








integrating the Binding Estimation After Refinement (BEAR)
protocol, molecular docking, molecular dynamics (MD) simula-
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 mutagenesis. Co-IP assays demonstrated that
the CRBNH353A, CRBNE377A, and CRBNH353A/E377A double mutant
reduced 6PGD binding to 0.4-, 0.7-, and 0.3-fold of control,

respectively (Fig. 2D). Correspondingly, mutations at Tyr449 or
Phe450 of 6PGD (6PGDY449A and 6PGDF450A) completely abolished
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 CRBNY384A/W386A mutant 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

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 α-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).
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significantly impaired ubiquitin conjugation (Fig. S2E). Collectively,
these results demonstrate that CRBN specifically recognizes the
C-terminal α-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 CRL4CRBN 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–I), 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

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 vitro,
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.

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.
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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).

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.

Fig. 4 Enforced CRBN expression suppresses prostate cancer metastasis in vitro and in vivo. Overexpression of CRBN significantly reduces
cell migration A and invasion B in DU145 and PC3 cells; these effects are reversed by TD165 treatment. C Intra-splenic injection of CRBN-
overexpressing (CRBN EE) DU145 and PC3 cells into NRG mice results in reduced liver metastases, as quantified by hematoxylin and eosin
(H&E)-stained metastatic nodules. n= 6 mice per group. Data represent mean ± SD. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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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 CRL4CRBN 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.

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 α-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/NADP 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

Fig. 5 The CRBN-6PGD axis regulates EMT-related gene expression. A Heatmap of RNA sequencing data showing differential expression of
EMT-related genes in CRBN-overexpressing (CRBN EE) DU145 cells. B Quantitative RT-PCR analysis demonstrating that CRBN overexpression
increases CDH1 and decreases MMP1 mRNA levels. ***p < 0.001. C Western blot analysis of EMT markers in CRBN EE versus control DU145 and
PC3 cells. D Wild-type CRBN (CRBN-WT), but not 6PGD-binding-deficient mutants (H353A, E377A), modulates EMT marker protein levels.
E TD165-induced changes in EMTmarker expression are reversed by treatment with the 6PGD inhibitors physcion or 6-aminonicotinamide (6-
AN). C–E β-actin was used as a loading control in panels.
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Fig. 6 CRBN regulates 6PGD stability and function to suppress prostate cancer metastasis. Expression of wild-type CRBN (CRBN-WT), but
not binding-deficient mutants H353A and E377A, decreases 6PGD enzymatic activity A and the NADPH/NADP⁺ ratio B in DU145 and PC3 cells.
**p < 0.01; ***p < 0.001. CRBN-WT suppresses cell migration C and invasion D, whereas CRBN mutants fail to do so. ***p < 0.001; ****p < 0.0001.
TD165-mediated CRBN degradation increases 6PGD activity E and NADPH/NADP⁺ ratios F; these effects are reversed by physcion or
6-aminonicotinamide (6-AN). **p < 0.01; ****p < 0.0001. G Wound healing assays show enhanced migration upon CRBN loss, which is rescued
by 6PGD inhibition. ***p < 0.001; ****p < 0.0001.
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Fig. 7 The CRBN–6PGD axis regulates cancer cell migration and invasion across multiple tumor types. A Western blot analysis showing
elevated 6PGD protein levels in brain, lung, and kidney tissues from CRBN knockout (KO) mice. n= 3 mice per group. **p < 0.01; ***p < 0.001.
B–D CRBN deletion or TD165 treatment increases 6PGD protein expression in HEK293T, mouse embryonic fibroblasts (MEFs), and multiple
cancer cell lines, including U87 (glioblastoma), H1299 (lung carcinoma), and Caki-1 (renal carcinoma). CRBN KO enhances cell migration E and
invasion F in U87, H1299, and Caki-1 cells. ***p < 0.001; ****p < 0.0001. siRNA-mediated knockdown or pharmacological inhibition of 6PGD
reduces migration G and invasion H in the same cell lines. **p < 0.01; ***p < 0.001.
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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 CRL4CRBN 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.

DATA AVAILABILITY
The data of this study are available from the corresponding author upon reasonable
request.
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