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Cancer Biology of GSPT1: Mechanisms and Targeted
Therapy Opportunities of Molecular Glue Degraders

Qiqi Lin, Wenjing Liu, Wenjia Lu, Monong Zhao, Lin Cao, Zhiyu Li,* Jubo Wang,* Xi Xu,*
and Hongxi Wu*

G1 to S phase transition protein (GSPT1), a small GTPase involved in
translation termination, which promotes the progression of cancer cells, has
emerged as an attractive potential therapeutic target for cancer treatment with
the rapid breakthrough of molecular glue degraders (MGDs). Although the
precise mechanism of GSPT1 in cancer biology is partially understood, in this
review, the characteristics of GSPT1 expression and regulatory networks are
systematically attempted to be addressed, from insights into the structure,
expression, and molecular mechanisms, highlighting the distribution and
isoform-specific signaling of GSPT1 in tumors. The clinical significance is
emphasized, immune interactions, and oncogenic pathways of
GSPT1-targeted therapies, proposing strategies to address current challenges
and provide therapeutic opportunities for the application of GSPT1 degraders
in precision oncology. A novel future direction is hoped to provide to enhance
the treatment response of GSPT1 MGDs in clinical implications.

1. Introduction

G1 to S phase transition protein (GSPT1), a small GTPase previ-
ously “undruggable target” involved in translation termination,
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has emerged as a potential therapeutic
target for the treatment of cancer with
the rapid breakthrough of targeted pro-
tein degradation (TPD) technology. GSPT1
(also known as the eukaryotic release fac-
tor 3a, eRF3a), a critical GTPase, mediates
translation termination upon recognition of
stop codons (UAA, UAG, UGA)[1–5] GSPT1
associates with eRF1 to form the eRF1-
eRF3-GTP ternary complex, which binds
to the elongation ribosome[6,7] and stimu-
lates eRF1 activity of releasing nascent pep-
tide chains in a GTP-dependent manner
to promote translation termination when
a stop codon enters the A site of the
ribosome.[8] In addition to its role in trans-
lation termination, GSPT1 also participates
in ribosome recycling and the nonsense-
mediated mRNA decay (NMD) pathway

to avoid cytotoxicity caused by the formation of truncated
protein.[9,10] Moreover, GSPT1 is involved in cytoskeleton orga-
nization and cell cycle regulation in the yeast cell.[11] As a multi-
functional protein, GSPT1 critically regulates translation termi-
nation, NMD, and cell cycle progression.
Recent studies have revealed that abnormal expression and

function dysregulation of GSPT1 are significantly correlated with
tumor progression. In 2005, Brito et al. found that the dysfunc-
tion of GSPT1 potentially leads to the development of gastric can-
cer (GC).[12] After that, studies recommended that carriers of the
longer allele (12-GGCn glycine codons) in GSPT1 showed a sig-
nificantly increased tumor risk in GC and breast cancer (BRCA),
indicating that GSPT1 has the potential to promote the progres-
sion of cancer cells.[12,13] Notably, GSPT1 was significantly up-
regulated in gastrointestinal cancers, including GC, colorectal
cancer (CRC), liver cancer, reproduction-endocrine related tu-
mors such as BRCA, and neuroendocrine-related tumors, includ-
ing glioma.[14–18] Studies have identified GSPT1 as a prognos-
tic biomarker and promoter of tumors. Knockdown of GSPT1
significantly inhibited tumor proliferation, unlocking the poten-
tial therapeutic role of GSPT1 for cancer treatment.[19,20] Further-
more, upregulated GSPT1 expression correlates with poor prog-
nosis in triple-negative breast cancer.[21] Nevertheless, as a thera-
peutic “undruggable target”, the precisemechanism of GSPT1 in
cancer biology is still unclear, and the effect of targeting GSPT1
in tumors has not been systematically summarized.
With the rapid development of TPD, which induces the prox-

imity of E3 ubiquitin ligase to the target protein, resulting
in ubiquitination and degradation of the target protein in a
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proteasome-dependent manner, TPD-mediated GSPT1 degrada-
tion therapy has been an attractive strategy for targeting GSPT1
in tumors.[22,23] As one strategy of TPD,Molecular glue degraders
(MGDs) that target GSPT1 degradation, such as CC-885 and CC-
90009 against acutemyeloid leukemia (AML)[24,25] andMRT-2359
againstMYC-driven cancers[26] have shown promising antitumor
activities in preclinical models. Frustratingly, the clinical pro-
grams ofGSPT1MGDshave largely encountered failure ormajor
challenges. For example, the clinical trial of BTX-1188, a dual de-
grader targeting GSPT1 and IKZF1/3, was halted due to a busi-
ness decision,[27] meanwhile the phase I/II clinical trial of CC-
90009 was terminated due to the lack of efficacy in the short-term
acute phase.[28] What we have learned from those clinical trials is
that not all patients with different cancer types can respond to
GSPT1 degraders, and the mechanisms behind the cancer biol-
ogy of GSPT1 are still insufficient.
Therefore, a comprehensive and systematic understanding of

GSPT1 is urgently needed to provide a pharmacological perspec-
tive for targeted therapies in abnormal GSPT1-driven cancer. In
this review, we focused on the current molecular understanding
of GSPT1 expression, regulatory networks, and signaling path-
ways in cancer biology, and summarized the research progress of
GSPT1-targeted therapies. We hope to reveal the therapeutic po-
tential of GSPT1 in precision oncology, providing a novel future
direction for enhancing the response to GSPT1-targeted therapy
in clinical trials.

2. Characteristics of Human GSPT1

In order to understand the cancer biology of GSPT1 in tu-
mors, we first analyzed the structures, distribution, and func-
tion of GSPT1 isoforms and described isoform-specific func-
tions according to the different domains of GSPT1. Moreover, we
also investigated GSPT1 expression patterns, including isoform-
specific expression in pan-cancer.

2.1. Structural Features and Isoforms-Specific Protein-Protein
Interaction (PPI) Network

Ensembl database[29] has shown that the human GSPT1 gene
contains 10 isoforms, 7 of which are protein-coding transcripts
(GSPT1-001 to GSPT1-007, Figure 1A). The full length GSPT1
protein (GSPT1-001, code by NM-002094) comprises 15 exons
coding 637 amino acids, including 1) a non-conservedN-terminal
domain (N domain), and 2) a canonical guanosine triphosphate
(GTP)-binding domain (G) along with two 𝛽-barrel domains in
the C-terminal domain (C domain), which is homologous to
GTP-binding translation factors, such as EF-Tu, eEF1A, and the
C domain of the ribosome rescue factor Hbs1 (Figure 1B).[30,31]

The C domain of GSPT1 contains three highly conserved eEF1a-
like domains (GTP-EFTU-Domain 1-3). This region is essen-
tial for GTPase activity and eRF1 binding ability to form eRF1-
eRF3-GTP complex for releasing nascent peptide chains by en-
ergy from hydrolysis of GTP to promote the biological process of
translation termination.[8]

Nevertheless, compared with the C domain, the N domain of
GSPT1 is more divergent.[32] In the N domain, a poly(A)-binding

protein (PABP)-interacting motif PAM2 is competitively bound
by PABPC1 (cytoplasmic isoform of PABP) and UPF1.[33] By
binding to PABPC1, GSPT1 promotes the translation cycle un-
der the effect of eIF4E and eIF4G.[34] Besides, PABPC1 can pro-
mote the effect of GSPT1 in translation termination.[35] Standard
stop codons are typically located in the final exon of mRNA, fol-
lowed by a short 3′ untranslated region, whereas premature stop
codons (PTCs) are associated with a long 3′ untranslated region
and the presence of an exon junction complex. PTC increases
the separation between the terminating ribosome and the PABP
associated with the poly(A) tail, which reduces interaction with
GSPT1. Therefore, competitively binding to the GSPT1, NMD
factor UPF1 can initiate NMD by the complex of SMG1-UPF1-
GSPT1-eRF1 to degrade mRNA with PTCs as a protein quality
control mechanism.[33,36,37]

Only GSPT1-001 and 002 contain a glycine-repeat structure
(GGC glycine codons, n = 7-12) in the N domain. Studies re-
ported that the longer allele (12-GGC glycine codons) reduces
the binding affinity between GSPT1 and PABP. Given the role
of PABP in translation termination and mRNA degradation, the
12-GGC allele may inhibit GSPT1-PABP interaction, thereby im-
pairing the coordination between translation termination and
NMD. Besides, 12-GGC glycine codons increase the cancer sus-
ceptibility for BRCA,GC, andCRC.[12,13,17,38,39] GSPT1-002 differs
from GSPT1-001 by only one missed valine in 146 amino acids,
while GSPT1-003 and GSPT1-005, which are shorter by over two
hundred amino acids at the N-terminus, lack a portion of the
5′ coding region, compared to GSPT1-001 and GSPT1-002. In-
terestingly, NCBI dataset showed that GSPT1-005 has the same
coding DNA sequence as GSPT1-003 variant encoding the same
protein (499 aa, NP-001123479.1), mainly differing in the 5′ un-
translated region.
In addition, analysis of the top 20 isoform-specific PPIs net-

work of GSPT1 based on the STRING Score revealed that only
GSPT1-001 and 002 possess complete functional domains, with
structural basis for involvement in biological processes includ-
ing NMD and translation termination, while GSPT1-003, 004,
005, 006, and 007 have missed the PABP and UPF1 binding
domain at the N-domain, which indicates that other isoforms
of GSPT1 except for GSPT1-001 and 002 may lead to dysfunc-
tion of NMD (Figure 1C). Furthermore, GSPT1-006 and 007
have different depletions of the C domain, which is responsible
for binding eRF1 and GTPase activity, indicating that isoform-
6 and 7 may lose the function of translation termination. Be-
sides, the isoform-specific PPIs network showed that all isoforms
of GSPT1 interact with various ribosomal protein small sub-
units and ribosomal protein large subunits, which verified the
role of GSPT1 in translation termination. Especially, all isoforms
bind to ribosomal protein large subunit 10, an essential struc-
tural cancer gene census of the 60S subunit, which mediates
ribosome assembly and coordinates translational elongation.[40]

Moreover, all the isoforms of GSPT1 can interact with cereblon
(CRBN), a component of the Cullin-RING ligase 4-DDB1-CRBN-
RBX1 (CRL4CRBN) E3 ubiquitin ligase complex,[25] which may
indicate that GSPT1 MGDs could degrade all the isoforms of
GSPT1 through ubiquitination of E3 ubiquitin ligase complex.
Above all, we proposed that the mechanisms of GSPT1 promot-
ing cancer progression may be abnormal expressions of GSPT1
isoforms.
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Figure 1. Characteristics of human GSPT1. A) Protein-coding transcripts and protein structure of GSPT1/2 contain 10 transcripts (isoform symbols
GSPT1-001 to 010). Data were collected, cleaned, and curated from Ensembl, ASCancers Altas, and cBioportal. B) GSPT1 contains five functional
domains, each corresponding to a distinct function. C) Top 20 isoform-specific PPIs Network of GSPT1 based on String Score and ASCancers Altas.
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2.2. Variations Between GSPT1 and GSPT2

In the human genomes, two distinct genes encoding eRF3 were
identified, entitled GSPT1/eRF3a and GSPT2/eRF3b, located
on human chromosome 16 and chromosome X, respectively.
GSPT2, as the important paralog of GSPT1 sharing 87% ho-
mology with GSPT1, also contains one PAM2 motif in the N
domain and eEF1A-like C domain, but mainly differs from hu-
man GSPT1 in the N domain, where GSPT2 loses a repetition
of GGC glycine codons. GSPT2 may maintain the structural
basis of GTPase-binding and eRF1-binding activity in the bio-
logical process of translation termination[32] (Figure 1A). PPI
analysis showed that human GSPT2 can interact with UPF1,
PABP, eRF1, and GSPT1[37] (Figure 1C), indicating that GSPT2
either modulates GSPT1-mediated biological processes through
direct/indirect mechanisms or substitutes for GSPT1. Studies
have proved that both GSPT1 and GSPT2 have the ability to bind
to eRF1 and promote the release activity of eRF1, which is in-
volved in translation termination.[37,41] GSPT1 is the main trans-
lation termination factor, while GSPT2, which exhibits low ex-
pression levels in mammalian cells, shows the ability to substi-
tute for GSPT1 in the translation termination.[2,42] The differ-
ences between GSPT1 and GSPT2 are also in tissue distribution
and in expression during cell cycle progression at the mRNA
level.[37,41] As the significant form in most tissues, GSPT1 is
highly expressed in all tissues, with the level of GSPT1 chang-
ing throughout the cell cycle. Conversely, GSPT2 is expressed
mainly in the mouse brain and exhibits low expression in hu-
man cell lines according to the data from HPA.[37] Nevertheless,
the biological role of GSPT2 inGSPT1-mediated cancers remains
unexplored. As GSPT2 is a substitute for GSPT1, the dysregula-
tion of GSPT2 may result in cancer drug resistance to GSPT1-
targeted therapy. Therefore, we proposed that GSPT2-mediated
functional compensation for GSPT1 may be a critical overlooked
factor in GSPT1-targeted therapy, warranting further investiga-
tion into the resistance mechanism of GSPT1-targeted therapy.

2.3. Expression Patterns of GSPT1 in Various Tumor Tissues

We next summarized the expression of GSPT1 between tumors
and normal tissues to discover potential indications that are re-
lated to the high expression of GSPT1. Through the pan-cancer
datasets (The Cancer Genome Atlas, TCGA+TARGET+GTEx)
downloaded from UCSC,[43] we compared the mRNA levels of
GSPT1 between tumor tissues and normal tissues across 34 tu-
mors (Figure 2A). Results showed thatGSPT1was upregulated in
73.5% of tumor tissues (25/34) compared to normal tissues. IHC
analysis of GSPT1 protein expression derived from HPA indi-
cated that almost all 20-examined tumor types exhibited strong or
moderate GSPT1 stain (Figure 2B). Moreover, the protein expres-
sion of GSPT1 between tumor and normal tissues by mass spec-
trometry analysis derived from CPTAC datasets[44] showed that
especially highly expressed in BRCA, Colon Adenocarcinoma
(COAD), Ovarian Cancer (OV), Uterine Corpus Endometrial Car-
cinoma (UCEC), Lung Adenocarcinoma (LUAD), Head andNeck
Squamous Cell Carcinoma (HNSC), Glioblastoma (GBM), and
Liver Hepatocellular Carcinoma (LIHC) compared with the nor-
mal tissue (Figure 2C).

We further explored the isoform-specific expression of GSPT1
in TCGA pan-cancer derived from RNA-seq data, to explore
whether the correlation between GSPT1 expression and cancer
progression is related to different isoforms. The results showed
that all seven protein-coding isoforms of GSPT1 can be detected
in tumors, with the highest percentage of GSPT1-005 expression
(up to 75%, log2 (TPM+1) ≥5) and second-highest percentage
of full-length GSPT1-001 expression (up to 25%) (Figure 2D).
Most notably, among the isoforms involved only in translation
termination but not in the NMD process, expression of GSPT1-
005 rather than GSPT1-003 was upregulated in tumors, includ-
ing BRCA, cervical squamous cell carcinoma, COAD, Esophageal
Carcinoma (ESCA), LUAD, lung squamous cell carcinoma, and
UCEC tissues when compared to normal tissues. However, ex-
pression of the full-length GSPT1-001 involved in the two pro-
cesses was downregulated in tumors. These results indicated
that dysregulation of GSPT1 in NMD may increase the abnor-
mal mRNAs expression that leads to the formation of truncated
protein, resulting in cancer progression. Besides, the percentage
of GSPT1-002 expression is increased in ESCA tumors but de-
creased in Stomach Adenocarcinoma (STAD) tumors compared
to normal tissues, but the role of this difference has not been re-
vealed in gastrointestinal cancer.

3. Upstream Regulatory Mechanisms of GSPT1 in
Pan-cancer

To explicitly clarify the mechanisms underlying the abnormal
expression or dysfunction of GSPT1 in cancer, we clarified
the upstream regulatory mechanisms, including genomic al-
terations, transcriptional factors, and microRNA (miRNA), and
post-translational modifications (PTMs).

3.1. Genomic Alterations

Analysis of cBioPortal datasets revealed the human GSPT1 gene
has rare somatic mutations, and GSPT1 expression is not sig-
nificantly associated with single-nucleotide variants across pan-
cancer cohorts (data not shown). However, GSPT1 mRNA lev-
els showed a strong positive correlation with copy number vari-
ations (CNVs), particularly heterozygous amplifications, and a
negative association with DNA methylation at the 5′ untrans-
lated region TSS200 and first exon regions (Figure 3A,B). No-
tably, the negative association between GSPT1 expression and
methylation was consistently observed in multiple malignan-
cies, including BRCA, COAD, GBM, HNSC, LIHC, LUAD, OV,
and UCEC. These findings suggested that GSPT1 upregulation
may be driven by CNV-mediated amplification coupled with hy-
pomethylation of regulatory regions, while the precise molecular
mechanisms need to be further investigated.

3.2. Transcriptional Regulation Mechanisms of GSPT1
Expression

Results from genomic alterations such as mutations and DNA
methylation do not fully explain the significant upregulation of
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Figure 2. Expression pattern of GSPT1 in tumors. A) mRNA expression of GSPT1 in 34 cancer types derived from UCSC (https://xenabrowser.net/),
including TCGA, TARGET, GTEx (PANCAN, N = 19131, G = 60499) datasets. B, C) GSPT1 protein expression in Pan-cancer including IHC stains
of GSPT1 (Antibody HPA052488) in 20 cancer types derived from HPA (https://www.proteinatlas.org/) and CPTAC proteomic expression profile of 10
cancer types derived fromUALCAN (https://ualcan.path.uab.edu/analysis-prot.html). D) Isoform-specific expression of seven protein-coding transcripts
and percentage of GSPT1 in TCGA Pan-Cancer using RNA-seq data derived from GEPIA2 (http://gepia2.cancer-pku.cn/).
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Figure 3. Upstream Regulatory mechanisms that may affect GSPT1/eRF3a expression, including genomic alterations (Mutation, CNV, and DNA methy-
lation), Transcriptional factors, and miRNA. A) Pie plot summarizes the CNV of GSPT1, and bubble chart summarizes the correlation between the CNV
or methylation with GSPT1 mRNA expression in each cancer retrieved from GSCALite. B) Correlation between CNV or methylation with GSPT1 mRNA
expression in TCGA Pan-Cancer Altas retrieved from cBioportal. C) Top 10 Regulatory networks based on Protein-Protein interaction, Transcription factor-
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GSPT1 in tumors because hypermethylation is often observed
during oncogenesis. Therefore, we further elaborated the poten-
tial factors on GSPT1 expression by exploring regulatory net-
works based on PPI, Transcription factors-target gene, miRNA-
Target gene, Drug-Target protein, and Chemical-Gene interac-
tion (Figure 3C). The PPI analysis showed that proteins including
GSPT2, TP53, MYC, DDB1, CDH1, UPF1, PAIP1, and PABPC1
have the ability to interact with GSPT1, among which, both TP53
and MYC have the function of regulating transcription.[45,46]

The transcription factor-target analysis identified SRC, MAX,
and IRF1 as potential regulators of GSPT1, supported by ChIP-
seq evidence. Furthermore, mining of integrated public ChIP-
Seq (cistromic) datasets retrieved from The Signaling Pathways
Project (Figure 3D) also confirmed that nuclear receptors (such
as AR, NR3C1) showed a relative higher binding score to regula-
tory region of GSPT1while enzymes including acetyltransferases
(such as EP300, CREBBP, KAT5), deacetylase (such as HDAC1,
HDAC2), demethylases (such as KDM5B, KDM4A, JMJD1C),
TET3, helicases (such as CHD1) exhibited a relative lower bind-
ing score to GSPT1 promoter, indicating that GSPT1 expres-
sionmay bemainly regulated by transcriptional regulationmech-
anisms. Notably, more than 25 transcriptional factors includ-
ing BHLH family (such as MAX/MYC, CREB1, JUN), Zn fin-
ger (EGR1, ZNF143) and helix factors (such as FOXA1, ETS1,
GABPA) showed a relative higher binding score on GSPT1 pro-
moter, indicating that these transcription factors may be the po-
tential upstream of GSPT1 by regulating transcriptional process
of GSPT1 expression. Most importantly, researchers found that
MYC promotes transcription of GSPT1, and GSPT1 senses the
stop codon of MYC to promote its translation,[47] which may re-
veal the mechanisms driving abnormal expression of GSPT1.
Other transcriptional regulation mechanisms on GSPT1 ex-

pression were reported. Studies showed that inhibitor of differ-
entiation protein, a key regulator of both cell cycle and cell differ-
entiation processes, plays a crucial role in facilitating the upreg-
ulation of GSPT1 expression by inhibition of NRSF and ZBP89,
which are transcriptional co-repressors.[48] However, the precise
transcriptional regulation mechanisms of GSPT1 expression in
tumors need further investigation.

3.3. miRNA Regulation

Studies showed that miRNAs exert anti-tumor effects by sup-
pressing GSPT1 expression, and long non-coding RNAs (lncR-
NAs), which are highly expressed in tumors, could indi-
rectly upregulate GSPT1 expression via downregulating spe-
cific miRNAs.[49] In non-small cell lung cancer (NSCLC) cells,
lncRNA LINC00511 positively regulates GSPT1 expression by
inhibiting miR-625-5p to promote proliferation, invasion, and
migration.[50] LncRNA DLX6-AS1 was also reported to regulate
NSCLC progression by interacting with the miR-27b-3p/GSPT1

pathway.[49] Besides, miRNA-508-3p suppresses the prolifera-
tion of human lung cancer cells by directly inhibiting GSPT1
expression.[51] In glioma, lncRNA MINCR inhibits the binding
of miR-876-5p to GSPT1 mRNA, increasing GSPT1 levels and
promoting glioma cell proliferation and migration.[52] In cer-
vical cancer cells, lncRNA SNHG16 regulates the growth and
metastasis of cancer cells by modulating miR-128, which tar-
gets GSPT1.[53] GSPT1 is also a direct target of miR-144 in both
CRC and GC.[16,54] When the expression of GSPT1 is suppressed
by miRNA-144, cell proliferation regulators such as c-MYC, sur-
vivin, MMP-28 and Bcl2L15 are down-regulated.[16] In GC cells,
miR-498 and miR-27b-3p suppress GSPT1.[14,55]

In addition, the miRNAs-Target gene analysis of the top 10
regulatory networks on GSPT1 expression by support of PAR-
CLIP methods revealed that other miRNAs (such as miR-940
in KSHV-infected primary effusion lymphoma cell lines[56]) may
regulate the expression of GSPT1 (Figure 3C). We next analyzed
the most potent upstream miRNAs affecting GSPT1 expression
in pan-cancers retrieved from ENCORI[57] (> in 3 tumor types,
Figure 3E). We found among the eight potential miRNAs, 3 miR-
NAs (such as miR - 27b - 3p, miR - 625 - 5p, miR - 876 - 5p)
have been studied as discussed above,[50,52,55] another 8 miR-
NAs (such as miR - 450b - 5p, miR - 27a - 3p, miR - 370 - 3p,
miR - 128 - 3p, miR - 342 - 3p, miR - 320a, 320b and 320d)
strongly negatively correlated with GSPT1 expression in specific
cancers. To delineate tumor-specificmiRNA-GSPT1 interactions,
we found that the negative correlation between GSPT and miR-
342-3p (in Low-Grade Glioma, LGG, and Diffuse Large B-cell
Lymphoma, DLBC) or miR-320a (in Testicular Germ Cell Tumor,
TGCT, and Uveal Melanoma, UVM) was significantly stronger
(p < 0.01) than those observed for miR-625-5p (LUAD/LGG) or
miR-876-5p (LGG/TGCT) (Figure 3F). These results highlighted
miR-342-3p andmiR-320a as promising candidates for therapeu-
tic targeting of GSPT1 in LGG, DLBC, TGCT, and UVM. The
top 10 drug/chemical-target gene regulatory networks were also
explored, and the results revealed that chemical agents such as
dexamethasone, valproic acid, and vincristine can affect GSPT1
expression, but the mechanisms have not been reported.

3.4. PTMs

In addition to analyzing genomic and transcriptional mecha-
nisms, we also elucidated the post-translational modifications of
GSPT1.
According to the cbioPortal datasets, GSPT1 is phosphory-

lated at Gly13, Gly16, Gly20, Met36, Gly46, Ser62, Phe89, Pro98,
Ala109, Val120, Val146 and Glu192. Acetylation has occurred at
more than 15 residues of GSPT1. And ubiquitination of GSPT1
is at Glu333, Glu490, and Gly627 residues. Besides, GSPT1 has
malonylation at Gly108, Pro196, Val213, Lys247, Lys254, Tyr448
and Thr493 and S-nitrosylation at Thr453 residue.[58] In addi-

Target gene, miRNA-Target gene, Drug-Target protein, Chemical-Gene interaction were retrieved from the Gendoma web server (https://ai.citexs.com).
D) Mining of integrated public ChIP-Seq (cistromic) datasets to discover relationships between human GSPT1 and genetic and small molecule manipu-
lations of cellular receptors, enzymes, and transcription factors was retrieved from The Signaling Pathways Project.[173] E) The miRNA-GSPT1 regulatory
network established by Cytoscape software. Prediction and analysis of upstream miRNAs of GSPT1 in > 3 tumor types retrieved from ENCORI. * indi-
cated that have been reported and validated in the literature. F) The correlation between the GSPT1 expression with the expression of hsa-miR-342-3p,
hsa-miR-320a, hsa-miR-625-5p, hsa-miR-876-5p in indicated tumor samples was determined by the starBase database.
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tion to the ubiquitination of GSPT1 that leads to degradation of
GSPT1,[59] which is induced by MGDs and Proteolysis-targeting
chimeras (PROTACs), no evidence clearly states the function un-
derlying phosphorylation and acetylation of GSPT1. Therefore,
according to the universal role of PTMs and the function of
GSPT1, we propose the role of PTMs during translation termi-
nation, NMD, and cell cycle progression. Ubiquitination may de-
grade GSPT1 by tagging GSPT1, regulating the activity of GSPT1
in the cell cycle and translation termination. And through phos-
phorylation, GSPT1 may be activated and engaged in transla-
tion termination.[60] We estimated that acetylation can regulate
the distribution of GSPT1 in cells, thus influencing the role of
GSPT1 in translation termination and cell cycle regulation.[61]

Nevertheless, the precise mechanism underlying PTM of GSPT1
still remains to be understood.

4. Physiological Functions of GSPT1

GSPT1 is a multi-functional protein that has crucial effects on
translation termination, NMD, and cell cycle regulation. Origi-
nally identified as a G1/S-phase transition regulator in yeast,[62]

GSPT1 promotes cell cycle progression (Figure 4A). However,
how GSPT1 affects the cell cycle remains unknown. We specu-
lated that the function of GSPT1 in G1/S translation of the mi-
totic cell cycle may be an indirect result of the function of GSPT1
in the process of translation termination and NMD.

4.1. NMD

When a PTC occurs, the 3-poly(A) tail of the PABPC1 connec-
tion is further away from PTCs than normal stop codons, result-
ing in the dysregulation of PABPC1 and competitive association
of UPF1 with GSPT1.[35] Therefore, GSPT1 can bind to UPF1,
SMG1, and eRF1 into SMG1-UPF1-GSPT1-eRF1 complex to ini-
tiate NMD (Figure 4B).[33] NMD is characterized as a quality con-
trol mechanism, which is an important biological process to rec-
ognize mRNAs that harbor PTCs, leading to the following degra-
dation of PTCs.[63–65]

4.2. Translation Actions

GSPT1 was identified as a translation termination factor to pro-
mote translation in cooperation with eRF1 in 1995.[1,66] When
the A site of the ribosome confronts a stop codon, a pre-formed
ternary complex of eRF1, GSPT1, and GTP is rapidly recruited to
the ribosome, which is promoted by PABP.[35,67,68] During this pe-
riod, one function of GSPT1 is to unfasten the structure of eRF1
for stimulating the fast combination with ribosome.[69] After
that, hydrolyzing GTP facilitates the liberation of GSPT1, GSPT1
thereby rearranges eRF1 into an active structure, which par-
ticipates in releasing peptide and recycling of post-termination
ribosomes.[5,70] Apart from elevating the speed of translation ter-
mination, by incorporating an irreversible GTP hydrolysis step
between the recognition of the stop codon and the hydrolysis of
peptidyl-tRNA, GSPT1 may also enhance fidelity of translation
through kinetic proofreading[70] (Figure 4C).

In Cap/Poly(A)-dependent translation, which is the transla-
tional mechanism under normal cellular conditions, GSPT1
binds to PABP via the N domain and interacts with eRF1 through
C domain to form an eRF1-GSPT1-PABP-eIF4G complex. This
complex connects the terminating ribosome with the 5′ Cap ini-
tiation complex, thereby promoting the translation cycle.[34]

Nevertheless, the post-translational fate ofGSPT1 after transla-
tion termination remains obscure; GSPT1 may either participate
in subsequent translation termination processes in complex with
GDP or undergo ubiquitin-mediated degradation.

4.3. Cell Apoptosis

Under physiological conditions, the full-length GSPT1 localizes
at the endoplasmic reticulum (ER), where GSPT1 functions as an
essential translation termination factor. However, under cellular
stress conditions such as ER stress, GSPT1 is cleaved at residue
A73mediated by calcium-dependent calpain. This cleavage event
generates the truncated isoform p-GSPT1, which exposes a pre-
viously cryptic inhibitor of apoptosis protein (IAP)-binding motif
at the neo-N domain. The IAP-binding motif (AKPF sequence)
enables p-GSPT1 to competitively bind to IAPs, including XIAP,
and then promote auto-ubiquitination and proteasomal degra-
dation of IAPs, preventing inhibitory interaction of IAPs with
caspase-9 and subsequent activating effector caspases-3/7 to in-
duce apoptosis (Figure 4D).[71–73]

Proteolytic cleavage of GSPT1 not only exposes the IAP-
binding motif but also removes the nuclear export signal located
in the N domain. Consequently, p-GSPT1 acquires nucleocyto-
plasmic shuttling capability, facilitated by the CRM1-dependent
export pathway. In the nucleus, p-GSPT1 interacts with key reg-
ulatory proteins, including survivin, an IAP family member in-
volved inmitosis and apoptosis inhibition, and p14ARF, which is
a well-characterized tumor suppressor that stabilizes p53 by in-
hibiting degradation of p53 via MDM2, thereby promoting p53-
dependent apoptosis or cell cycle arrest. However, the precise
downstream mechanisms, such as whether p-GSPT1 influences
p14ARF stability, localization, or interaction with p53 regulatory
complexes, remain under investigation.[74,75] Besides, GSPT1 di-
rectly interacts with ASK1, counteracting the inhibitory effect of
the ASK1-binding protein 14-3-3. The interaction of GSPT1 and
ASK1 promotes ASK1 autophosphorylation and enhances the ac-
tivation of downstream JNK/p38 MAPK signaling pathways, ul-
timately leading to apoptosis.[76] Studies showed that p53 regu-
lates ASK/JNK/p38 pathway,[77] which suggested that p-GSPT1
may regulate ASK/JNK/p38 pathway through p53 with dual func-
tions.

5. GSPT1 Signaling Pathways in Cancer Cells

Despite the emerging role of GSPT1 in oncogenesis, the signal-
ing networks driven by GSPT1 in malignancies remain poorly
characterized. The core molecular and physiological function of
GSPT1 is the process of protein synthesis and translation termi-
nation, which is conserved in both normal and tumor cells. The
significant differences ofGSPT1 between normal and tumor cells
are mainly in the expression level and the resulting biological
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Figure 4. The signaling pathways in cancer and biological functions of GSPT1 in the Cell cycle A), NMD B), Translation termination C), Cell apoptosis
D). A) In normal cells, GSPT1 plays an important role in the transition from the G1 to S phase of the cell cycle. In cancer cells, GSPT1 affects the
ubiquitination of GSK-3𝛽 by binding to TRIM4, thus regulating the downstream signaling to lead to the inability of the cell cycle to transform to S phase.
B) In normal cells, GSPT1 binds to SMG1, UPF1, and eRF1 into a SMG1-UPF1-GSPT1-eRF1 complex, conclusively generating NMD to control the quality
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effects. Therefore, we systematically summarized the signaling
pathways of GSPT1 in cancer cells and discussed the molecular
and biological role of GSPT1 in cancer in comparison to its phys-
iological functions to promote understanding of the significance
of GSPT1 in health and disease. Cleaved GSPT1 also induces cell
apoptosis in tumor cells, and signaling pathways may be consis-
tent with those in normal cells (Figure 4D).

5.1. Cell Cycle

GSPT1 promotes oncogenic cell cycle progression through mul-
tiple mechanisms (Figure 4A). GSPT1 may control the activity of
CyclinD1, CDK4, and CDK6 by binding to TRIM4, an E3 ubiqui-
tin ligase, to mediate GSK-3𝛽 degradation, and lead to an indirect
impact on CyclinE and CDK2 expression through p21 and p27,
which ultimately governs the transition of colon cancer cells from
the G1 phase to S phase, facilitating tumor advancement.[19,78]

However, no in-depth evidence of GSPT1 on GSK-3𝛽 in cancer
through TRIM4 has been revealed. In liver cancer cells, GSPT1
is also positively correlated with high expression of CyclinB1 and
CyclinD1.[20]

5.2. NMD

In cancer cells, NMD typically degrades mutant mRNAs of tu-
mor suppressor genes, promoting tumor development. Addi-
tionally, NMD prevents the expression of potential tumor anti-
gens, thereby helping tumor cells evade recognition and at-
tack by the immune system and reducing the efficacy of tumor
immunotherapy.[79] Therefore, in tumor cells, overexpression of
GSPT1 may upregulate NMD, which leads to the degradation of
tumor suppressor genes and the suppression of the immune sys-
tem, thereby promoting tumor escape (Figure 4B).

5.3. Translation Actions

GSPT1, especially GSPT1-005, is upregulated in various can-
cers (Figure 2D), indicating that the upregulated GSPT1 may
drive tumor growth through the translation termination pro-
cess. Furthermore, the potential role of GSPT1 in facilitating
peptide chain release and subsequent impact on the synthe-
sis of oncogenic proteins such as MYC and AR remains to
be further investigated. Moreover, recent findings have con-
firmed that the degradation of GSPT1 has remarkable effects
on MYC-driven and AR-driven solid tumors addicted to protein
translation.[80]

The mammalian TOR (mTOR) pathway plays a critical role
in GSPT1-mediated translation actions. On the one hand, the
knockdown of GSPT1 leads to a decrease in the phosphorylation

levels of two downstream targets of mTOR, 4E-BP1 and S6K1,
which indicates that GSPT1 may coordinate the balance be-
tween translation initiation and termination by regulatingmTOR
activity.[81] On the other hand, studies proved that the deple-
tion of GSPT1 impedes cell cycle progression by inhibiting the
mTOR signaling pathway.[82] Similar to the role of GSPT1, the
overexpression of GSPT2 facilitates the entry of HepG2 cells
into the S-phase through increasing 4E-BP1 phosphorylation[83]

(Figure 4C).

5.4. Other Proliferative Pathways

GSPT1 knockout resulted in significantly decreased phosphory-
lation of both ERK and JNK, two key factors of the MAPK sig-
naling pathway, indicating that GSPT1 could potentially enhance
cell proliferation, migration, and invasion through the activation
of MAPK pathways.[20] Furthermore, the upregulation of GSPT1
modulated by Rac1 can be suppressed by JNK, ERK, and NF-
𝜅B inhibitors, indicating that Rac1 upregulates the expression
of GSPT1 by JNK, ERK, and NF-𝜅B, which promotes progres-
sion and proliferation of astrocyte cell cycle after central nervous
system damage.[84] The role of RAC1 and GSPT1 in the cell cy-
cle may be related to the regulation of Cyclin D1 mediated by
GSPT1,[85] while the mutual relationships between GSPT1 ex-
pression and JNK/ERK pathway may be a feedback loop in regu-
lating cell proliferation.

6. Degrader Targeting GSPT1 and Combined
Therapy Research Progress

To date, as a therapeutic “undruggable target”, the major-
ity of pharmacological agents targeting GSPT1 in tumors are
GSPT1 degraders. GSPT1 degraders, including PROTACs and
MGDs, were identified as CRBN E3 ligase modulators. By rec-
ognizing the G-loop degron of GSPT1, the GSPT1 degrader
binds to CRBN and GSPT1 to form a ternary complex, initi-
ating the ubiquitination-mediated proteasomal degradation of
GSPT1.[86,87] GSPT1 degradation leads to an increased frequency
of stop-codon readthrough, resulting in increased unfolded pep-
tides and rapid activation of the integrated stress response (ISR)
due to damage to GSPT1-mediated protein translation termi-
nation and the NMD process.[82] ISR is an evolutionarily con-
served signaling network activated by phosphorylating eIF2𝛼.
This process is triggered by various internal and external stres-
sors, including amino acid deprivation, oxidative stress, and mi-
tochondrial dysfunction, through the action of the eIF2𝛼 ki-
nase activator GCN2 and GCN1.[88–90] Additional components
will be activated to execute cell death if the cellular damage is
severe.[91] GSPT1 degradation results in the rapid phosphoryla-
tion of eIF2a through upregulation of GCN1/2, accumulation

of protein. In cancer cells, NMD may degrade the mRNA of tumor suppressor genes and tumor antigens, which promotes tumor immune escape. C)
When PABP binds to the stop codons, which recruits ternary compounds (GSPT1, eRF1, and GTP) to the ribosome, GSPT1 participates in peptide
release and recycling of post-termination ribosomes through the activity of GTPase. In cancer cells, upregulated GSPT1 leads to the upregulation of
proteins such as MYC by participating in the translation termination process, resulting in tumor translational addiction. D) GSPT1 affects apoptosis
regulators under cellular stress conditions, such as ER stress, leading to apoptosis. (Signaling pathways of GSPT1 in tumors are indicated by red arrows,
and physiological functions are indicated by black arrows).

Adv. Sci. 2025, 12, e11789 e11789 (10 of 28) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 5. Targeted drug and therapy development of GSPT1 degraders. A)Multi-target Degraders. B)Highly selective GSPT1MGDs. C) CombinedGSPT1
MGD therapy with target inhibitors. D) Dual target GSPT1/X MGDs. E) Degrader-antibody conjugates. The dark backdrop represents the investigational
drug in the clinical trial.

of ATF4 and the downstream DDIT4, CHOP, and ATF3, and
subsequent cell apoptosis.[24] Moreover, downregulation of trans-
lational addiction oncogenes (such as MYC and AR) induced
by GSPT1 degradation was also observed, ultimately inducing
profound anti-proliferative effects and apoptosis in tumor cells
(Figure 5). As discussed in Figure 4D, cleaved-GSPT1 may in-
duce cell apoptosis through p53 (Figure 4D). Interestingly, degra-
dation induced by GSPT1 MGDs can cause p53-independent
cell death in leukemia while sparing normal hematopoietic stem
cells.[82]

6.1. Multi-Target Degraders

CC-885, the pioneering GSPT1-targeting degrader identified
from a library of analogs derived from immunomodulatory drug
lenalidomide, defined GSPT1 as a CRBN “neosubstrate” speci-
ficity on the CRL4CRBN E3 ubiquitin ligase, transforming GSPT1
from an “undruggable” target to an attractive, promising target
for the treatment of pan-cancer (especially for AML). In vitro as-
say, CC-885 exhibited sub-nanomolar potency against 4 out of 5
patient-derived AML tumor cells and induced Tp53-independent
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Table 1. The development of GSPT1/ERF3a degraders (Clinical stage).

Compound name Target Condition Highest phase Reference

Multi-target prodrugs

ABS-752 NEK7, SALL4,
CK1𝛼, CRBN,
GSPT1

HCC Phase I [102]

Highly selective MGDs

CC-90009 CRBN, GSPT1 AML, MDS Phase I/II Terminated
NCT04336982

[24]

MRT-2359 CRBN, GSPT1 Cancer,
Solid Tumor

Phase I/II
NCT05546268

[80]

CG009301 GSPT1 HMs, AML,
ALL, MDS

Phase I
CTR20244643

[111]

Dual target MGDs

FD-001 IKZF1/3, GSPT1 AML, MDS, non-hodgkin
lymphoma (NHL), MM

Phase I/II
NCT06731699

[139]

BTX-1188 IKZF1/3, CRBN, GSPT1 Cancer,
Solid Tumor, HMs, AML,
Myeloma, MDS, NHL

Phase I Terminated
NCT05144334

[135]

DACs

ORM-6151
(BMS-986497)

CD33, CRBN, GSPT1 AML, MDS Phase I
NCT06419634

[174]

ORM-5029
(PTZ-SMol-012)

HER2, CRBN, GSPT1 Cancer, Solid Tumor Phase I
NCT05511844

[152]

apoptosis.[25,82] However, in subsequent research, CC-885 was
proven as a multiple-target MGDs by targeting GSPT1 and other
CRBN substrates, including IKZF1/3, CK1𝛼, vinculin, BNIP3L,
and eRF1, resulting in potent and broad anti-tumor activity
along with severe off-target toxicity.[92,93] According to CDDI
data, another multi-targeted agents targeting GSPT1 and other
targets were reported in preclinical development for treatment
of cancer, including MDEG-541 that degrades GSPT1/2, MYC
and PLK1,[94] WB214 that reduces GSPT1, MDM2 and p53,[95]

BTX306 that downregulates GSPT1, eRF1, CK1𝛼, MCL-1 and c-
MYC,[96] GT-19870 that degrades GSPT1, MYC and MYCN,[97]

and CPT-6281 that degrades GSPT1, NEK7 and SALL4.[98] In ad-
dition, PROTAC10 degrades GSPT1, FLT3, and SRC.[99] By tar-
geting FLT3, GSPT1, and IKZF1/3, A2 exhibited significantly
enhanced antiproliferative activity against drug-resistant AML
cells compared to Gilteritinib (Figure 5A and Table 1).[100] The
further development of multi-target degraders might be limited
by toxicities. For example, the clinical development of CC-885
was hampered by significant toxicities associated with various
off-targets, and the potential off-targets of some multi-targeted
agents were detected.[24,94] Studies have revealed that MGDs tar-
geting CRBN can induce degradation of substrates carrying G-
loop degron, a structural degron underlying the pan-targets of
MGDs except for GSPT1. And through urea groups, MGDs, in-
cluding CC-885 establish hydrogen bonds with Glu377 of CRBN,
contributing to the ternary complex (CRBN-MGD-GSPT1) stabi-
lization (Table 2).[101]

In addition, ABS-752 is a prodrug activated by the monoamine
oxidase, VAP-1, to an aldehyde intermediate and subsequently to
the active molecule, ABT-002 has the ability to degrade SALL4,
GSPT1, NEK7, and CK1𝛼. VAP-1, which is overexpressed in cir-
rhotic liver, was identified as the primary monoamine oxidase re-

sponsible for the conversion of ABS-752. Notably, ABS-752 is cur-
rently in clinical trials for the treatment of HCC (Table 1).[102]

6.2. Highly Selective Degraders

To minimize off-target toxicity, 15 highly selective MGDs tar-
geting GSPT1 degradation have been developed, 3 of which
have entered clinical trials, including CC-90009, MRT-2359, and
CG009301 (Figure 5B). CC-90009 (Table 1) represents a selective
GSPT1 degrader derived from a structurally optimized deriva-
tive of CC-885, maintaining the potent anti-AML activity of CC-
885 and selectively degrading GSPT1 to enhance both target
specificity and therapeutic safety.[103] The anti-AML activity of
CC-90009 was evaluated on samples from 9 AML patients by
the PharmaFlow assay. Viable leukemic cells in 8 of 9 samples
decreased rapidly and efficiently at 48 h after treatment, and
nearly all were eliminated within 96 h. Studies revealed that
GSPT1 degradation induced by CC-90009 triggered the activa-
tion of the integrated stress response pathway, resulting in acute
apoptosis.[86,104] In the Phase I clinical trial of CC-90009 for re-
lapsed/refractory (R/R) AML, its toxicity profile was characterized
by dose-limiting toxicities (e.g., hypotension, SIRS, pericarditis
with tamponade), common grade 3/4 treatment-emergent ad-
verse events (e.g., hypocalcemia), along with severe infections
and rare treatment-related deaths, yet the overall toxicity was clin-
ically manageable. Therapeutically, single-agent efficacy of CC-
90009—manifested as complete remission (CR), morphologic
CRwith incomplete blood count recovery (CRi), andmorphologic
leukemia-free state—was observed in R/R AML patients receiv-
ing the Day 1–5 dosing schedule at 3.0 or 3.6 mg.[105] Unfortu-
nately, the Phase I/II trial of CC-90009 in R/R AML or higher-risk
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Table 2. The development of multi-target GSPT1/ERF3a degraders (Preclinical stage).

Compound name Target Condition Reference

Multi-target MGDs

BTX306 eRF1, CK1𝛼, MCL-1, c-MYC,
CRBN, GSPT1

Myeloma [96]

CC-885 eRF1, VCL, IKZF1/3, CRBN,
GSPT1

Cancer [175]

GT-19870 MYC, MYCN, CRBN, GSPT1 Cancer [176]

CPT-6281 NEK7, SALL4, CRBN, GSPT1 Cancer,
Endocrine Cancer,
Neuroendocrine Cancer,
Liver Cancer, Lung Cancer

[98]

A2 NEK7, SALL4, CRBN, GSPT1 AML [100]

Multi-target PROTACs

MDEG-541 MYC, PLK1, CRBN, GSPT1/2 GC [94]

PROTAC10 FLT3, SRC, CRBN, GSPT1 CML, Kidney Cancer [99]

WB214 MDM2, p53, CRBN, GSPT1 Leukemia [95]

MDS (NCT02848001) was terminated in 2024 due to the lack of
efficacy in the short-term acute phase. The study suggested that
the suboptimal pharmacokinetic properties of CC-90009 may ex-
plain limited clinical efficacy.[106]

MRT-2359 (Table 1) is a potent, highly selective, and orally
bioavailable GSPT1 MGD with nanomolar in vitro IC50 and the
most significant clinical potential developed byMonte Rosa Ther-
apeutics. Phase I/II clinical trials of MRT-2359 have been ini-
tiated for the treatment of MYC-driven solid tumors, including
NSCLC, small cell lung cancer, high-grade neuroendocrine can-
cer of any primary site, and DLBCL (NCT05546268).[80] MRT-
2359 initially degrades GSPT1 by binding to CRBN and the
GSPT1 G-loop degron, which impairs protein synthesis in tumor
cells that are addicted to high MYC expression, and indirectly af-
fects MYC expression and MYC-mediated transcriptional activ-
ity (Figure 5B).[87,107] MRT-2359 not only exhibits a strong anti-
proliferative phenotype and broad activity profile in hematologi-
cal malignancies, including MM, lymphomas, and solid tumors,
including PRAD and BRCA, but also possesses a distinct mech-
anism, exhibiting high sensitivity to MYC-driven tumors, which
are addicted to protein translation, resulting in a dependence on
GSPT1.[108]

However, the clinical trial of MRT-2359 has encountered set-
backs. The trial enrolled volunteers with tumors where high L- or
N-MYC expression was expected based on preclinical data. After
assessing tissue samples from46 patients,MYC expression in tis-
sue samples was lower than expected in some tumor types. None
of the sampled NSCLC patients had high L- or N-MYC. Although
MYC levels were higher in small cell lung cancer, 31%, and high-
grade neuroendocrine tumors, 17%, the expression level of MYC
still fell short of expectations. According to preclinical experi-
ments, treatment ofMRT-2359 sensitive prostate cancer cell lines
in vitro led to a loss of c-MYC and, to a lesser extent, AR (includ-
ing AR-V7) proteins. In an AR-positive model with minimal ex-
pression of the variant AR-V7, combinations of MRT-2359 and
enzalutamide were more efficacious than the respective single-
agent treatments, which warrant clinical investigation of MRT-
2359 as a single agent or in combination with an AR antagonist

in patients with prostate cancer.[109] Therefore, the subsequent
clinical trial of MRT-2359 will focus on prostate cancer.[110]

CG009301 (Table 1) is a highly selective GSPT1 degrader
for the treatment of R/R hematological malignancies devel-
oped by Cullgen. The phase I clinical trial of CG009301
for the treatment of Hematological Cancer, AML, ALL, and
Myelodysplasia was initiated in December 2024 in China
(CTR20244643).[111] During the development of CRBN-based
PROTACs targeting the nuclear receptor pregnane X receptor,
researchers serendipitously discovered that compound SJPYT-
195 induced pregnane X receptor downregulation through pri-
mary degradation of GSPT1, which was further validated by ob-
serving similar pregnane X receptor reduction following CC-
885-mediated GSPT1 degradation.[112] Through rational struc-
tural optimization, XYD049 is significantly enhanced in selec-
tivity for GSPT1 degradation in castration-resistant prostate can-
cer (CRPC), which downregulates CRPC-related oncogenes in
22Rv1 cells, including AR, AR-V7, PSA, and c-MYC.[113] In addi-
tion, CYRS-1542 for the treatment of high CRBN expression neu-
roendocrine cancers,[114,115] Compound 9q,[116] ZXH-1-161,[117]

LYG-409,[106] MI-389,[118] C-10386,[119] C-14207,[119] MG-277[59]

and AN5777,[120] MRT-048[110] are identified as highly selective
GSPT1 MGDs (Table 3).

6.3. Dual GSPT1/X Degraders, Heterobifunctional Degraders,
and Combination

The function of GSPT1 in translation termination can be com-
pensated for; thus, the degradation of GSPT1 may lead to
drug resistance. By identifying the synthetic lethal partner of
GSPT1, researchers hope to identify more sensitive indications
for targeting GSPT1, including MYC, IKZF1/3, BTK, AR/ARv7,
and mTOR-driven cancers. Therefore, combination therapy of
GSPT1 MGDs with other target therapies, including AR in-
hibitors, ER inhibitors, BCL2 inhibitors, IDH2 inhibitors, FLT3
inhibitors, and epigenetic modulators, is a novel strategy to over-
come drug resistance (Figure 5C). Furthermore, dual GSPT1/X
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Table 3. The development of highly selective GSPT1/ERF3a degraders (Preclinical stage).

Compound name Target Condition Reference

Highly selective MGDs

AN5777 CRBN, GSPT1 Leukemia, AML [120]

compound 9q CRBN, GSPT1 Leukemia [116]

CYRS-1542 CRBN, GSPT1 Neuroendocrine cancers [114,115]

C-10386 CRBN, GSPT1 Cancer, Solid Tumor, AML,
Respiratory diseases

[119]

C-14207 CRBN, GSPT1 Solid Tumor, AML [119]

LYG-409 CRBN, GSPT1 Cancer [106]

MG-277 CRBN, GSPT1 Breast Cancer, ALL [59]

MI-389 CRBN, GSPT1 AML [118]

MRT-048 CRBN, GSPT1 Cancer [177]

ZXH-1-161 CRBN, GSPT1 Myeloma [117]

XYD-049 CRBN, GSPT1 Cancer, Autoimmune Disease,
Inflammation, Viral
Infections

[113]

Highly selective PROTACs

SJPYT-195 CRBN, GSPT1 AML [112]

degraders targeting GSPT1 and dual-mechanism degraders have
been developed for the treatment of tumors through the action
of two targets, killing two birds with one stone (Figure 5D and
Table 4).

6.3.1. Combined Therapy with GSPT1 Degraders

Jointly implementing GSPT1 degraders and target inhibitors on
different proteins may overcome resistance and enhance effi-

cacy. Studies revealed that GSPT1 degraders demonstrate supe-
rior efficacy when used in combination with ER inhibitors, AR
inhibitors, FLT3 inhibitors, BCL2 inhibitors, IDH2 inhibitors,
and epigenetic modulators for the treatment of related tumors
(Figure 5C). A safety assessment of MRT-2359 in combination
with AR inhibitor enzalutamide for previously treated metastatic
prostate cancer, as well as combination with ER inhibitor fulves-
trant for previously treated metastatic estrogen receptor-positive
breast cancer, was initiated in 2022 (NCT05546268). Prelimi-

Table 4. The development of dual target/ Heterobifunctional GSPT1/ERF3a degraders and DACs (Preclinical stage).

Compound name Target Condition Reference

Dual target MGDs

SJ-6986 IKZF1/3, CRBN, GSPT1 Cancer [131]

TD-522 IKZF1/3, CRBN, GSPT1 Myeloma, AML [138]

AG-6033 IKZF1/3, CRBN, GSPT1 NSCLC [137]

E14 IKZF1/3, CRBN, GSPT1/2 Myeloma, Leukemia [136]

WB156 MDM2, GSPT1 Leukemia [144]

Dual target PROTACs

DP-15 BRD4, CRBN, GSPT1 AML [141]

SJ10542 JAK2/3, CRBN, GSPT1 ALL [142]

SJ-988497 JAK, CRBN, GSPT1 Lymphocytic Leukemia [143]

Dual target Protein/Nucleic Acids Degrader

GT-19630 MYC, CRBN, GSPT1 Cancer [128]

GT-19715 MYC, CRBN, GSPT1 Lymphoma, AML [127]

Heterobifunctional degraders

GBD-9 BTK, CRBN, GSPT1 DLBCL, AML [145]

YB-3-17 mTOR, CRBN, GSPT1 Cancer [149]

BWA-6047 AR/ARv7, CRBN, GSPT1 Prostate cancer [147]

DACs

ORM-1153 GSPT1 Hematologic malignancies [155]

TRX-214-1002 CD33, GSPT1 Leukemia, AML [156]
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nary data indicate that MRT-2359 combined with enzalutamide
demonstrates superior efficacy compared to monotherapy in pre-
clinical models of CRPC and ARv7-driven prostate cancer. In a
clinical trial that three CRPC patients were treated with the com-
bination of MRT-2359 and enzalutamide, one patient achieved
a confirmed partial response (tumor shrinkage of 57%), and the
other two patients had stable disease.
FLT3mutation is the most frequent genetic alteration in AML,

with FLT3 internal tandem duplication occurring in ≈25% of
adult AML patients and conferring poor overall survival and
high rates of treatment resistance development.[121,122] FLT3 in-
hibitors, including sunitinib, pexidartinib, midostaurin, lestaur-
tinib, crenolanib, and gilteritinib, synergized with CC-90009 to
reduce viability in FLT3- internal tandem duplication AML cell
lines. Midostaurin enhanced the inhibitory effect of CC-90009
in primary AML cells, without augmenting the effect of CC-
90009 in CD34+ bone marrow mononuclear cells from healthy
donors.[123]

IDH2 mutations occur in 10%–15% of patients with AML.
IDH2 exerts a leukemogenic effect through metabolic regulation
and leads to a subsequent block in myeloid differentiation.[124]

The combination of CC-90009 andmutant IDH2 inhibitor enasi-
denib enhanced myeloid differentiation and killing of CD34+

stem and progenitor cells, and increased differentiated CD235a+

erythroblasts. Enasidenib/CC-90009 combination treatment re-
duced CD45+ malignant populations and increased differenti-
ated CD14+ cells, indicating that the combination of CC-90009
and mutant IDH2 inhibitor can overcome the problem of AML
differentiation blockade.[123]

BCL2 is variably highly expressed in many hematological ma-
lignancies, providing protection from cell death induced by onco-
genic and external stresses. VEN is the first selective BCL2 in-
hibitor, as well as the first of a new class of anticancer drugs
to be approved for routine clinical practice, currently in chronic
lymphocytic leukemia and AML.[125] The BCL2 inhibitor VEN en-
hances the apoptosis and accelerates cell-autonomous killing in-
duced by CC-90009 in FLT3- internal tandem duplication AML
cell lines. In addition, the combination of VEN and CC-90009
demonstrated enhanced antitumor efficacy in AML patient-
derived bone marrow mononuclear cells, while preserving safety
in healthy donor bone marrow mononuclear cells.[123]

Additionally, the combination of epigenetic modulator azac-
itidine, which activates tumor suppressor genes through
demethylation, and CC-90009 results in a notable extension of
survival.[123] However, the evaluation of the combination of CC-
90009 with VEN and azacitidine in a phase I/II trial for patients
with AML has been terminated (NCT04336982). Synergies be-
tween GSPT1 degraders and other agents may confer significant
therapeutic advantages to patients.
To date, researchers have found that CC-885 has synergistic

potential alongside IRAK4 inhibitors. Among CC-885 substrates,
GSPT1 loss showed the most pronounced effects in IRAK4-
inhibited leukemic cells. Transcriptional and proteomic analy-
ses revealed that CC-885 treatment led to c-Myc suppression in
IRAK4-deficient leukemic cells. GSPT1 loss reduces translation
efficiency, particularly for proteins with short half-lives, such as
c-Myc. Accelerated c-Myc protein loss was confirmed following
GSPT1 degradation in leukemic cells, with decreased protein sta-
bility observed following inhibition of IRAK4, which was vali-

dated in AML patient cells, supporting the potential of IRAK4
inhibitors to modulate c-Myc activity and enhance combinatorial
therapies.[126]

6.3.2. Dual GSPT1/MYC MGDs

MYC-driven tumors are addicted to protein translation sensed
by GSPT1 while MYC promotes transcription of GSPT1, so dis-
ruption of the co-regulatory feedback loop between MYC and
GSPT1, through directly targeting MYC/GSPT1 degradation,
represents a novel potential approach for MYC-driven tumors.[47]

By blocking MYC-driven transcriptional dysregulation of GSPT1
and GSPT1-mediated translation of MYC, dual GSPT1/MYC
MGDs GT19630 (IC50 in HL-60 cells was 0.33 nM) and the
salt form GT19715 (IC50 in HL-60 cells was 1.8 nM), exhib-
ited highly active in vivo in multiple therapy-resistant MYC-
driven tumors. Furthermore, GT19630 and GT19715 are effec-
tive against TP53-mutated and Venetoclax (VEN) -resistant can-
cer models.[127,128] GT19630 inhibited cell proliferation, blocked
cell cycle progression, promoted apoptosis, and decreased cell
migration at low nanomolar concentrations in breast cancer
cell lines. Consistent with the ability of MYC to promote im-
mune evasion, GT19630 degraded the negative immune check-
point inhibitor, B7-H3.[129] Mechanically, GT19630 significantly
induced integrated stress response, abrogated oxidative phospho-
rylation through inhibition of the TCA cycle, and induced cell
death.[47] Other dual GSPT1/MYC degraders by directly targeting
the MYC-GSPT1 axis were also reported to exhibit powerful an-
titumor activity in MYC-driven triple-negative breast cancer and
NSCLC.[130]

6.3.3. Dual GSPT1/IKZF1/3 MGDs

SJ6986, discovered in the thalidomide analog library, is a potent,
selective, and orally bioavailable GSPT1/2 degrader targeting
patient-derived leukemia and medulloblastoma cell lines, while
degrading IKZF1/3, with clinical development potential.[131,132]

SJ6986 effectively reduced the proliferation of DLBCL cells, in-
duced cell apoptosis, and inhibited tumor growth in vivo with-
out significant toxicity. Mechanistically, SJ6986 induces activa-
tion of ISR, inhibiting the transition from S to G2/M phase of
the cell cycle and triggering oxidative stress and calcium overload
in mitochondria and leading to GSPT1-mediated caspase activa-
tion and subsequent cell apoptosis.[132–134] BTX-1188 also func-
tions as a dual degrader of GSPT1 and IKZF1/3, with BTX-1188
serving as an oral molecular glue that exhibits immunomodu-
latory properties, including the inhibition of pro-inflammatory
cytokines such as IL-1𝛽, IL-6, and TNF-𝛼, as well as IL-2 pro-
duction induced by PBMCs activated by LPS and 𝛼CD3. In De-
cember 2021, BioTheryX, Inc. commenced a Phase I clinical trial
(NCT05144334) for BTX-1188 aimed at treating hematologic and
solid tumors. However, the trial was halted on September 18,
2023, due to a business decision.[27,135] Agents including TD-522,
E14, FD-001 and AG-6033, mainly degrade GSPT1, but also re-
duce the level of IKZF1/3 slightly.[136–139] Phase I clinical trials
of FD-001, a GSPT1/IKZF1/3 degrader, in recurrent/refractory
hematologicmalignancies, including AML,MDS, NHL, andMM
(NCT06731699) were initiated in November 2023 in China.
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6.3.4. Dual GSPT1/Other Targets Degraders

BRD4 is an epigenetic regulator implicated in AML progres-
sion through transcriptional activation of oncogenes.[140] Dual
GSPT1/BRD4 degrader DP-15, exhibited synthetic lethality by
dual-pathway blockade, including transcriptional suppression via
BRD4-MYC axis and translational disruption through GSPT1
degradation. DP-15 exerts its antiproliferative effects by promot-
ing early apoptosis and inducing G1 phase arrest, thereby in-
hibiting cell cycle progression in AML and NHL cells.[141] Be-
sides, the genetic alterations leading to constitutive JAK-STAT
signaling are driving events for several subtypes of ALL, Dual
GSPT1/JAK degraders SJ988497 and SJ10542 displayed potent
anti-tumor activity in JAK-STAT-driven cell lines by synthetic
lethality through dual mechanisms of impaired transcriptional
regulation (JAK-STAT signaling) and disruption of translational
termination (GSPT1 degradation).[142,143]

WB156 is active in wild-type and mutant p53-bearing
leukemias due to its ability to degrade both MDM2 and GSPT1
proteins. In cancers that are non-responsive to MDM2 degra-
dation alone, WB156 acts as a GSPT1 degrader to induce anti-
proliferative effects.[144]

6.3.5. Heterobifunctional Degraders

By merging PROTAC and MGD for targeting GSPT1 and its
synthetic lethal partner concurrently chemically, heterobifunc-
tional degraders are a new design of the double-mechanism with
the characteristics of both MGD and PROTACs. For example,
the Bruton Tyrosine Kinase (BTK) protein, which is a tyrosine
kinase and a crucial regulator of the BCR pathway, is exces-
sively activated in various lymphoma cells. As the representa-
tive GSPT1/BTK heterobifunctional degrader, GBD-9 efficiently
concurrently degraded GSPT1 acting as an MGD and degraded
BTK1 acting as a PROTACs by recruiting CRBN, and displayed
high activity in various diffuse large B-cell lymphoma (DLBCL)
and AML cell lines. Moreover, GBD-9 overcomes the limitations
of BTK inhibitors and GSPT1 degraders in refractory DLBCL
and AML treatment, which may have broader clinical application
prospects.[145,146]

Besides, results from preclinical and clinical trials of MRT-
2359 showed that AR/ARv7 CRPC patients are more sensitive
to GSPT1 degraders, indicating that AR/ARv7 is another at-
tractive partner for GSPT1. As another molecule to incorpo-
rate MGD into PROTAC degraders, by simultaneously function-
ing as both MGD targeting GSPT1 and PROTAC degrader tar-
geting AR/ARv7, BWA-6047 achieves enhanced antitumor ef-
fects through blocking androgen signaling and disrupting pro-
tein synthesis. Notably, BWA-6047 maintains high degradation
efficiency even in enzalutamide-resistant cells and remains ef-
fective against AR mutants.[147]

In addition, by integrating the properties of degraders
for GSPT1 and inhibitors for its partners together into the
same molecule, a dual-target and dual-mechanism bifunctional
molecule is another design strategy. For example, studies showed
that mTOR regulates the initiation of translation primarily by
phosphorylating downstream 4EBP1, and mTOR inhibition can
enhance the degradation activity of GSPT1 degraders, indicating

that combining mTOR inhibition with GSPT1 degradation may
overcome resistance and enhance efficacy by disrupting trans-
lational processes in tumor cells through dual dual-target and
dual-mechanism strategy.[82,148] Thus, by simultaneously selec-
tively combing the degradation of GSPT1 with robust inhibi-
tion of mTOR, YB-3-17 not only enhances the original mTOR
inhibitory activity, but also improves selectivity while promoting
the degradation of GSPT1 MGD, offering a promising direction
for precision treatment of tumors with overexpressedmTOR and
GSPT1.[149]

6.4. Degrader Antibody Conjugates (DACs)

GSPT1 is ubiquitously expressed in cells; thus, the systematic
degradation of GSPT1 may lead to certain side effects. For en-
hancing targeting specificity, OrumTherapeutics gave us another
strategy, which was DACs in 2022. DACs are a novel technology
that combine a degrader payload with a monoclonal antibody via
a chemical linker, which substitutes a degrader for the payload of
ADCs. DAC provides site- and tissue-specific delivery via tumor-
specific and overexpressed antigens that can degrade the target
with an improved therapeutic window.[150] ORM-5029 is an inno-
vative, first-in-class DAC (Figure 5E). ORM-5029 (Table 1) con-
sists of SMol006, a highly effective degrader of GSPT1, linked to
pertuzumab, which is a human epidermal growth factor recep-
tor (HER2) antibody that has been clinically validated. ORM-5029
demonstrated strong in vitro and in vivo efficacy across various
HER2-expressing models, showing comparable effectiveness to
trastuzumab deruxtecan and notable activity in models resistant
to trastuzumab emtansine. Preclinical data demonstrated that
ORM-5029 exhibited 10- to 1000-fold enhanced efficacy in HER2-
expressing cell lines compared to treatment with SMol006, ADC
targeting HER2 (Kadcyla and Enhertu).[151,152] Cytotoxic activity
of ORM-5029 in tumor xenograft models significantly surpassed
SMol006, CC-885, as well as Kadcyla and Enhertu.[153] Phase I
trial of ORM-5029 for treatingHER2-expressing solid tumorswas
started on 3 October 2022 (NCT05511844).[152]

Besides, through optimization of linker-payloads in medic-
inal chemistry, Orum Therapeutics developed another DAC
ORM-6151 (Table 1), which linked SMol006 to OR000283 (a
CD33-targeting antibody) via an innovative 𝛽-glucuronide re-
leasable linker. ORM-6151 treatment in CD33-expressing cell
lines showed picomolar activity with 10-1000-fold greater potency
compared to several GSPT1 degrader molecules, including CC-
90009 and ADC targeting CD33, Mylotarg. ORM-6151 also ex-
hibited picomolar potency in in vitro cytotoxicity to primary R/R
AML patient blasts, with better potency than CC-90009 and My-
lotarg.Moreover, ORM-6151 showedminimal cytotoxic activity to
healthy hematopoietic progenitor cells, with 10-10000-fold less
toxicity than CC-90009 or Mylotarg.[154] Phase I clinical trial of
ORM-6151 in participants with R/R AML or MDS started on 5
May, 2024 (NCT06419634). However, the clinical data of ORM-
5029 and ORM-6151 remain undisclosed.
Nevertheless, according to the internal assessment of the clin-

ical progress and the previously disclosed information of ORM-
5029, the clinical development ofORM-5029 has been terminated
on April 28, 2025. Meanwhile, a new agent ORM-1153, for the
treatment of hematological malignancies has been nominated.
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ORM-1153 (Table 4) is a novel DACdrug developed by combining
the catalytic mechanism of dual-precision TPD technology with
the tumor-targeting ability of therapeutic antibodies. ORM-1153
targets GSPT1 and an undisclosed tumor-associated antigen to
enhance selectivity and broaden the therapeutic window. In both
in vitro and in vivo experiments, ORM-1153 demonstrated sig-
nificant anti-tumor effects and safety.[155]

In addition, researchers developed a novel DAC, TRX-214-
1002 (Table 4), that was comprised of a linker, a monoclonal anti-
body (Mylotarg), and a novel proprietary GSPT1 MGD, targeting
CD33 and GSPT1. TRX-214-1002 exhibited the significant ability
to degrade GSPT1 and enhanced antileukemic activity, particu-
larly in TP53-mutated and VEN-resistant AML cell lines, along
with significant antitumor activity superior to ORM-6151.[156]

6.5. Other Targeting Therapeutic Approaches

Currently, researchers have utilized siRNA and CRISPR/Cas9
system-mediated knockdown of GSPT1 in experimental
models.[20] Additionally, targeting specific miRNAs, includ-
ing miR-342-3p and miR-320a, has been shown to indirectly
downregulate GSPT1 expression, thereby demonstrating con-
siderable therapeutic potential.

7. Challenges and Opportunities in the Future
Directions

From the obtained bioinformatic results and the collected infor-
mation, GSPT1 is a biologically compelling and highly promis-
ing anti-cancer target. However, to date, GSPT1-targeting strate-
gies have consistently encountered clinical setbacks. The devel-
opment of MRT-2359 for MYC-driven NSCLC was converted to
the development of prostate cancer due to the inability to deter-
mine MYC expression levels of patients, while the HER2-DAC
ORM-5029 pipeline was also discontinued. Therefore, we ana-
lyzed challenges encountered by GSPT1 degraders and provided
suggestions to realistically avoid these pitfalls in the future and
improve this research field.

7.1. Application of CRBN-Humanized Mice in Preclinical
Experiments

Researchers have found that there are species differences be-
tween human and murine models CRBN, which may result in
the lack of comprehensiveness in preclinical data.[157] For exam-
ple, preclinical CC-885 exhibited multi-organ toxicity in CRBN
humanized murine models, but no toxicity was observed in wild-
type mice.[158] Therefore, in the future, researchers can utilize
CRBN-humanized murine models to provide more reliable re-
sults for preclinical experiments of agents.

7.2. Precision Oncology

As a result of ubiquitous expression of GSPT1 in both nor-
mal and cancer tissues, the GSPT1 MGDs had the problem

of a narrow therapeutic window due to systemic degradation,
which was summarized as “on target, off cancer toxicity”. There-
fore, to achieve precise treatment, uncovering indications for tu-
mor cells that are highly dependent on GSPT1 is a potential
strategy.
We explored the associations between the abnormal GSPT1 ex-

pression patterns and overall survival, disease-specific survival,
disease-free interval, and progression-free interval in the Pan-
Cancer Atlas (Table S1). GSPT1 is upregulated in GBM, UCEC,
cervical squamous cell carcinoma, LUAD, ESCA, STES, COAD,
PRAD, STAD, lung squamous cell carcinoma, WT, SKCM,
OV, UCS, ALL, CHOL, GBMLGG, LGG, BRCA, HNSC, LIHC,
PAAD, and LAML (Figure 6A and Table S2). Among the tumors
in which GSPT1 is upregulated, we found that the expression of
GSPT1 positively correlated with poor prognosis in GBMLGG,
LGG, BRCA, HNSC, LIHC, PAAD, and LAML (HR > 1).
What’s more, apart from degrader -antibody conjugates

(DACs) that can achieve the “on-target, on-cancer”, the develop-
ment of X-drug Conjugates, which consist of targeted carriers,
chemical linker, and cytotoxic payload, including antibody-drug
conjugates (ADCs), especially dual payload ADCs, radionuclide
drug conjugates[159] and peptide-drug conjugates[160] will play a
pivotal role in alleviating the current predicament. For example,
dual payload ADCs link two different payloads (targeting syner-
gistic targets) to the targeting antibody through chemical linkers
to achieve synergistic efficacy or overcome drug resistance.[161]

By combining the synthetic lethal partner of GSPT1, which was
discussed in 5.3 Dual GSPT1/X degraders, Heterobifunctional
degraders and Combination, and the GSPT1 degrader, dual pay-
load ADCmight be a new strategy for overcoming the current set-
backs. What’s more, the development of prodrugs/prodegraders
could also overcome the problemunderlyingMGDs of “on target,
off cancer toxicity”.[102]

7.3. Cancer-related Pathway

In preclinical exploration of MRT-2359, researchers found that
treatment of MRT-2359 sensitive prostate cancer cell lines in
vitro led to a loss of c-MYC and, to a lesser extent, AR (including
AR-V7) proteins. This experience indicated that exploring signal-
ing pathways associated with GSPT1 may promote the realiza-
tion of precision treatment. Although gene essentiality assess-
ment for GSPT1 through CRISPR loss-of-function screens in a
wide range of cancer cell lines derived from Cancer DepMap Por-
tal verified that almost all cancer cells are dependent on GSPT1
effects[162] (Figure 6B), the precise mechanism of GSPT1 modu-
lation remains to be elucidated. To uncover the potential cancer
biology ofGSPT1-mediated oncogenesis, we explored the correla-
tion betweenGSPT1 expression and the activity of 10 well-known
cancer-related pathways (Figure 6C). The expression of GSPT1
has a significantly positive correlation with the activation of the
cell cycle and RTK, while negatively associated with the inhibi-
tion of EMT. In addition, the expression of GSPT1 is positively
associatedwith the activation of apoptosis, DNAdamage, AR, and
RAS-MAPK pathway. Research on how these cancer-related path-
ways interact with GSPT1 in cancer biology may be one future
topic.
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Figure 6. Clinical significance of abnormal GSPT1 expression on prognostic signature of pan-cancer and function in tumor cells and cancer-related
pathway. A) The prognostic signature of abnormal eRF3a expression in Pan-cancer derived from UCSC (https://xenabrowser.net/). B) Gene essentiality
assessment for GSPT1 obtained through CRISPR loss-of-function screens in a wide range of cancer cell lines derived from Cancer DepMap Portal
(https://depmap.org/portal/). Gene effect<-1 indicated dependency. C) Heatmap summarizes the percentage of cancers in which GSPT1’s mRNA
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7.4. Refinement of MGDs that Target Different E3 Ligases

Targeting CRBN is currently the most important strategy for
GSPT1 MGDs. The availability of the agent to CRBN determines
whether the drug will work. Deletion of ILF2 or ILF3 blocks the
maturation of full-length CRBN mRNA, reducing the response
to CC-90009.[24] Therefore, the expression of mRNA and pro-
tein of CRBN in patients will affect the effect of agents on pa-
tients. What’s more, cancer cells with high CRBN expression ex-
hibited marked sensitivity to GSPT1 MGDs compared to other
cancer types.[115,163] However, the challenges of GSPT1 MGDs
clinical trials may imply that targeting different E3 ligases will
promote the development of more potent GSPT1 MGDs by en-
hancing degradation efficiency and overcoming potential resis-
tance mechanisms. Furthermore, according to Spearman corre-
lation between GSPT1 and the 10 most frequently utilized E3 lig-
ases, the expression levels of CRBN in various cancer types are
not prominent; thus, we predicted the possibility of developing
MGDs targeting other E3 ligases in the future (Figure 6D,E).
E3 ligases can be classified into four types: HECT type, U-

box type, RBR type, and RING-finger type, according to the
differentiation of structure and function. NEDD4L is a mem-
ber of HECT type, while CHIP is from U-box type, and PRKN
is a member of the RBR family.[164] RING E3 ligases are di-
vided into monomeric RING finger and multi-subunit E3 lig-
ases. Monomeric RING E3 ligases not only have the domain
for substrate binding and ubiquitination, but also have the func-
tion of autoubiquitination, such as MDM2. Multi-subunit E3 lig-
ases, including CRLs, such as DCAF15 and DCAF16 are a highly
diverse class of ubiquitin ligases characterized by several com-
mon features.[165] RNF4, SIAH1, and RNF14 are members of the
RING family.[166] Targeting E3 ligases, includingVHL andCRBN,
members of CRL2 and CRL4, has been developed for the treat-
ment of R/R diseases.[94,167]

We found that VHL is highly expressed and is highly correlated
with GSPT1 in BRCA, GBM, LGG, and LHC. And String PPI
analysis showed that GSPT1 is physical associated with VHL.[168]

The results indicated that developing GSPT1 MGDs targeting
VHL in BRCA, GBM, LGG, and LHC may be a promising strat-
egy. Besides, recent studies have revealed that the CRL3 fam-
ily, traditionally considered challenging to be reprogrammed,[169]

can be effectively harnessed by MGs for TPD, which exhibits the
potential of MGDs targeting other E3 ligases except for CRBN
and VHL. CHIP was highly expressed in most cancer types, and
MDM2, RNF14, and RNF4 were expressed in most tumors. In
addition, in most cancer types, except for CHIP and DCAF15,
other ligases are highly associated with GSPT1. CHIP has a high
correlation with GSPT1 in ACC, and DCAF15 has a correlation
with GSPT1, whichmay give suggestions to the design of GSPT1
MGDs. In addition, we also suggest developing GSPT1 MGDs

targeting BIRC2 in CHOL, LGG, MESO, PRAD, THCA, and
THYM, targeting MDM2 in ACC, PRAD, and UYM, NEDD4L
in UYM, RNF14 in ACC, KICH, KIRC, KIRP, PRAD, THCA,
THYM, and UVM, RNF4 in GBM, THCA, and THYM, SIAH1
in LGG.

7.5. The Immunosuppressive Function of GSPT1

According to the clinical data of CC-90009, a dose-dependent de-
crease in GSPT1 levels in T cells was observed, with a >90%
decrease observed for higher dose levels, which indicated that
targeting GSPT1 may affect the function of immune cells.[105]

The single-cell type specificity derived from the HPA shows that
GSPT1 RNA expression is mainly expressed on blood & immune
cells, and the single-cell type expression cluster is mainly en-
riched in T-cells and monocytes.[170] Therefore, we explored the
relationship between immune cells and the expression ofGSPT1.
According to a heatmap of single-cell GSPT1 mRNA expres-

sion in major-lineage pan-cancer retrieved from TISCH based
on scRNA-seq, GSPT1 is highly expressed in immune cells,
particularly in Treg cells and CD8 T cells, which infiltrate the
cells of PRAD, THCA, NSCLC, LIHC, HNSC, ESCA, and CRC
(Figure 7A). Through single-cell RNA-seq analyses in pan-cancer,
we explored the correlation between GSPT1 expression and im-
mune infiltration of immune cells in tumors by evaluating the
correlation between GSPT1 with tumor purity, stromal score,
and immune score (Figure 7B). The results showed that the ex-
pression of GSPT1 is positively correlated with tumor purity,
while it is negatively correlated with stromal score and immune
score, which indicates that GSPT1 may have a role in tumor mi-
croenvironment remodeling. Besides, we investigated immune
checkpoint proteins, including CD274, CTLA4, HAVCR2, LAG3,
PDCD1, PDCD1LG2, and TIGIT, which put the brakes on im-
mune cell functions to regulate immune activation, but the ac-
tivity of immune checkpoint proteins is exploited in tumors to
evade immune surveillance and attack.[171] The results showed
that CD274, HAVCR2, PDCD1LG2, and SIGLEC15 are positively
related to GSPT1, while LAG3 and PDCD are negatively associ-
ated with GSPT1 in most cancers. What’s more, GSPT1 is posi-
tively related to all immune checkpoint proteins in KICH, LGG,
OV, PAAD, PCPG, STAD, and UVM.
Thus, pan-cancer immune infiltration analysis was performed

to further explore the correlation between the expression of
GSPT1 and tumor microenvironment remodeling (Figure 7C).
The results showed that GSPT1 is negatively correlated with the
infiltration of NK, CD8 T, 𝛾𝛿 T, CD4 T, and Th2, but is positively
correlated with central memory and neutrophil cells. In sum-
mary, the results suggested that the expression of GSPT1 may
be correlated with immunosuppressive activity. Through Spear-

expression has a potential effect (FDR < = 0.05) on 10 famous cancer-related pathway activities (TSC/mTOR, RTK, RAS/MAPK, PI3K/AKT, Hormone
ER, Hormone AR, EMT, DNA Damage Response, Cell Cycle, and Apoptosis pathways), among 32 cancer types derived from GSCA. The number in each
cell indicates the percentage. A: activated; I: inhibited. The expression and pathway activity module estimates the difference in gene expression between
pathway activity groups (activation and inhibition), which are defined by median pathway scores. When the pathway activity score in GSPT1High expression

tumors > pathway activity score in GSPT1low expression tumors, we consider GSPT1 may have an activating effect on a pathway; otherwise, it has an
inhibitory effect on a pathway. D) Association of GSPT1 expression and E3 ligase expression in Pan-cancer, * indicates that the PPI analysis revealed an
association between the E3 ligase and GSPT1. E) Heatmap displaying the Log2 fold-change of gene expression level of GSPT1 and E3 ligase according
to the TCGA GEPIA database.
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Figure 7. Association between GSPT1 expression in immune cells and immune infiltration. A) Heatmap of single-cell GSPT1 mRNA expression in
major-lineage pan-cancer retrieved from TISCH based on scRNA-seq. B) Heatmap summarizes the Spearman correlation analysis of GSPT1 expression
with tumor purity, stromal score, immune score, the ESTIMATE score, and the association between GSPT1 expression with ICB expression: positive
correlation in red, negative correlation in blue. *p < 0.05, **p < 0.01, ***p < 0.001. C) Spearman correlation analysis of gene set variation analysis
(GSVA) score and immune cell infiltration. *p < 0.05; #FDR < 0.05. D,E) Spearman correlation analysis of GSPT1 with TMB and microsatellite instability
in pan-cancer.
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man correlation analysis of GSPT1 with tumor mutation burden
(TMB) and microsatellite instability in pan-cancer (Figure 7D,E),
we found that GSPT1 is significantly positively associated with
the TMB of SARC, STAD, PAAD, and LAML and the microsatel-
lite instability of ACC, UCS, TGCT, READ, lung squamous cell
carcinoma, LIHC, LAML, KIRC, KICH, andGBM. In conclusion,
dysregulation of GSPT1 expression may promote tumorigenesis
through immunosuppressive effects.
Considering the immunosuppressive effect of GSPT1, the

combination of GSPT1 degraders and immunotherapy, includ-
ing PD-1 inhibitors, may inhibit tumor growth, activate immune
attacks, disrupt immune escape, and enhance anti-cancer effi-
cacy.

8. Conclusion and Perspectives

As a previously undruggable target, GSPT1 plays significant roles
in translation termination, NMD, and the cell cycle, which has
been a captivating topic with the rapid breakthrough of TPD.[172]

Therefore, a deeper comprehension of the physiological func-
tion underlyingmultiple GSPT1mechanisms and associated sig-
naling pathways would allow for more precise manipulation of
GSPT1 to improve cancer therapy. In this review, we attempt to
offer scientific evidence to enhance the understanding of GSPT1
expression, regulatory networks, and signaling functions in can-
cer progression, revealing potential therapeutic targets and con-
tributing to the pharmacological development of GSPT1-targeted
agents and therapy.
In addition to describing the structures of different GSPT1 iso-

forms, we also offer a deeper understanding of the functions and
expressions of GSPT1 isoforms. We found that the upregulation
of GSPT1-005 may be the mechanism underlying the abnormal
expression of GSPT1 that drives the tumor’s progression. Thus,
we explored the upstream regulatory mechanisms, including ge-
nomic alterations (mutations, single-nucleotide variants, CNV,
andDNAmethylation), transcriptional factors, andmiRNAs. The
results showed that, except for CNV and miRNA, transcriptional
factor ID1may lead to the abnormal expression of GSPT1. More-
over, we also predicted that receptors, including AR, ESR1, and
NR3C1, enzymes, including EP300, CDK9, and CHD2, andmore
than 25 transcriptional factors may contribute to the dysfunction
of GSPT1.
We summarized the downstream mechanisms of GSPT1 and

provided an overview of the advancements and challenges of de-
graders targeting GSPT1 in preclinical research and clinical tri-
als. From the obtained bioinformatic results and the collected
information, GSPT1 is a biologically compelling and highly
promising anti-cancer target. However, to date, GSPT1-targeting
strategies have consistently encountered clinical setbacks.We an-
alyzed the underlyingmechanisms and provided suggestions, in-
cluding the Application of CRBN-humanized mice in preclinical
experiments, precision oncology, cancer-related pathways, refine-
ment of MGDs that target different E3 ligases, and the immuno-
suppressive functions of GSPT1.
In summary, GSPT1 MGD therapeutic approaches represent

a highly promising direction. Although some setbacks have
emerged at present, by taking measures to address the afore-
mentioned issues, the current difficulties can be effectively
surmounted, thereby facilitating and accelerating the clinical

progress of GSPT1 MGDs. We hope to provide potential indica-
tions and precise therapeutic strategies for targeting GSPT1, and
ultimately to improve potential clinical cancer therapy in the near
future.

9. Experimental Section
Acquisition of Characteristics of Human GSPT1: Ten protein-coding

transcripts and protein structures of GSPT1 were retrieved from
public databases, including Ensembl (https://www.ensembl.org/index.
html?redirect=no), Genecards (https://www.genecards.org/), UniPro-
tKB (https://www.uniprot.org/), NGDC databases (https://www.cncb.
ac.cn/services?lang=en), the ASCancers Atlas (https://ngdc.cncb.ac.cn/
ascancer/home), and cBioportal (https://www.cbioportal.org/). In addi-
tion, we explored the top 20 isoform-specific PPI networks for GSPT1 by
the String Score (https://cn.string-db.org/) and ASCancers Atlas.

Expression Pattern of GSPT1 in Tumors: Based on multi-omics
data platforms, we analyzed GSPT1 expression patterns across
pan-cancer. Transcriptomic data from the UCSC Xena platform
(https://xenabrowser.net/)—integrating TCGA, TARGET, and GTEx
datasets (covering 34 cancer types and 19131 samples)—revealed
differential mRNA expression of GSPT1 in multiple cancers. At the
protein level, immunohistochemistry results from the Human Protein
Atlas database (https://www.proteinatlas.org/) demonstrated significant
heterogeneity of GSPT1 expression across 20 cancer tissue types, while
proteomic data from CPTAC (https://pdc.cancer.gov/pdc/) and UAL-
CAN (https://ualcan.path.uab.edu/analysis-prot.html) further validated
GSPT1 protein expression characteristics in 10 cancer types. In addition,
analysis of TCGA pan-cancer RNA-seq data using the GEPIA2 platform
(http://gepia2.cancer-pku.cn/) uncovered the specific expression profiles
and relative abundance of seven protein-coding transcripts of GSPT1,
with all gene expression levels normalized to transcripts per million.

Correlation Analysis of Genomic Variations (Mutations, Single Nucleotide
Variations, Copy Number Variations, and DNA Methylation), Transcription
Factors, and miRNAs With GSPT1/eRF3a: We systematically investigated
the regulatory mechanisms of GSPT1 throughmulti-dimensional genomic
analyses. Using GSCALite (https://guolab.wchscu.cn/GSCA/#/), we sum-
marized the CNV landscape of GSPT1 and evaluated the correlations be-
tween CNV/DNA methylation and GSPT1 mRNA expression across vari-
ous cancers. To explore the regulatory network of GSPT1, we retrieved the
top 10 regulatory interactions—including protein-protein, transcription
factor-target gene, miRNA-target gene, drug-target protein, and chemical-
gene interactions—from the Gendoma web server (https://ai.citexs.com).
Additionally, integrated analysis of public ChIP-Seq datasets from the
Signaling Pathways Project (http://www.signalingpathways.org/index.jsf)
and the OpenTargets platform (https://platform.opentargets.org/) re-
vealed relationships between GSPT1 and various cellular receptors,
enzymes, and transcription factors. For miRNA-mediated regulation,
we constructed a miRNA-GSPT1 regulatory network using Cytoscape
based on ENCORI (https://rnasysu.com/encori/) predicted upstream
miRNAs conserved across more than three tumor types, with literature-
validated miRNAs marked accordingly. Finally, the starBase database
(https://rnasysu.com/encori/) analysis confirmed the correlation between
GSPT1 expression and specific miRNAs (hsa-miR-342-3p, hsa-miR-320a,
hsa-miR-625-5p, hsa-miR-876-5p) in corresponding tumor samples.

The Prognostic Signature of Abnormal eRF3a Expression: Data was col-
lected fromUCSC pan-cancer (https://xenabrowser.net/) and PrognoScan
(https://dna00.bio.kyutech.ac.jp/PrognoScan/index.html).

Gene Essentiality Assessment for GSPT1: Gene essentiality of
GSPT1 was evaluated using genome-scale CRISPR-Cas9 loss-of-
function screening data obtained from Cancer DepMap Portal
(https://depmap.org/portal/).

The Relationship Between GSPT1’s mRNA Expression and 10 Famous
Cancer-Related Pathways: The regulatory effects of GSPT1 on cancer-
related pathways were analyzed using data obtained from the Gene Set
Cancer Analysis (GSCA) platform (https://guolab.wchscu.cn/GSCA/#/).
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This comprehensive analysis encompassed 32 cancer types and fo-
cused on 10 major oncogenic pathways: TSC/mTOR, RTK, RAS/MAPK,
PI3K/AKT, Hormone ER, Hormone AR, EMT, DNA Damage Response,
Cell Cycle, and Apoptosis. Pathway activity scores were calculated based
on the median expression of core pathway genes. The regulatory direc-
tion of GSPT1 was determined by comparing pathway activity score be-
tween GSPT1-high and GSPT1-low expression groups, with statistical sig-
nificance set at FDR ≤ 0.05.

Association of GSPT1 Expression and E3 Ligase Expression in Pan-cancer:
The relationship between GSPT1 and E3 ligase expression was analyzed
using data from two public databases. Gene expression patterns were
obtained from the TCGA GEPIA database (http://gepia.cancer-pku.cn/),
while correlation analyses were performed using the Timer2 database
(http://timer.cistrome.org/).

Association between GSPT1 Expression in Immune Cells and Immune In-
filtration: The pan-cancer single-cell expression profile of GSPT1 was
obtained from the TISCH database (http://tisch.comp-genomics.org/).
Spearman correlation analyses were subsequently performed to assess the
associations of GSPT1 expression with tumor microenvironment scores
(including tumor purity, stromal, immune, and ESTIMATE scores), im-
mune checkpoint gene expression, immune cell infiltration levels (based
on GSVA scores), TMB, and microsatellite instability.

Research Resource Identifiers (RRIDs): Our study did not utilize any cell
lines; therefore, Research Resource Identifiers (RRIDs) and contamination
checks for cell lines are not applicable.
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