
cadherin) and downregulation of the mesenchymal marker MMP1
(Fig. 5A and Table S3). These changes were validated by
quantitative RT-PCR and western blotting (Fig. 5B, C).

To determine whether this transcriptional shift relies on the
physical interaction between CRBN-6PGD, we introduced CRBN
interface mutants (H353A and E377A) into DU145 and PC3 cells.
Unlike wild-type CRBN, these mutants failed to modulate CDH1
and MMP1 expression (Fig. 5D), indicating that direct binding and
degradation of 6PGD are required for CRBN-mediated EMT
suppression.

Finally, to confirm that 6PGD enzymatic activity drives this
phenotype, we treated CRBN-depleted cells (via TD165) with the
6PGD inhibitors physcion (P) and 6-aminonicotinamide (6-AN).
Pharmacological inhibition of 6PGD activity reversed the TD165-
induced suppression of CDH1 and induction of MMP1 (Fig. 5E).
These results place 6PGD metabolic activity downstream of CRBN,
acting as a driver of the EMT transcriptional program.

CRBN suppresses metastasis by limiting 6PGD stability and
metabolic function

To comprehensively validate the functional sequence of this
pathway, we correlated metabolic changes with invasive pheno-
types. Expression of CRBN WT, but not the interface mutants,
significantly reduced 6PGD enzymatic activity, lowered intracel-
lular NADPH/NADP* ratios, and enhanced 6PGD polyubiquitination
(Fig. 6A, B, and Fig. S5A). Consistently, CRBN WT-expressing cells
displayed reduced migratory and invasive behavior in Vvitro,
whereas CRBN mutants showed no reduction in metastatic
behavior (Fig. 6C, D, and Fig. S5B). Furthermore, the enhanced
migration and invasion caused by CRBN depletion (TD165) were
effectively blocked by pharmacological inhibition of 6PGD (Fig.
6E-G and Fig. S5C-E). These findings confirm that CRBN
suppresses prostate cancer cell migration and invasion specifically
by destabilizing 6PGD and limiting its metabolic output.
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The CRBN-6PGD axis regulates cancer cell migration and
invasion across multiple tumor types

Consistent with our prostate cancer models, CRBN-deficient mice
exhibited elevated 6PGD protein levels in multiple tissues,
including the brain, lung, and kidney (Fig. 7A and Fig. S6A). To
test the universality of this mechanism, we deleted CRBN in
HEK293T and mouse embryonic fibroblast (MEF). In both cell
types, CRBN loss increased 6PGD protein abundance without
altering mRNA (Fig. 7B and Fig. S6B).

Oncogene (2026) 45:1234 - 1246

Similar effects were observed in the human cancer cell lines U87
(glioblastoma), H1299 (non-small cell lung carcinoma), and Caki-1
(clear cell renal carcinoma) (Fig. 7C, D; Fig. S6C, D). In all cell lines
tested, loss of CRBN significantly enhanced migration and invasion,
and genetic knockdown or pharmacological inhibition of 6PGD
suppressed these migratory and invasive phenotypes (Fig. 7E-H;
Fig. S6E-G). These results demonstrate that the CRBN-6PGD axis
functions as a broadly conserved regulatory node governing cancer
cell motility and invasiveness across multiple tumor types.
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DISCUSSION

Prostate cancer is one of the most common malignancies in men
and remains a leading cause of cancer-related mortality world-
wide [3, 32, 33]. Metastatic progression is the primary cause of
death in patients with advanced disease [34]. Although androgen
receptor (AR) signaling has long been the cornerstone of
therapeutic intervention [35, 36], the emergence of resistance to
AR-targeted agents underscores the urgent need for alternative
strategies. In this context, metabolic reprogramming has gained
increasing attention as a hallmark of cancer progression. Here, we
identify a previously unrecognized regulatory axis in which
cereblon (CRBN), a substrate adaptor of the CRL4REN E3 ubiquitin
ligase complex, suppresses prostate cancer metastasis by promot-
ing the degradation of 6-phosphogluconate dehydrogenase
(6PGD), a key enzyme in the oxidative branch of the pentose
phosphate pathway (oxPPP).

Functionally, 6PGD is a rate-limiting enzyme in the oxPPP,
generating NADPH required for biosynthesis and redox home-
ostasis [37, 38]. NADPH plays a central role in supporting anabolic
biosynthesis and maintaining redox balance—metabolic pro-
cesses co-opted by cancer cells to fuel proliferation, buffer
oxidative stress, and facilitate epithelial-mesenchymal transition
(EMT), a key driver of metastatic plasticity [38-42]. Elevated 6PGD
activity has been associated with increased tumor aggressiveness
and poor clinical outcomes in multiple cancers, including
prostate cancer [18, 43]. However, the upstream regulatory
mechanisms controlling 6PGD protein stability have remained
elusive.

SPRINGER NATURE

Our findings resolve this by defining CRBN as the physiological
E3 ligase substrate receptor for 6PGD. We demonstrate that CRBN
directly binds a conserved C-terminal a-helical motif in 6PGD,
promoting its polyubiquitination and proteasomal degradation
independently of immunomodulatory drugs (IMiDs), thereby
revealing a native substrate function distinct from CRBN's well-
characterized pharmacological neo-substrate regulation.

The physiological consequences of this regulation are profound.
CRBN loss leads to changes in 6PGD protein abundance,
enzymatic activity, and intracellular NADPH/NADRP ratio in prostate
cancer. Beyond its metabolic effects, the CRBN-6PGD axis also
regulates epithelial-mesenchymal plasticity, as CRBN overexpres-
sion upregulates CDH1 and downregulates MMP1, while pharma-
cologic inhibition of 6PGD is sufficient to override the
transcriptional changes caused by TD165-mediated CRBN knock-
down. These results demonstrate that CRBN-mediated 6PGD
degradation influences both metabolic control and EMT-
associated gene expression to drive metastatic behavior.

Importantly, our findings demonstrate that CRBN-mediated
control of 6PGD is conserved in multiple cancer types, indicating
that CRBN-directed therapies may have wider translational
applicability beyond prostate cancer. More broadly, our study
expands the biological scope of CRBN beyond its established
IMiD-dependent activity in hematologic malignancies [10, 44] and
positions CRBN as a metabolic gatekeeper in pan-cancer
relevance.

These findings also carry translational implications. Based on
the reciprocal expression patterns of CRBN and 6PGD mRNA

Oncogene (2026) 45:1234 - 1246
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observed in publicly available datasets, CRBN expression may
serve as a prognostic biomarker in prostate cancer, with low
CRBN levels indicative of elevated 6PGD levels and heightened
metastatic risk. Although we did not evaluate primary tumor
volume in vivo, our proliferation assays did not show any
significant differences upon CRBN modulation, supporting a
metastasis-specific function consistent with our in vivo
findings.

Crucially, our data indicate that CRBN-mediated regulation of
6PGD and metastatic progression is context-dependent, being
particularly relevant in AR-negative prostate cancer, a clinically
more aggressive subtype with urgent therapeutic needs. In AR-
positive LNCaP cells, the attenuated regulatory effects imply
that AR signaling may dominate or compensate for CRBN-
dependent 6PGD control and associated metabolic reprogram-
ming [45, 46]. This observation raises the possibility that co-
targeting the CRBN-6PGD axis together with AR signaling
pathways may yield synergistic therapeutic benefits in AR-
positive prostate cancer. In contrast, in AR-negative or AR-low/
castration-resistant prostate cancer, where AR signaling is
diminished, targeting the CRBN-6PGD axis alone may be more
advantageous, particularly given the prominence of metabolic
rewiring and lineage plasticity.

Therapeutically, this study suggests that stabilizing CRBN or
activating its function could be more advantageous than direct
6PGD inhibition. While 6PGD inhibition alone suppresses oxidative
PPP activity and tumor growth [43], it risks systemic toxicity due to
the enzyme’s essential role in normal physiology. Conversely,
activating CRBN may offer a more selective strategy, as it regulates
6PGD through a context-dependent post-translational mechan-
ism, leading to a preferential impact on tumor cells. Moreover,
CRBN influences multiple downstream effectors and metabolic
nodes [16, 22, 47-49], suggesting a broader capacity to modulate
cancer-associated metabolic flux rather than solely suppressing a
single enzymatic step.

However, we acknowledge certain limitations. Our clinical
correlations rely on transcriptomic data, whereas our mechan-
istic findings define a protein-level regulation. Thus, transcript
profiles may not fully capture the functional consequences of
CRBN in prostate cancer, underscoring the need for future
protein-level validation using patient tissues and immunohisto-
chemical analyses. Additionally, it will be vital to explore whether
this axis contributes to site-specific metastasis or immune
evasion.

In summary, we establish the CRL complex as a critical
suppressor of the oxidative PPP and metastasis in prostate cancer.
By targeting 6PGD for degradation, CRBN constrains the metabolic
fuel required for EMT and invasion. Restoring CRBN function or
targeting the downstream 6PGD axis offers a promising ther-
apeutic strategy, particularly for aggressive, AR-negative prostate
cancers driven by metabolic reprogramming. These regulatory
mechanisms are conserved across multiple cancer types, high-
lighting the broad significance of CRBN in tumor biology.

4CRBN
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request.
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