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Multiple myeloma (MM) is the second most common hematological malignancy and

remains incurable, with high rates of relapses and refractory. One of the root causes is

the presence of multiple myeloma stem cells (MMSCs). The deficiency of MMSC

treatment lies in the lack of specific targets. CD19, CD138, CD27, and ALDH have

been regarded as markers for MMSCs; however, none of them can reliably identify

MMSCs. Therefore, identifying unique markers of MMSCs is crucial. Nestin, a class-VI

intermediate filament protein, was originally described as a marker of neuroepithelial

stem/progenitor cells. Recently, nestin has been reported to be a useful marker and

therapeutic target of cancer stem cell (CSC) in solid tumors, reflecting its importance

in drug resistance and poor prognosis. Although nestin has been reported to be

associated with poor prognosis in MM, its biological role in MM has not yet been

thoroughly explored. This review summarizes the latest research progress of nestin in

MM, including the characteristics of nestin, its role in CSCs across different cancers,

the current status and cutting-edge detection technologies of MMSC, involved

signaling pathways and clinical relevance in MM. It emphasizes that nestin is a

more specific and effective potential therapeutic target for MMSC.
KEYWORDS

nestin, multiple myeloma, multiple myeloma stem cells, cancer stem cells,
therapeutic target
Introduction

Multiple myeloma (MM) is the second-most common hematological malignancy,

accounting for 10-15% of all blood cancers (1). Although standard first-line treatments

including proteasome inhibitors, immunomodulators, and dexamethasone, as well as novel

CAR-T cell therapies have significantly improved efficacy, MM remains incurable, with frequent
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relapse and drug resistance (2). One crucial reason originates from

multiple myeloma stem cells (MMSCs). MMSCs represent a distinct

subpopulation of tumor-initiating cells characterized by self-renewal

capacity, multilineage differentiation potential, tumorigenicity, and drug

resistance, which are considered the key determinants of disease relapse

and treatment refractoriness. MMSC not only have the potential to

induce malignant tumors, but also exhibit invasion, metastasis, and

resistance to radiotherapy and chemotherapy (3). CD19, CD138, CD27,

and ALDH have been regarded as markers for MMSCs. Unfortunately,

despite the availability of specific targeted and highly sensitive detection

methods, precise markers for MMSC are still lacking, resulting in very

limited treatment for it. Therefore, it is essential to discover specific

target for MMSC.

Nestin, a class-VI intermediate filament protein, was originally

described as a marker of neuroepithelial stem/progenitor cells in the

central nervous system. An increasing number of studies suggest

that nestin is involved in the regulation of proliferation, invasion,

and drug resistance in various cancers. Additionally, nestin has

already been recognized as a specific stem cell marker in certain

cancers, including brain (4), pancreatic (5), prostate (6), and

bladder cancers (7), contributing to poor prognosis and

outcomes (8).

This review summarizes nestin as a potential therapeutic target for

MMSCs. Firstly, we described the characteristics of nestin, and its role

in CSCs. Subsequently, the advantages and disadvantages of current
Frontiers in Oncology 02
MMSC markers and the challenges of detection technologies were

summarized. Finally, we explored the relationship between nestin and

MM, including signal pathways, treatment, clinical relevance, and

potential directions in future research. In all, the review’s synthesis of

current knowledge underscores the clinical relevance of nestin and

highlights important areas for future research, not only as a prognostic

indicator but also as a potential target for innovative therapies aimed

at overcoming treatment resistance in MM.
Characteristics of nestin

Nestin is a class VI intermediate filament protein consisting of

an N-terminal rod domain and 41 heptapeptide repeats in the C-

terminal region. Originally found in human central nervous system

(CNS) tumors, it was expressed primarily in CNS CSC in rats (9),

described as a marker of neuroepithelial stem/progenitor cells in the

CNSs of rats (10). The human nestin gene is located at 1q23.1,

composed of four exons separated by three introns, two of which

shared with neurofilaments, suggesting the possibility that nestin

and neurofilaments are descended from a single ancestor. Its

promoter is located in the 5’ untranslated region, containing two

Sp-1 binding sites but lacking a functional TATA box. Enhancing

elements were in the first and second introns, with enhancers in the

first specifically designed to increase the nestin expression in
FIGURE 1

Nestin structure and assembly into intermediate filament. (A) Molecular structure of nestin; (B) Particularities of nestin monomer; (C) Nestin forms
heterodimers. Adapted from Bernal et al, 2018. Originally published in Cellular and Molecular Life Sciences, 75(12):2177-2195. Copyright Springer
Nature Publishing. Adapted with permission (11).
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myogenic precursors; The second intron contained two

neuroprecursor-specific enhancers (Figures 1A, B) (11). Human

nestin is composed of 1621 amino acids, but the nestin N terminal is

short, composed of only 11 amino acids. Further, the C-terminal is

long, with 1,479 amino acids (Figure 1C), and it contains many

charged amino acid repeats, usually in two forms: the 220kDa

glycosylated form and the 177kDa de-glycosylated form, though the

former is more common (12). Nestin does not readily fold into its

functional conformation independently. It requires the presence of

another copolymer, such as vimentin. Because of the characteristic

core domain, the presence of a third intron, the short head domain,

and the unconventionally long C-terminal end, nestin is regarded as

a separate type-VI IF (13). Furthermore, we cannot ignore that

nestin protein is a dynamic structure whose phosphorylation/

dephosphorylation modulates the disassembly and assembly of

intermediate filaments and whose C-terminal domain interacts

with microtubules and microfilaments (14). These mechanisms

might play a role in the rapid redistribution of intracellular

proteins during key cell processes (15–17).
The role of nestin in CSCs across
different cancers

Cancer stem cells (CSCs) are a rare population of cells within

tumor tissue that possess the ability to self-renew and differentiate

into various cancer cell precursors. CSCs are crucial in tumor

recurrence, metastasis, and heterogeneity (18). A multitude of

studies have discovered that neural stem cell marker-nestin plays

a critical role in regulating CSCs, and closely associates with poorer

tumor grading and prognosis.

A large number of studies have shown that the overexpression

of nestin can regulate the stemness to enhance proliferation and

migration in glioblastoma (19), lung adenocarcinoma (20),

colorectal cancer (21), pancreatic cancer (22), triple negative

breast cancer (23) and cervical cancer (24). Knockdown of nestin

expression significantly inhibit the proliferation and colony

formation of non-small cell lung cancer, leading to G1 phase of

the cell cycle and inhibiting AKT activation (25). Reducing the

phosphorylation of nestin can inhibit the proliferation (26). Nestin

accelerates invasion by promoting EMT (epithelial-mesenchymal

transition). Nestin induces the expression of N-cadherin, thereby

promoting EMT in breast cancer and pancreatic ductal carcinoma

(27, 28). Nestin is partially co-localized with CD56 and vimentin,

participating in EMT in cHCC-CCA (29). Nestin promotes the

expression, activation, and nuclear translocation of b-catenin,
leading to EMT in liver cancer cells.

Furthermore, nestin is also associated with drug resistance. Nestin

competes with Nrf2 for binding to Keap1, thereby promoting the

production of antioxidant enzymes, enhancing the antioxidant stress

resistance in non-small cell lung cancer and gastric cancer, and

consequently contributing to drug resistance (30, 31). Nestin+/

CD31+ cells in hypoxic perivascular niche induce downstream Hes1

overexpression and promote GSLC chemotherapy resistance (32).

Nestin expression is significantly elevated in drug-resistant liver cancer
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tissues and cell lines. Notably, nestin deficiency has been shown to

reverse drug resistance, highlighting its potential as a therapeutic

target to enhance the efficacy of cancer treatment. The transcriptional

activation of nestin can lead to the self-protection of breast cancer cells

to drugs, resulting in drug resistance (33). In addition to

chemoresistance, the cells surrounding cancer cells also possess

radio-resistance. In patients with brain tumors, nestin-expressing

neural precursor cells (NEPs) increase the expression of IFN-g and

upregulate Shh ligands following radiation exposure, which aids in the

regeneration of nerve cells by NEPs (34).

Based on these studies, inhibiting nestin can help suppress

stemness, leading to reduced proliferation, invasion, and drug

resistance of cancer cells. These highlights nestin as a promising

therapeutic target for limiting tumor aggressiveness and improving

treatment outcomes.
Challenges associated with MMSCs in
MM

The concept of MMSC has been proposed to explain the

recurrence and rekindling of MM cells. Despite the near-total

eradication of tumor cells in MM patients, relapses still occur (35).

The status of CSCs is so crucial, but there is no consensus on the

surface markers of MMSCs (Table 1). Currently, the mainstream is

that MMSCs are located within the SP cells or ALDH1+ cells.

However, these markers have limitations in identifying MMSCs. SP

cells are not only enriched in stem cells but also include non-stem

cells; meanwhile, MMSCs are not only present in the SP cells

population but also exist within the main cell population (43).

Additionally, bortezomib (BTZ) can significantly suppress the ratio

of SP cells but increases the ratio of ALDH1+ cells (44, 45). SP cells

and ALDH1+ cells may represent distinct populations. It is uncertain

whether all MMSCs possess both biomarkers or if they have

additional ones. These debates stem from the lack of direct

evidence for the existence of a single tumor stem cell in MM

tumors. Therefore, there is an urgent need to find a new marker

for identifying MMSCs. Several studies have shown that nestin has

been proven to be a marker for CSCs in various cancers. Nestin has

been proven to be a reliable indicator for distinguishing MM patients
TABLE 1 List of cell markers to identify MMSCs.

Population Phenotype

Clonogenetic CD138- population
CD19 + CD138- (36, 37)

CD19 + CD138-CD27+ (38)

Clonogenetic CD38+ population

CD38 + CD45- (39)

CD19-CD45-CD38+CD138+ (40)

CD138+CD38+Nestin+

Clonogenetic CD38- population CD19 + CD38-CD27+ (41)

Clonogenetic ALDH+ population
CD19 + CD34-Lchain(l) + ALDH+ (42)

CD138-ALDH+ (38)
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and an important cause of 1q amplification, which can identify high

riskMM. Therefore, nestin is a more specific and effective therapeutic

target for MM.

The development of the cutting-edge detection technologies to

recognize these markers are particularly crucial. The following is an

explanation of the methods for identifying MMSC markers:

①Multicolor Flow Cytometry (FCM) is a highly reliable and widely

adopted clinical tool for studying cellular subpopulations in the

diagnosis and treatment of MM. However, FCM data analysis

requires manual gating of cell populations on two-parameter plots

and is susceptible to interference between fluorescence channels.

Variability in gating strategies and parameter selection among

individuals significantly affects the reproducibility and stability of

the data. When exploring data beyond four or five dimensions, the

plotting of numerous two-dimensional graphs becomes exceedingly

complex, making it difficult to represent high-dimensional data and

potentially overlooking rare cell populations. Since MMSCs are often

present in small quantities and easily missed, it is essential to seek new

methods or technologies to address the limitations of FCM. The

FlowSOM algorithm, introduced in 2018, is a rapid and precise

clustering method utilizing Self-Organizing Maps (SOM) to classify

all markers across all cells, with SOMs projected onto a minimum

spanning tree to accentuate rare cell populations (46, 47). This method

can better discover and identify rare MMSCs.②Mass cytometry (48) is

also a method used to overcome the shortcomings of commonly used

FCM. Mass cytometry significantly reduces interference between

channels, permitting multiparametric analysis with up to 130

distinct parameters. Although currently available reagents allow for

the simultaneous measurement of up to 50 biomarkers, this method

offers a new high-dimensional perspective for analyzing cellular

heterogeneity, breaking the limitations of two-dimensional views

(49), and enabling the high-dimensional analysis of MMSC

markers. ③High-dimensional multi-pass flow cytometry based on

optical barcoding significantly extends the utility of FCM from static

analysis to high-throughput dynamic temporal resolution of cellular

analysis. This capability allows for tracking and measuring cells over

time, detecting single-cell responses to stimuli, drug treatments, or

other interventions, and studying protein expression changes,

including nestin, during each cell division or differentiation. It is

applied in tumorigenesis and stem cell biology, breaking through the

bottleneck of multi-marker analysis and capturing cell characteristics

only at a single time point in FCM (50). ④Time-resolved flow

cytometry can identify and quantify the up-or downregulation of

key biomarkers on individual cells, analyzing the extent of expression

changes in specific biomarkers on particular cells. These upregulated

markers could be serve as therapeutic targets, and the downregulated

markers could indicate drug resistance (51).
Nestin and signal pathways in MM

In recent years, studies have identified the expression of nestin

in MM. The alterations in nestin are capable of modulating several

signaling pathways. In this section, we will address the pathways
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such as the PI3K/AKT, Notch, Hedgehog, and Wnt/b-catenin
signaling pathway. We will also discuss other potential signaling

pathways that nestin may target in MM, including the non-coding

RNA pathway. In the following subsections, we will first

systematically elucidate the regulatory mechanisms of nestin in

each signaling pathway based on evidence from other malignancies.

Subsequently, we will delve into the potential roles of these

pathways in the development and progression of MM as well as

their therapeutic target value. It is worth noting that these signaling

pathways are also closely interconnected (Figure 2).
Nestin and PI3K/AKT pathway

Studies have shown that overexpression of nestin can promote

phosphorylation of PI3K (p-PI3K) and AKT (p-AKT), activating

the PI3K/AKT signal pathway. Knocking down nestin reduce p-

PI3K and p-AKT, leading to cell cycle arrest at G1, inhibiting cell

proliferation, embryonic organ development, and organ size

regulation (52). It should be emphasized that the activated PI3K

can indirectly augment the expression of nestin via the JNK-Notch

signaling cascade. This regulatory mechanism is of pivotal

significance in sustaining the self-renewal and tumorigenic

potential of cancer stem cells (CSCs) (53). However, another

study reached the opposite conclusion. The knockdown of nestin

promoted an increase in the phosphorylation of PI3K, AKT, and

mTOR, enhancing the drug resistance of cancer cells (54). The

reasons for the discrepancies in data are as follows: in melanoma,

the depletion of nestin promotes tumor malignancy via a dual

mechanism. On one hand, it upregulates the expression of matrix

metalloproteinases, thereby enhancing the invasive capacity. On the

other hand, it induces the aggregation of phosphorylated focal

adhesion kinase on the cell membrane, which in turn promotes

integrin clustering and indirectly activates the PI3K/AKT pathway,

ultimately leading to the occurrence of acquired resistance (54).

However, in other tumors, nestin is directly involved in the PI3K/

AKT pathway. Additionally, these discrepancies may arise from

differences in tumor types and cellular contexts. For instance, nestin

is highly expressed in CSCs in glioblastoma, which play a crucial

role in tumor initiation, maintenance, and resistance to therapy. In

contrast, in melanoma, nestin expression has been primarily studied

in melanoma cells rather than in CSCs.

In MM, inhibiting the PI3K/AKT/mTOR pathway suppresses

the proliferation of MM side group (SP) cells, leading to cell cycle

arrest, promoting apoptosis (40), inhibiting osteolytic diseases (55),

and even enhancing chemotherapy sensitivity to BTZ (56),

dexamethasone (57), and melphalan (58, 59), thereby inhibiting

the progression of MM. Studies have shown that multiple factors

can inhibit the PI3K/AKT signal pathway and inactivate the

biological activity of MM. Downregulating miR-20a (60), miR-25-

3p (61), and upregulating miR-30d (62), can inhibit the PI3K/AKT

signal pathway, reduce the proliferation of MM or SP cells and

induce apoptosis. Combination therapy of topoisomerase inhibitors
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with molecular inhibitors of PI3K (63), cause cell cycle arrest in

MM cells. Other targeted therapeutic agents silence NUPR1 (64),

DEPTOR (58), and STMN (56), inhibit the PI3K/AKT signal

pathway and increase sensitivity to chemotherapy.
Nestin and notch pathway

Research shows that nestin+ cells exhibit upregulation of Notch

signaling (65). The Notch signal pathway can activate the nestin

promoter, leading to upregulate nestin and promoting the

proliferation of nestin+ embryonal brain tumors cells (66), and

even promoting the stemness, proliferation, and impaired

differentiation of glioma stem cells (67). Furthermore, in the

absence of p53, the dedifferentiation of mature liver cells into

nestin+ progenitor-like cells is promoted, accompanied by the

activation of the intracellular Notch signal pathway (68).

In MM, as the disease progresses, there is a continuous

overexpression of Notch-1 and nestin (69, 70). Additionally,

activation of the Notch signal pathway promotes the upregulation

of Notch, Jagged1, and Hes1, enhancing MM proliferation,

inhibiting apoptosis, and increasing drug resistance (70).

Inhibition of the Notch signal pathway can lead to cell cycle

arrest and ameliorate cancer-induced bone destruction (71).

Overall, in MM, there is a potential correlation between the

upregulation of Notch signaling and the increased expression of

nestin. The cell cycle regulator GANT61 inhibits the Notch signal

pathway, suppresses MM cell proliferation, promotes apoptosis,

and leads to G1/G0 cycle arrest (72).
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Nestin and Hedgehog pathway

Nestin primarily activates the Hedgehog (Hh) signal pathway

through a Smoothened (Smo)-independent manner to cause genomic

instability and facilitate tumorigenesis (73). The overexpression of

nestin augments the levels of Gli3FL (the full-length form of Gli3)

while diminishing the levels of Gli3R (the repressive form of Gli3),

thereby enhancing the activity of the Hh signaling pathway through

the inhibition of Gli3 phosphorylation (74). Targeting nestin can

restore Gli3 function and inhibit tumor cell proliferation (74, 75).

Meanwhile, the Hh signaling can regulate nestin expression. Hh

signaling induces the upregulation of Gli1, promoting the

expression of nestin in both cancer stem cells (76) and neural

progenitor cells (77). Additionally, the Shh signaling can drive

nestin expression through Gli1-independent mechanism, promoting

the proliferation of nestin+ precursor cells (34). Introducing RCAS

vectors expressing SHh and c-Myc into nestin+ progenitor cells can

induce proliferation and transformation into malignant tumor cells,

leading to tumorigenesis (78).

In MM, Hh signaling activity can be activated both through the

canonical pathway (Smo-dependent) and Smo-independent

mechanisms. MM cell lines activate the SHh/Gli1 axis through

autocrine SHh, promoting the expression of SHH and Gli1, thereby

enhancing proliferation and protecting myeloma cells from

spontaneous and stress-induced apoptosis (79). Additionally, Hh

signaling in CD138− MMSC is activated, promoting the clonal

expansion of MMSC, sustaining the MM tumor stem cell niche

(80), and conferring BTZ resistance (81). Hh inhibitors mainly

inhibit Hh signaling by binding to Smo. Liver X receptor activators
FIGURE 2

The signaling pathways network regulated by nestin. Nestin promotes tumor growth by modulating the activation of four key signaling pathways:
PI3K/AKT, Notch, Hedgehog, and Wnt/b-catenin signaling pathways.
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inhibit Hh pathway activity in vitro, thereby suppressing the growth

of clonal tumors in vitro and MM stem cells in vivo, leading to the

loss of tumor initiation and self-renewal potential (82). In addition,

overexpression of miR-324-5p (81) and miR-1271 (83) significantly

reduced the expression of Hh signal components Smo and Gli1,

inhibiting the growth, survival, and stem cell compartment of MM

cells, and enhancing sensitivity to BTZ.
Nestin and Wnt/b-catenin pathway

Nestin overexpression enhances the activity of the Wnt/b-catenin
signal pathway, reducing levels of GSK-3b and promoting b-catenin
nuclear localization, thereby improving tumor proliferation, invasion,

and metastasis, and even reversing drug resistance, providing new

strategies for cancer treatment (84). Additionally, inhibiting nestin in

breast cancer stem cells could increases GSK-3b and E-cadherin,

decreases b-catenin, N-cadherin and vimentin to reduce proliferation

and invasion of CSCs (85). Furthermore, Wnt signaling can induce

nestin expression by increasing b-catenin protein, leading to excessive

proliferation or dedifferentiation of donor cells and promoting tumor

formation (86).

In MM, the abnormal activation of Wnt/b-catenin signaling is

involved in the pathogenesis of MM, particularly in maintaining the

stemness of MMSCs (87). Promoting the proteasomal degradation

of b-catenin through GSK-3b-independent mechanism can inhibit

the Wnt/b-catenin signal pathway, preventing the proliferation of

MM cells (88, 89) and even reducing the population of ALDH1+

MMSCs (44). Furthermore, Wnt inhibitors reduce b-catenin
expression, suppress the anti-proliferative activity of MM cells

against dexamethasone (90), BTZ (91), and lenalidomide (92),

and inhibit the progression of MM. The combination of TNKSi

and PORCi (91), picriol (93), and pyrvinium pamoate (94) exerts

the same effect on MM by inhibiting the Wnt/b-catenin pathway.

Overexpression of miR-744-5p (95), miR-19a-3p (96), and miR-30-

5p (97) also inhibit the Wnt/b-catenin signal pathway to suppress

the proliferation of MM cells and promote apoptosis.
Nestin and non-coding RNA

Several miRNAs, such as miR-125b (98), miR-432 (99), and

miR-485-3p (100), have been shown to target and suppress nestin

expression. High expression levels of miR-21 correlate positively

with nestin mRNA in Meningiomas (101), and suppression of miR-

21 can reduce nestin expression, leading to decreased melanoma

tumor growth (102).

In MM, overexpression of miR-21 is associated with disease

resistance. Downregulation of miR-21 exhibits anti-MM activity by

inhibiting the growth of MM cells both in vitro and in vivo (103).

MiR-21 can also impair the differentiation of Th17 cells, abrogating

Th17-mediated MM cells proliferation and osteoclast activity (104).

Overexpression of miR-125b-5p can trigger apoptosis and

autophagy in MM cells, suppressing tumor activity (105).

Clinically, miR-21 and miR-125b-5p are closely related to the
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dexamethasone treatment/diagnosis, ratios of both miR-16 and

miR-21 expression levels below two predicted a shorter time to

response and a longer time to next treatment (106). Plasma levels of

miR-125b-5p in MM are correlated with clinical stage and

progression-free survival of patients (107). Nestin is also a direct

target of several miRNAs, including miR-204-5p (108), miR-4443,

and miR-4488 (109). In addition to miRNA, circular RNAs

(circRNAs) such as circTTC3 can upregulate the expression of

nestin, thereby promoting the proliferation of neural stem

cells (110).
The clinical relevance of nestin in MM

In 2011, the Svachova team firstly detected nestin in mature

CD138+/CD38+ plasma cell (PC) of MM patients, confirming that

nestin is a tumor specific marker of CD138+/CD38+ PC in MM

patients (111). Further, another study analyzed the nestin

expression across a spectrum of individuals, ranging from those

without hematological malignancies, through monoclonal

gammopathy of undetermined significance (MGUS) and MM

patients, to plasma cell leukemia and MM cell lines (111). Nestin

can be evaluated as a reliable marker for accurately distinguishing

MM patients from the control group, and its expression gradually

increases as the disease progresses (41). Additionally, the Svachova

team found that nestin is located on chromosome 1q and is an

important cause of 1q amplification. 1q amplification was classified

as a high-risk cytogenetic anomaly in the mSMART and R2-ISS

staging system. The latest R2-ISS is the second revised version of the

ISS updated by the European Myeloma Network (EMN) in 2022.

Compared with R-ISS, R2-ISS is an improved and simple state-of-

the-art staging system that adds 1q amplification in scoring,

resulting in better stratification of especially the large group of

patients with intermediate-risk newly diagnosed MM (112). 1q

amplification has been shown to be a poor prognostic factor

(112), associated with recurrent/refractory MM (RRMM), and

increases the risk of MM progression (113). Therefore, there is a

strong correlation between nestin and clinical staging of MM.

There have been studies exploring the treatment targeting

nestin. The knockdown of nestin via short hairpin RNA (shRNA)

or small interfering RNA (siRNA) techniques can significantly

inhibit cell proliferation, migration, and invasion. Lu et al.

successfully suppressed nestin expression using shRNA, which

notably decelerated the growth of glioblastoma (114). Moreover,

knockout of the nestin gene via CRISPR/Cas9 technology

completely abolishes nestin expression (54). Certain small-

molecule compounds, such as resveratrol , have been

demonstrated to suppress nestin expression (89). Resveratrol, a

plant antitoxin, inhibits the growth, migration, invasion, and

expression of nestin in glioblastoma cells (115). Given that

nestin-positive CSCs can evade host immune surveillance through

PD-L1 expression (116, 117), anti-PD-1/PD-L1 therapy may be

effective for nestin-positive MM. In addition, due to the role of

nestin regulating the cytoskeleton, anti-microtubule inhibitors such
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as cytorelaxin D and zeaxanthin A have been shown to have anti-

nestin activity (28). Furthermore, all trans retinoic acid (ATRA)

reduces the expression of nestin in CSCs, inhibits CSCs

proliferation, and is even associated with the PI3K/AKT/mTOR

and Wnt/b-catenin pathways (118, 119). Another study found that

arsenic trioxide inhibits the levels of Notch1 and Hes1 proteins,

reduces nestin+ cells, and thus decreases the CSC populations in

gliomas (120). Nitidine chloride can inhibit the expression of nestin,

a tumor CSC related factor, through the Hedgehog pathway. At

present, the regulation of oxidative stress is becoming a cancer

treatment method. In MM, it is manifested as excessive production

of ROS, and nestin has been found to promote cancer cell

antioxidant activity, thereby promoting proliferation, invasion,

and drug resistance. Therefore, regulating oxidative stress status

can be a potential therapeutic method for anti-nestin (121). Based

on the above findings, multiple anti-tumor approaches affect the

expression of nestin through various pathways, thereby influencing

the biological activity of CSCs.

However, the therapeutic strategies targeting nestin currently

face significant challenges: existing therapies are confined to directly

or indirectly modulating nestin expression via inhibitors, and these

approaches have only been validated in other malignancies but not

yet in MM. To surmount the existing limitations, future research

should focus on validating these approaches in MM and developing

innovative therapies, including: developing specific CAR-T cell

therapies targeting nestin; and advancing the clinical translation

of nestin inhibitors to transcend the constraints of current

laboratory-based research. It is noteworthy that nestin is also

basally expressed in specific progenitor and stem cell populations

in normal tissues. Studies have shown that peptides can bind to the

N-terminal isoform of nestin specifically expressed in glioma stem

cells, a property that enables them to target nestin-positive cell

populations in human glioma tissues (122). Future research should

be focused on developing efficient and specific tumor-targeting

delivery systems for the precise delivery of anti-nestin therapeutic

agents. Additionally, a systematic evaluation of the side effects of

these therapeutic approaches on normal stem cell populations

expressing nestin is warranted.

The clinical treatment of inhibiting the MM signal pathway

through drugs is currently under investigation. Inhibitors of these

signal pathways may affect the expression of nestin. The safety,

tolerability, and preliminary activity of CUDC-907 (the first oral

dual inhibitor of HDAC and PI3K) in RRMM patients have been

tested in phase I trials (123) In addition, two inhibitors of

Hedgehog, vismodegib and sonidegib, have been approved by the

US Food and Drug Administration (FDA) (124). Sonidegib, an oral

small molecule SMO receptor antagonist, used for the treatment of

cancer and is currently undergoing phase I/II studies on other

malignant tumors, including MM (125). Bisphosphonate-

conjugated g-secretase inhibitors (BT-GSI), as a type of Notch

inhibitor targeting the bone/bone marrow microenvironment, are

capable of simultaneously inhibiting the growth of MM cells and

preventing bone loss, while exhibiting safer therapeutic

characteristics (126). Additionally, DKK1, as a canonical
Frontiers in Oncology 07
antagonist of the WNT/b-catenin pathway, plays a pivotal role in

the process of bone destruction in MM. BHQ-880, a monoclonal

antibody targeting DKK1, completed a Phase II clinical trial for

multiple myeloma in 2020. The trial results demonstrated that

BHQ-880 significantly reduced the extent of bone destruction in

MM patients and exhibited good tolerability during the treatment

process (127). Therefore, it is feasible to use anti-tumor drugs

targeting the signal pathway to target nestin for the treatment of

MM in future research.

In summary, nestin is a core factor in 1q amplification, and can

serve as a reliable biomarker for distinguishing high-risk MM. A

variety of clinical drugs affect the expression of nestin through

signal pathways, and then affect the proliferation of CSCs and

myeloma. Nestin is a potential therapeutic target for MM.
Conclusions and perspectives

In this review, we summarized that nestin is a potential

therapeutic target for MMSC. Firstly, we described the

characteristics of nestin, including its gene structure and protein

features. The role of nestin in CSCs of solid tumors were

summarized. Subsequently, we explored the advantages and

disadvantages of current MMSC markers, as well as potential

directions for detection technologies. Nestin interactions with

several oncogenic stemness pathways in MMSCs are the core. For

the clinical value, nestin serves as a reliable biomarker for

identifying high-risk MM patients who are likely to exhibit

resistance to standard treatments. Finally, we discussed the

potential of nestin as a target for therapeutic intervention through

the inhibition of the aforementioned signaling pathways, as well as

the challenges faced in targeting nestin.

While research on nestin in MM is not yet comprehensive,

future studies can further validate whether targeting nestin can

eliminate MMSCs and weak MM progression. Larger-scale and

higher-quality systematic reviews and meta-analyses are needed to

enhance the accuracy of nestin in MM stratification, as well as

prognostic assessment. Additionally, RRMM poses a significant

challenge in MM treatment. Nestin is an important factor in 1q

amplification, indicating that it may be a predictive molecule for

RRMM. Exploring small molecule drugs targeting nestin or its

regulatory network using the Perturb-DBiT database can provide a

comprehensive, spatially resolved view of perturbation responses in

complex tissues, thereby leading to the development of new

therapeutic strategies (128–130). In the future, the application of

the co-indexing of transcriptomes and epitopes (CITE) technology

holds the potential to deeply characterize the proteomic and whole-

transcriptomic profiles in patients with MM, thereby enabling

precise evaluation of nestin gene expression levels (131). In all,

the review’s synthesis of current knowledge underscores the clinical

relevance of nestin and highlights important areas for future

research, not only as a prognostic indicator but also as a potential

target for innovative therapies aimed at overcoming treatment

resistance in MM.
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6. Guzmán-Ramıŕez N, Völler M, Wetterwald A, Germann M, Cross NA, Rentsch CA,
et al. In vitro propagation and characterization of neoplastic stem/progenitor-like cells from
human prostate cancer tissue. Prostate. (2009) 69:1683–93. doi: 10.1002/pros.21018

7. Bentivegna A, Conconi D, Panzeri E, Sala E, Bovo G, Viganò P, et al. Biological
heterogeneity of putative bladder cancer stem-like cell populations from human
bladder transitional cell carcinoma samples. Cancer Sci. (2010) 101:416–24.
doi: 10.1111/j.1349-7006.2009.01414.x

8. Ishiwata T, Matsuda Y, Naito Z. Nestin in gastrointestinal and other cancers:
effects on cells and tumor angiogenesis. World J Gastroenterol. (2011) 17:409–18.
doi: 10.3748/wjg.v17.i4.409

9. Dahlstrand J, Collins VP, Lendahl U. Expression of the class VI intermediate
filament nestin in human central nervous system tumors. Cancer Res. (1992) 52:5334–41.

10. Hockfield S, McKay RD. Identification of major cell classes in the developing
mammalian nervous system. J Neurosci. (1985) 5:3310–28. doi: 10.1523/
JNEUROSCI.05-12-03310.1985

11. Bernal A, Arranz L. Nestin-expressing progenitor cells: function, identity and
therapeutic implications. Cell Mol Life Sci. (2018) 75:2177–95. doi: 10.1007/s00018-
018-2794-z

12. Dahlstrand J, Zimmerman LB, McKay RD, Lendahl U. Characterization of the
human nestin gene reveals a close evolutionary relationship to neurofilaments. J Cell
Sci. (1992) 103:589–97. doi: 10.1242/jcs.103.2.589

13. Wiese C, Rolletschek A, Kania G, Blyszczuk P, Tarasov KV, Tarasova Y, et al.
Nestin expression–a property of multi-lineage progenitor cells? Cell Mol Life Sci. (2004)
61:2510–22. doi: 10.1007/s00018-004-4144-6

14. Steinert PM, Chou YH, Prahlad V, Parry DA, Marekov LN, Wu KC, et al. A high
molecular weight intermediate filament-associated protein in BHK-21 cells is nestin, a
type VI intermediate filament protein. Limited co-assembly in vitro to form
heteropolymers with type III vimentin and type IV alpha-internexin. J Biol Chem.
(1999) 274:9881–90. doi: 10.1074/jbc.274.14.9881

15. Vaittinen S, Lukka R, Sahlgren C, Hurme T, Rantanen J, Lendahl U, et al. The
expression of intermediate filament protein nestin as related to vimentin and desmin in
regenerating skeletal muscle. J Neuropathology Exp Neurol. (2001) 60:588–97.
doi: 10.1093/jnen/60.6.588

16. Lendahl U, Zimmerman LB, McKay RD. CNS stem cells express a new class of
intermediate filament protein. Cell. (1990) 60:585–95. doi: 10.1016/0092-8674(90)90662-X

17. Kachinsky AM, Dominov JA, Miller JB. Intermediate filaments in cardiac
myogenesis: nestin in the developing mouse heart. J Histochem Cytochem. (1995)
43:843–7. doi: 10.1177/43.8.7542682

18. Yang L, Shi P, ZhaoG, Xu J, PengW, Zhang J, et al. Targeting cancer stem cell pathways
for cancer therapy. Signal Transduct Target Ther. (2020) 5:8. doi: 10.1038/s41392-020-0110-5

19. Matsuda Y, Ishiwata T, Yoshimura H, Hagio M, Arai T. Inhibition of nestin
suppresses stem cell phenotype of glioblastomas through the alteration of post-
translational modification of heat shock protein HSPA8/HSC71. Cancer Lett. (2015)
357:602–11. doi: 10.1016/j.canlet.2014.12.030

20. Narita K, Matsuda Y, Seike M, Naito Z, Gemma A, Ishiwata T, et al. Nestin
regulates proliferation, migration, invasion and stemness of lung adenocarcinoma. Int J
Oncol. (2014) 44:1118–30. doi: 10.3892/ijo.2014.2278

21. Li Z, Wu Z, Yu H, Liu Y, Wu W, Li E, et al. Nestin protein affects the
maintenance of stem characteristics of colorectal cancer cells based on p53
dependent pathway. J Gastrointest Oncol. (2022) 13:2340–50. doi: 10.21037/jgo-22-788

22. Matsuda Y, Ishiwata T, Yoshimura H, Yamashita S, Ushijima T, Arai T, et al.
Systemic administration of small interfering RNA targeting human nestin inhibits
pancreatic cancer cell proliferation and metastasis. Pancreas. (2016) 45:93–100.
doi: 10.1097/MPA.0000000000000427

23. Feng W, Liu S, Zhu R, Li B, Zhu Z, Yang J, et al. SOX10 induced Nestin
expression regulates cancer stem cell properties of TNBC cells. Biochem Biophys Res
Commun. (2017) 485:522–8. doi: 10.1016/j.bbrc.2017.02.014

24. Sato A, Ishiwata T, Matsuda Y, Yamamoto T, Asakura H, Takeshita T, et al.
Expression and role of nestin in human cervical intraepithelial neoplasia and cervical
cancer. Int J Oncol. (2012) 41:441–8. doi: 10.3892/ijo.2012.1473

25. Chen Z, Wang J, Cai L, Zhong B, Luo H, Hao Y, et al. Role of the stem cell-
associated intermediate filament nestin in Malignant proliferation of non-small cell
lung cancer. PloS One. (2014) 9:e85584. doi: 10.1371/journal.pone.0085584
frontiersin.org

https://doi.org/10.1038/s41572-024-00529-7
https://doi.org/10.1016/j.trecan.2024.06.002
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1038/sj.onc.1207946
https://doi.org/10.1007/s00795-012-0571-x
https://doi.org/10.1002/pros.21018
https://doi.org/10.1111/j.1349-7006.2009.01414.x
https://doi.org/10.3748/wjg.v17.i4.409
https://doi.org/10.1523/JNEUROSCI.05-12-03310.1985
https://doi.org/10.1523/JNEUROSCI.05-12-03310.1985
https://doi.org/10.1007/s00018-018-2794-z
https://doi.org/10.1007/s00018-018-2794-z
https://doi.org/10.1242/jcs.103.2.589
https://doi.org/10.1007/s00018-004-4144-6
https://doi.org/10.1074/jbc.274.14.9881
https://doi.org/10.1093/jnen/60.6.588
https://doi.org/10.1016/0092-8674(90)90662-X
https://doi.org/10.1177/43.8.7542682
https://doi.org/10.1038/s41392-020-0110-5
https://doi.org/10.1016/j.canlet.2014.12.030
https://doi.org/10.3892/ijo.2014.2278
https://doi.org/10.21037/jgo-22-788
https://doi.org/10.1097/MPA.0000000000000427
https://doi.org/10.1016/j.bbrc.2017.02.014
https://doi.org/10.3892/ijo.2012.1473
https://doi.org/10.1371/journal.pone.0085584
https://doi.org/10.3389/fonc.2025.1596928
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wu et al. 10.3389/fonc.2025.1596928
26. Matsuda Y, Ishiwata T, Yoshimura H, Yamahatsu K, Minamoto T, Arai T.
Nestin phosphorylation at threonines 315 and 1299 correlates with proliferation and
metastasis of human pancreatic cancer. Cancer Sci. (2017) 108:354–61. doi: 10.1111/
cas.13139

27. Matsuda Y, Yoshimura H, Ueda J, Naito Z, Korc M, Ishiwata T. Nestin delineates
pancreatic cancer stem cells in metastatic foci of NOD/Shi-scid IL2Rg(null) (NOG)
mice. Am J Pathol. (2014) 184:674–85. doi: 10.1016/j.ajpath.2013.11.014

28. Su H-T, Weng C-C, Hsiao P-J, Chen L-H, Kuo T-L, Chen Y-W, et al. Stem cell
marker nestin is critical for TGF-b1-mediated tumor progression in pancreatic cancer.
Mol Cancer Res. (2013) 11:768–79. doi: 10.1158/1541-7786.MCR-12-0511

29. Sasaki M, Sato Y, Nakanuma Y. Is nestin a diagnostic marker for combined
hepatocellular-cholangiocarcinoma? Histopathology. (2022) 80:859–68. doi: 10.1111/
his.14622

30. Wang J, Lu Q, Cai J, Wang Y, Lai X, Qiu Y, et al. Nestin regulates cellular redox
homeostasis in lung cancer through the Keap1-Nrf2 feedback loop. Nat Commun.
(2019) 10:5043. doi: 10.1038/s41467-019-12925-9

31. Lv J, Xie M, Zhao S, Wang J, Lu Q, Cai J, et al. Nestin is essential for cellular
redox homeostasis and gastric cancer metastasis through the mediation of the Keap1-
Nrf2 axis. Cancer Cell Int. (2021) 21:603. doi: 10.1186/s12935-021-02184-4

32. Zheng Z-Q, Chen J-T, Zheng M-C, Yang L-J, Wang J-M, Liu Q-L, et al. Nestin
+/CD31+ cells in the hypoxic perivascular niche regulate glioblastoma chemoresistance
by upregulating JAG1 and DLL4. Neuro Oncol. (2021) 23:905–19. doi: 10.1093/neuonc/
noaa265

33. Feng X, Han H, Guo Y, Feng X, Guo S, Zhou W, et al. LncRNA ENST869
targeting nestin transcriptional region to affect the pharmacological effects of
chidamide in breast cancer cells. Front Oncol. (2022) 12:874343. doi: 10.3389/
fonc.2022.874343

34. Hu J, Wang Z, Gong B, Feng L, Song Y, Zhang S, et al. IFN-g promotes
radioresistant Nestin-expressing progenitor regeneration in the developing cerebellum
by augmenting Shh ligand production. CNS Neurosci Ther. (2024) 30:e14485.
doi: 10.1111/cns.14485

35. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global
and regional mortality from 235 causes of death for 20 age groups in 1990 and 2010: a
systematic analysis for the Global Burden of Disease Study 2010. Lancet. (2012)
380:2095–128. doi: 10.1016/S0140-6736(12)61728-0

36. Pilarski LM, Hipperson G, Seeberger K, Pruski E, Coupland RW, Belch AR, et al.
Myeloma progenitors in the blood of patients with aggressive or minimal disease:
engraftment and self-renewal of primary human myeloma in the bone marrow of NOD
SCID mice. Blood. (2000) 95:1056–65. doi: 10.1182/blood.V95.3.1056.003k26_1056_1065

37. Matsui W, Huff CA, Wang Q, Malehorn MT, Barber J, Tanhehco Y, et al.
Characterization of clonogenic multiple myeloma cells. Blood. (2004) 103:2332–6.
doi: 10.1182/blood-2003-09-3064

38. Matsui W, Wang Q, Barber JP, Brennan S, Smith BD, Borrello I, et al.
Clonogenic multiple myeloma progenitors, stem cell properties, and drug resistance.
Cancer Res. (2008) 68:190–7. doi: 10.1158/0008-5472.CAN-07-3096

39. Yaccoby S, Epstein J. The proliferative potential of myeloma plasma cells
manifest in the SCID-hu host. Blood. (1999) 94:3576–82. doi: 10.1182/
blood.V94.10.3576.422k01_3576_3582

40. Kim D, Park CY, Medeiros BC, Weissman IL. CD19-CD45 low/- CD38 high/
CD138+ plasma cells enrich for human tumorigenic myeloma cells. Leukemia. (2012)
26:2530–7. doi: 10.1038/leu.2012.140

41. Svachova H, Kryukov F, Kryukova E, Sevcikova S, Nemec P, Greslikova H, et al.
Nestin expression throughout multistep pathogenesis of multiple myeloma. Br J
Hematol. (2014) 164:701–9. doi: 10.1111/bjh.12689

42. Chiron D, Maïga S, Descamps G, Moreau P, Le Gouill S, Marionneau S, et al.
Critical role of the NOTCH ligand JAG2 in self-renewal of myeloma cells. Blood Cells
Mol Dis. (2012) 48:247–53. doi: 10.1016/j.bcmd.2012.01.006

43. Jakubikova J, Adamia S, Kost-Alimova M, Klippel S, Cervi D, Daley JF, et al.
Lenalidomide targets clonogenic side population in multiple myeloma:
pathophysiologic and clinical implications. Blood. (2011) 117:4409–19. doi: 10.1182/
blood-2010-02-267344

44. Wang H, Gong Y, Liang L, Xiao L, Yi H, Ye M, et al. Lycorine targets multiple
myeloma stem cell-like cells by inhibition of Wnt/b-catenin pathway. Br J Hematol.
(2020) 189:1151–64. doi: 10.1111/bjh.16477

45. Jagannathan S, Abdel-Malek MAY, Malek E, Vad N, Latif T, Anderson KC, et al.
Pharmacologic screens reveal metformin that suppresses GRP78-dependent autophagy
to enhance the anti-myeloma effect of bortezomib. Leukemia. (2015) 29:2184–91.
doi: 10.1038/leu.2015.157

46. Wang J, Zheng Y, Tu C, Zhang H, Vanderkerken K, Menu E, et al. Identification
of the immune checkpoint signature of multiple myeloma using mass cytometry-based
single-cell analysis. Clin Transl Immunol. (2020) 9:e01132. doi: 10.1002/cti2.1132

47. Seymour F, Cavenagh JD, Mathews J, Gribben JG. NK cells CD56bright and
CD56dim subset cytokine loss and exhaustion is associated with impaired survival in
myeloma. Blood Adv. (2022) 6:5152–9. doi: 10.1182/bloodadvances.2022007905

48. Arnett LP, Rana R, ChungWW-Y, Li X, Abtahi M, Majonis D, et al. Reagents for
mass cytometry. Chem Rev. (2023) 123:1166–205. doi: 10.1021/acs.chemrev.2c00350
Frontiers in Oncology 09
49. Newell EW, Cheng Y. Mass cytometry: blessed with the curse of dimensionality.
Nat Immunol. (2016) 17:890–5. doi: 10.1038/ni.3485

50. Kwok SJJ, Forward S, Fahlberg MD, Assita ER, Cosgriff S, Lee SH, et al. High-
dimensional multi-pass flow cytometry via spectrally encoded cellular barcoding. Nat
BioMed Eng. (2024) 8:310–24. doi: 10.1038/s41551-023-01144-9

51. Zuleta IA, Aranda-Dıáz A, Li H, El-Samad H. Dynamic characterization of
growth and gene expression using high-throughput automated flow cytometry. Nat
Methods. (2014) 11:443–8. doi: 10.1038/nmeth.2879

52. Liu J, Ji X, Li Z, Zheng H, Zheng W, Jia J, et al. Nestin overexpression promotes
the embryonic development of heart and brain through the regulation of cell
proliferation. Brain Res. (2015), 1610. doi: 10.1016/j.brainres.2015.03.044

53. Yoon CH, Kim MJ, Kim RK, Lim EJ, Choi KS, An S, et al. c-Jun N-terminal
kinase has a pivotal role in the maintenance of self-renewal and tumorigenicity in
glioma stem-like cells. Oncogene. (2012) 31:4655–66. doi: 10.1038/onc.2011.634

54. Schmitt M, Sinnberg T, Nalpas NC, Maass A, Schittek B, Macek B, et al.
Quantitative proteomics links the intermediate filament nestin to resistance to targeted
BRAF inhibition in melanoma cells. Mol Cell Proteomics. (2019) 18:1096–109.
doi: 10.1074/mcp.RA119.001302

55. Gan ZY, Fitter S, Vandyke K, To LB, Zannettino ACW, Martin SK, et al. The
effect of the dual PI3K and mTOR inhibitor BEZ235 on tumor growth and osteolytic
bone disease in multiple myeloma. Eur J Hematol. (2015) 94:343–54. doi: 10.1111/
ejh.12436

56. Wang L, Cao J, Tao J, Liang Y. STMN1 promotes cell Malignancy and
bortezomib resistance of multiple myeloma cell lines via PI3K/AKT signaling. Expert
Opin Drug Saf. (2024) 23:277–86. doi: 10.1080/14740338.2023.2251384

57. HeW, Fu Y, Zheng Y,Wang X, Liu B, Zeng J, et al. Diallyl thiosulfinate enhanced
the anti-cancer activity of dexamethasone in the side population cells of multiple
myeloma by promoting miR-127-3p and deactivating the PI3K/AKT signaling
pathway. BMC Cancer. (2021) 21:125. doi: 10.1186/s12885-021-07833-5

58. Zhang H-R, Chen J-M, Zeng Z-Y, Que W-Z. Knockdown of DEPTOR inhibits
cell proliferation and increases chemosensitivity to melphalan in human multiple
myeloma RPMI-8226 cells via inhibiting PI3K/AKT activity. J Int Med Res. (2013)
41:584–95. doi: 10.1177/0300060513480920

59. Wang L, Lin N, Li Y. The PI3K/AKT signaling pathway regulates ABCG2
expression and confers resistance to chemotherapy in human multiple myeloma. Oncol
Rep. (2019) 41:1678–90. doi: 10.3892/or.2019.6968

60. Jiang Y, Chang H, Chen G. Effects of microRNA-20a on the proliferation,
migration and apoptosis of multiple myeloma via the PTEN/PI3K/AKT signaling
pathway. Oncol Lett. (2018) 15:10001–7. doi: 10.3892/ol.2018.8555

61. Zi Y, Zhang Y, Wu Y, Zhang L, Yang R, Huang Y, et al. Downregulation of
microRNA−25−3p inhibits the proliferation and promotes the apoptosis of multiple
myeloma cells via targeting the PTEN/PI3K/AKT signaling pathway. Int J Mol Med.
(2021) 47:9. doi: 10.3892/ijmm.2020.4841

62. Zhu B, Chen H, Zhang X, Pan Y, Jing R, Shen L, et al. Serum miR-30d as a novel
biomarker for multiple myeloma and its antitumor role in U266 cells through the
targeting of the MTDH/PI3K/Akt signaling pathway. Int J Oncol. (2018) 53:2131–44.
doi: 10.3892/ijo.2018.4532

63. Demel H-R, Feuerecker B, Piontek G, Seidl C, Blechert B, Pickhard A, et al.
Effects of topoisomerase inhibitors that induce DNA damage response on glucose
metabolism and PI3K/Akt/mTOR signaling in multiple myeloma cells. Am J Cancer
Res. (2015) 5:1649–64.

64. Li A, Li X, Chen X, Zeng C, Wang Z, Li Z, et al. NUPR1 silencing induces
autophagy-mediated apoptosis in multiple myeloma cells through the PI3K/AKT/
mTOR pathway. DNA Cell Biol. (2020) 39:368–78. doi: 10.1089/dna.2019.5196

65. Sakamoto T, Obara N, Nishikii H, Kato T, Cao-Sy L, Fujimura R, et al. Notch
signaling in nestin-expressing cells in the bone marrow maintains erythropoiesis via
macrophage integrity. Stem Cells. (2019) 37:924–36. doi: 10.1002/stem.3011

66. Fan X, Matsui W, Khaki L, Stearns D, Chun J, Li Y-M, et al. Notch pathway
inhibition depletes stem-like cells and blocks engraftment in embryonal brain tumors.
Cancer Res. (2006) 66:7445–52. doi: 10.1158/0008-5472.CAN-06-0858

67. Wang Y, Cheng Y, Yang Q, Kuang L, Liu G. Overexpression of FOXD2-AS1
enhances proliferation and impairs differentiation of glioma stem cells by activating the
NOTCH pathway via TAF-1. J Cell Mol Med. (2022) 26:2620–32. doi: 10.1111/
jcmm.17268

68. Tschaharganeh DF, Xue W, Calvisi DF, Evert M, Michurina TV, Dow LE, et al.
p53-dependent Nestin regulation links tumor suppression to cellular plasticity in liver
cancer. Cell. (2014) 158:579–92. doi: 10.1016/j.cell.2014.05.051

69. Jakubikova J, Cholujova D, Beke G, Hideshima T, Klucar L, Leiba M, et al.
Heterogeneity of B cell lymphopoiesis in patients with premalignant and active
myeloma. JCI Insight. (2023) 8:e159924. doi: 10.1172/jci.insight.159924

70. Muguruma Y, Yahata T, Warita T, Muguruma Y, Yahata T, Warita T, Hozumi
K, Nakamura Y, Suzuki R, et al, et al. Jagged1-induced Notch activation contributes to
the acquisition of bortezomib resistance in myeloma cells. Blood Cancer J. (2017) 7:650.
doi: 10.1038/s41408-017-0001-3

71. Tanaka M, Setoguchi T, Hirotsu M, Gao H, Sasaki H, Matsunoshita Y, et al.
Inhibition of Notch pathway prevents osteosarcoma growth by cell cycle regulation. Br
J Cancer. 2009 100(12):1957–65. doi: 10.1038/sj.bjc.6605060
frontiersin.org

https://doi.org/10.1111/cas.13139
https://doi.org/10.1111/cas.13139
https://doi.org/10.1016/j.ajpath.2013.11.014
https://doi.org/10.1158/1541-7786.MCR-12-0511
https://doi.org/10.1111/his.14622
https://doi.org/10.1111/his.14622
https://doi.org/10.1038/s41467-019-12925-9
https://doi.org/10.1186/s12935-021-02184-4
https://doi.org/10.1093/neuonc/noaa265
https://doi.org/10.1093/neuonc/noaa265
https://doi.org/10.3389/fonc.2022.874343
https://doi.org/10.3389/fonc.2022.874343
https://doi.org/10.1111/cns.14485
https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1182/blood.V95.3.1056.003k26_1056_1065
https://doi.org/10.1182/blood-2003-09-3064
https://doi.org/10.1158/0008-5472.CAN-07-3096
https://doi.org/10.1182/blood.V94.10.3576.422k01_3576_3582
https://doi.org/10.1182/blood.V94.10.3576.422k01_3576_3582
https://doi.org/10.1038/leu.2012.140
https://doi.org/10.1111/bjh.12689
https://doi.org/10.1016/j.bcmd.2012.01.006
https://doi.org/10.1182/blood-2010-02-267344
https://doi.org/10.1182/blood-2010-02-267344
https://doi.org/10.1111/bjh.16477
https://doi.org/10.1038/leu.2015.157
https://doi.org/10.1002/cti2.1132
https://doi.org/10.1182/bloodadvances.2022007905
https://doi.org/10.1021/acs.chemrev.2c00350
https://doi.org/10.1038/ni.3485
https://doi.org/10.1038/s41551-023-01144-9
https://doi.org/10.1038/nmeth.2879
https://doi.org/10.1016/j.brainres.2015.03.044
https://doi.org/10.1038/onc.2011.634
https://doi.org/10.1074/mcp.RA119.001302
https://doi.org/10.1111/ejh.12436
https://doi.org/10.1111/ejh.12436
https://doi.org/10.1080/14740338.2023.2251384
https://doi.org/10.1186/s12885-021-07833-5
https://doi.org/10.1177/0300060513480920
https://doi.org/10.3892/or.2019.6968
https://doi.org/10.3892/ol.2018.8555
https://doi.org/10.3892/ijmm.2020.4841
https://doi.org/10.3892/ijo.2018.4532
https://doi.org/10.1089/dna.2019.5196
https://doi.org/10.1002/stem.3011
https://doi.org/10.1158/0008-5472.CAN-06-0858
https://doi.org/10.1111/jcmm.17268
https://doi.org/10.1111/jcmm.17268
https://doi.org/10.1016/j.cell.2014.05.051
https://doi.org/10.1172/jci.insight.159924
https://doi.org/10.1038/s41408-017-0001-3
https://doi.org/10.1038/sj.bjc.6605060
https://doi.org/10.3389/fonc.2025.1596928
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wu et al. 10.3389/fonc.2025.1596928
72. Zhang Z, Hao C, Zhang R, Pei X, Li J, Wang L, et al. A Gli inhibitor GANT61
suppresses cell proliferation, promotes cell apoptosis and induces G1/G0 cycle retardation
with a dose- and time-dependent manner through inhibiting Notch pathway in multiple
myeloma. Cell Cycle. (2020) 19:2063–73. doi: 10.1080/15384101.2020.1792686

73. Li P, Du F, Yuelling LW, Lin T, Muradimova RE, Tricarico R, et al. A population
of Nestin-expressing progenitors in the cerebellum exhibits increased tumorigenicity.
Nat Neurosci. (2013) 16:1737–44. doi: 10.1038/nn.3553

74. Li P, Lee EH, Du F, Gordon RE, Yuelling LW, Liu Y, et al. Nestin mediates
hedgehog pathway tumorigenesis. Cancer Res. (2016) 76:5573–83. doi: 10.1158/0008-
5472.CAN-16-1547

75. Gordon RE, Zhang L, Yang Z-J. Restore the brake on tumor progression.
Biochem Pharmacol. (2017) 138:1–6. doi: 10.1016/j.bcp.2017.04.003

76. Watkins DN, Berman DM, Burkholder SG, Wang B, Beachy PA, Baylin SB, et al.
Hedgehog signaling within airway epithelial progenitors and in small-cell lung cancer.
Nature. (2003) 422:313–7. doi: 10.1038/nature01493

77. Bambakidis NC, Horn EM, Nakaji P, Theodore N, Bless E, Dellovade T, et al.
Endogenous stem cell proliferation induced by intravenous hedgehog agonist
administration after contusion in the adult rat spinal cord. J Neurosurg Spine. (2009)
10:171–6. doi: 10.3171/2008.10.SPI08231

78. Rao G, Pedone CA, Coffin CM, Holland EC, Fults DW. c-Myc enhances sonic
hedgehog-induced medulloblastoma formation from nestin-expressing neural progenitors
in mice. Neoplasia. (2003) 5:198–204. doi: 10.1016/S1476-5586(03)80052-0

79. Liu Z, Xu J, He J, Zheng Y, Li H, Lu Y, et al. A critical role of autocrine sonic
hedgehog signaling in human CD138+ myeloma cell survival and drug resistance.
Blood. (2014) 124:2061–71. doi: 10.1182/blood-2014-03-557298

80. Peacock CD, Wang Q, Gesell GS, Corcoran-Schwartz IM, Jones E, Kim J, et al.
Hedgehog signaling maintains a tumor stem cell compartment in multiple myeloma.
Proc Natl Acad Sci U.S.A. (2007) 104:4048–53. doi: 10.1073/pnas.0611682104

81. Tang B, Xu A, Xu J, Huang H, Chen L, Su Y, et al. MicroRNA-324-5p regulates
stemness, pathogenesis and sensitivity to bortezomib in multiple myeloma cells by
targeting hedgehog signaling. Int J Cancer. (2018) 142:109–20. doi: 10.1002/ijc.31041

82. Agarwal JR, Wang Q, Tanno T, Rasheed Z, Merchant A, Ghosh N, et al.
Activation of liver X receptors inhibits hedgehog signaling, clonogenic growth, and self-
renewal in multiple myeloma.Mol Cancer Ther. (2014) 13:1873–81. doi: 10.1158/1535-
7163.MCT-13-0997

83. Xu Z, Huang C, Hao D. MicroRNA-1271 inhibits proliferation and promotes
apoptosis of multiple myeloma cells through inhibiting smoothened-mediated
Hedgehog signaling pathway. Oncol Rep. (2017) 37:1261–9. doi: 10.3892/or.2016.5304

84. Zhang Y, Zeng S, Ma J, Deng G, Qu Y, Guo C, et al. Nestin overexpression in
hepatocellular carcinoma associates with epithelial-mesenchymal transition and
chemoresistance. J Exp Clin Cancer Res. (2016) 35:111. doi: 10.1186/s13046-016-0387-y

85. Zhao Z, Lu P, Zhang H, Xu H, Gao N, Li M, et al. Nestin positively regulates the
Wnt/b-catenin pathway and the proliferation, survival and invasiveness of breast
cancer stem cells. Breast Cancer Res. (2014) 16:408. doi: 10.1186/s13058-014-0408-8

86. Cui L, Guan Y, Qu Z, Zhang J, Liao B, Ma B, et al. WNT signaling determines
tumorigenicity and function of ESC-derived retinal progenitors. J Clin Invest. (2013)
123:1647–61. doi: 10.1172/JCI65048

87. van Andel H, Kocemba KA, Spaargaren M, Pals ST. Aberrant Wnt signaling in
multiple myeloma: molecular mechanisms and targeting options. Leukemia. (2019)
33:1063–75. doi: 10.1038/s41375-019-0404-1

88. Son Y, Quan KT, Shin S, Park S, Na M, Oh S, et al. Lucidin 3-methyl ether from
Rubia philippinensis suppresses the proliferation of multiple myeloma cells through the
promotion of b-catenin degradation. Phytomedicine. (2022) 99:153971. doi: 10.1016/
j.phymed.2022.153971

89. Geng W, Guo X, Zhang L, Ma Y, Wang L, Liu Z, et al. Resveratrol inhibits
proliferation, migration and invasion of multiple myeloma cells via NEAT1-mediated
Wnt/b-catenin signaling pathway. BioMed Pharmacother. (2018) 107:484–94.
doi: 10.1016/j.biopha.2018.08.003

90. Li R, Ke M, Qi M, Han Z, Cao Y, Deng Z, et al. G6PD promotes cell proliferation
and dexamethasone resistance in multiple myeloma via increasing anti-oxidant
production and activating Wnt/b-catenin pathway. Exp Hematol Oncol. (2022)
11:77. doi: 10.1186/s40164-022-00326-6

91. Spaan I, van Nieuwenhuijzen N, Kimman T, Rockx-Brouwer D, Tieland RG,
Maurice MM, et al. Wnt inhibitors reduce the unfolded protein response and enhance
bortezomib-induced cell death in multiple myeloma. Blood Adv. (2023) 7:1103–7.
doi: 10.1182/bloodadvances.2022008442

92. Bjorklund CC, Ma W, Wang Z-Q, Davis RE, Kuhn DJ, Kornblau SM, et al.
Evidence of a role for activation of Wnt/beta-catenin signaling in the resistance of
plasma cells to lenalidomide. J Biol Chem. (2011) 286:11009–20. doi: 10.1074/
jbc.M110.180208

93. Schmeel FC, Schmeel LC, Kim Y, Schmidt-Wolf IGH. Piceatannol exhibits
selective toxicity to multiple myeloma cells and influences the Wnt/beta-catenin
pathway. Hematol Oncol. (2014) 32:197–204. doi: 10.1002/hon.2122

94. Xu F, Zhu Y, Lu Y, Yu Z, Zhong J, Li Y, et al. Anthelmintic pyrvinium pamoate
blocks Wnt/b-catenin and induces apoptosis in multiple myeloma cells. Oncol Lett.
(2018) 15:5871–8. doi: 10.3892/ol.2018.8006
Frontiers in Oncology 10
95. Guo B, Xiao C, Liu Y, Zhang N, Bai H, Yang T, et al. miR-744-5p inhibits
multiple myeloma proliferation, epithelial mesenchymal transformation and glycolysis
by targeting SOX12/Wnt/b-catenin signaling. Onco Targets Ther. (2021) 14:1161–72.
doi: 10.2147/OTT.S270636

96. Wei Z, Wang W, Li Q, Du L, He X. The microRNA miR-19a-3p suppresses cell
growth, migration, and invasion in multiple myeloma via the Wnt/b-catenin pathway.
Transl Cancer Res. (2021) 10:1053–64. doi: 10.21037/tcr-20-3490

97. Zhao J-J, Lin J, Zhu D, Wang X, Brooks D, Chen M, et al. miR-30-5p functions as
a tumor suppressor and novel therapeutic tool by targeting the oncogenic Wnt/b-
catenin/BCL9 pathway. Cancer Res. (2014) 74:1801–13. doi: 10.1158/0008-5472.CAN-
13-3311-T

98. Cui Y, Xiao Z, Han J, Sun J, Ding W, Zhao Y, et al. MiR-125b orchestrates cell
proliferation, differentiation and migration in neural stem/progenitor cells by targeting
Nestin. BMC Neurosci. (2012) 13:116. doi: 10.1186/1471-2202-13-116

99. Das E, Bhattacharyya NP. MicroRNA-432 contributes to dopamine cocktail and
retinoic acid induced differentiation of human neuroblastoma cells by targeting
NESTIN and RCOR1 genes. FEBS Lett. (2014) 588:1706–14. doi: 10.1016/
j.febslet.2014.03.015

100. Gu J, Shao R, Li M, Yan Q, Hu H. MiR-485-3p modulates neural stem cell
differentiation and proliferation via regulating TRIP6 expression. J Cell Mol Med.
(2020) 24:398–404. doi: 10.1111/jcmm.14743

101. Galani V, Alexiou GA, Miliaras G, Dimitriadis E, Triantafyllou E, Galani A,
et al. Expression of stem cell marker nestin and microRNA-21 in meningiomas. Turk
Neurosurg. (2015) 25:574–7. doi: 10.5137/1019-5149.JTN.10800-14.2

102. Javanmard SH, Vaseghi G, Ghasemi A, Rafiee L, Ferns GA, Esfahani HN, et al.
Therapeutic inhibition of microRNA-21 (miR-21) using locked-nucleic acid (LNA)-
anti-miR and its effects on the biological behaviors of melanoma cancer cells in
preclinical studies. Cancer Cell Int. (2020) 20:384. doi: 10.1186/s12935-020-01394-6

103. Leone E, Morelli E, Di Martino MT, Amodio N, Foresta U, Gullà A, et al.
Targeting miR-21 inhibits in vitro and in vivo multiple myeloma cell growth. Clin
Cancer Res. (2013) 19:2096–106. doi: 10.1158/1078-0432.CCR-12-3325

104. Rossi M, Altomare E, Botta C, Gallo Cantafio ME, Sarvide S, Caracciolo D, et al.
miR-21 antagonism abrogates Th17 tumor promoting functions in multiple myeloma.
Leukemia. (2021) 35:823–34. doi: 10.1038/s41375-020-0947-1

105. Morelli E, Leone E, Cantafio MEG, Di Martino MT, Amodio N, Biamonte L,
et al. Selective targeting of IRF4 by synthetic microRNA-125b-5p mimics induces anti-
multiple myeloma activity in vitro and in vivo. Leukemia. (2015) 29:2173–83.
doi: 10.1038/leu.2015.124

106. Gkioka A-I, Tsota M, Koudouna A, Gkiokas A, Mitropoulou C-A, Palaiokrassa
A, et al. Circulating miR-16 and miR-21 Levels in Multiple Myeloma: Prognostic
Significance of Survival and Response to Lenalidomide Treatment. Int J Mol Sci. (2024)
25:6065. doi: 10.3390/ijms25116065

107. Jiang Y, Luan Y, Chang H, Chen G. The diagnostic and prognostic value of
plasma microRNA-125b-5p in patients with multiple myeloma. Oncol Lett. (2018)
16:4001–7. doi: 10.3892/ol.2018.9128

108. Luo H, Lv W, Zhang H, Lin C, Li F, Zheng F, et al. miR-204-5p inhibits cell
proliferation and induces cell apoptosis in esophageal squamous cell carcinoma by
regulating Nestin. Int J Med Sci. (2022) 19:472–83. doi: 10.7150/ijms.67286

109. Castaldo V, Minopoli M, Di Modugno F, Sacconi A, Liguoro D, Frigerio R, et al.
Upregulated expression of miR-4443 and miR-4488 in drug resistant melanomas
promotes migratory and invasive phenotypes through downregulation of intermediate
filament nestin. J Exp Clin Cancer Res. (2023) 42:317. doi: 10.1186/s13046-023-02878-9

110. Yang B, Zang L, Cui J, Wei L. Circular RNA TTC3 regulates cerebral ischemia-
reperfusion injury and neural stem cells by miR-372-3p/TLR4 axis in cerebral
infarction. Stem Cell Res Ther. (2021) 12:125. doi: 10.1186/s13287-021-02187-y

111. Svachova H, Pour L, Sana J, Kovarova L, Raja KR, Hajek R, et al. Stem cell
marker nestin is expressed in plasma cells of multiple myeloma patients. Leuk Res.
(2011) 35:1008–13. doi: 10.1016/j.leukres.2011.03.001

112. D'Agostino M, Cairns DA, Lahuerta JJ, Wester R, Bertsch U, Waage A, et al.
Second revision of the international staging system (R2-ISS) for overall survival in
multiple myeloma: A European myeloma network (EMN) report within the
HARMONY project. J Clin Oncol. (2022) 40:3406–18. doi: 10.1200/JCO.21.02614

113. Johnson TS, Sudha P, Liu E, Becker N, Robertson S, Blaney P, et al. 1q
amplification and PHF19 expressing high-risk cells are associated with relapsed/
refractory multiple myeloma. Nat Commun. (2024) 15:4144. doi: 10.1038/s41467-
024-48327-9

114. Wang Q, Wu H, Hu J, Fu H, Qu Y, Yang Y, et al. Nestin is required for spindle
assembly and cell-cycle progression in glioblastoma cells. Mol Cancer Res. (2021)
19:1651–65. doi: 10.1158/1541-7786.MCR-20-0994

115. Castino R, Pucer A, Veneroni R, Morani F, Peracchio C, Lah TT, et al.
Resveratrol reduces the invasive growth and promotes the acquisition of a long-
lasting differentiated phenotype in human glioblastoma cells. J Agric Food Chem. (2011)
59:4264–72. doi: 10.1021/jf104917q

116. Lee Y, Shin JH, Longmire M,Wang H, Kohrt HE, Chang HY, et al. CD44+ Cells
in head and neck squamous cell carcinoma suppress T-cell-mediated immunity by
selective constitutive and inducible expression of PD-L1. Clin Cancer Res. (2016)
22:3571–81. doi: 10.1158/1078-0432.CCR-15-2665
frontiersin.org

https://doi.org/10.1080/15384101.2020.1792686
https://doi.org/10.1038/nn.3553
https://doi.org/10.1158/0008-5472.CAN-16-1547
https://doi.org/10.1158/0008-5472.CAN-16-1547
https://doi.org/10.1016/j.bcp.2017.04.003
https://doi.org/10.1038/nature01493
https://doi.org/10.3171/2008.10.SPI08231
https://doi.org/10.1016/S1476-5586(03)80052-0
https://doi.org/10.1182/blood-2014-03-557298
https://doi.org/10.1073/pnas.0611682104
https://doi.org/10.1002/ijc.31041
https://doi.org/10.1158/1535-7163.MCT-13-0997
https://doi.org/10.1158/1535-7163.MCT-13-0997
https://doi.org/10.3892/or.2016.5304
https://doi.org/10.1186/s13046-016-0387-y
https://doi.org/10.1186/s13058-014-0408-8
https://doi.org/10.1172/JCI65048
https://doi.org/10.1038/s41375-019-0404-1
https://doi.org/10.1016/j.phymed.2022.153971
https://doi.org/10.1016/j.phymed.2022.153971
https://doi.org/10.1016/j.biopha.2018.08.003
https://doi.org/10.1186/s40164-022-00326-6
https://doi.org/10.1182/bloodadvances.2022008442
https://doi.org/10.1074/jbc.M110.180208
https://doi.org/10.1074/jbc.M110.180208
https://doi.org/10.1002/hon.2122
https://doi.org/10.3892/ol.2018.8006
https://doi.org/10.2147/OTT.S270636
https://doi.org/10.21037/tcr-20-3490
https://doi.org/10.1158/0008-5472.CAN-13-3311-T
https://doi.org/10.1158/0008-5472.CAN-13-3311-T
https://doi.org/10.1186/1471-2202-13-116
https://doi.org/10.1016/j.febslet.2014.03.015
https://doi.org/10.1016/j.febslet.2014.03.015
https://doi.org/10.1111/jcmm.14743
https://doi.org/10.5137/1019-5149.JTN.10800-14.2
https://doi.org/10.1186/s12935-020-01394-6
https://doi.org/10.1158/1078-0432.CCR-12-3325
https://doi.org/10.1038/s41375-020-0947-1
https://doi.org/10.1038/leu.2015.124
https://doi.org/10.3390/ijms25116065
https://doi.org/10.3892/ol.2018.9128
https://doi.org/10.7150/ijms.67286
https://doi.org/10.1186/s13046-023-02878-9
https://doi.org/10.1186/s13287-021-02187-y
https://doi.org/10.1016/j.leukres.2011.03.001
https://doi.org/10.1200/JCO.21.02614
https://doi.org/10.1038/s41467-024-48327-9
https://doi.org/10.1038/s41467-024-48327-9
https://doi.org/10.1158/1541-7786.MCR-20-0994
https://doi.org/10.1021/jf104917q
https://doi.org/10.1158/1078-0432.CCR-15-2665
https://doi.org/10.3389/fonc.2025.1596928
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wu et al. 10.3389/fonc.2025.1596928
117. Sone K, Maeno K, Masaki A, Kunii E, Takakuwa O, Kagawa Y, et al. Nestin
expression affects resistance to chemotherapy and clinical outcome in small cell lung
cancer. Front Oncol. (2020) 10:1367. doi: 10.3389/fonc.2020.01367

118. Friedman MD, Jeevan DS, Tobias M, Murali R, Jhanwar-Uniyal M. Targeting
cancer stem cells in glioblastoma multiforme using mTOR inhibitors and the
differentiating agent all-trans retinoic acid. Oncol Rep. (2013) 30:1645–50.
doi: 10.3892/or.2013.2625

119. Lim YC, Kang HJ, Kim YS, Choi EC. All-trans-retinoic acid inhibits growth of
head and neck cancer stem cells by suppression of Wnt/b-catenin pathway. Eur J
Cancer. (2012) 48:3310–8. doi: 10.1016/j.ejca.2012.04.013

120. Zhen Y, Zhao S, Li Q, Li Y, Kawamoto K. Arsenic trioxide-mediated Notch
pathway inhibition depletes the cancer stem-like cell population in gliomas. Cancer
Lett. (2010) 292:64–72. doi: 10.1016/j.canlet.2009.11.005

121. Wang J, Cai J, Huang Y, Ke Q, Wu B, Wang S, et al. Nestin regulates
proliferation and invasion of gastrointestinal stromal tumor cells by altering
mitochondrial dynamics. Oncogene. (2016) 35:3139–50. doi: 10.1038/onc.2015.370

122. Beck S, Jin X, Yin J, Kim SH, Lee NK, Oh SY, et al. Identification of a peptide
that interacts with Nestin protein expressed in brain cancer stem cells. Biomaterials.
(2011) 32:8518–28. doi: 10.1016/j.biomaterials.2011.07.048

123. Younes A, Berdeja JG, Patel MR, Flinn I, Gerecitano JF, Neelapu SS, et al.
Safety, tolerability, and preliminary activity of CUDC-907, a first-in-class, oral, dual
inhibitor of HDAC and PI3K, in patients with relapsed or refractory lymphoma or
multiple myeloma: an open-label, dose-escalation, phase 1 trial. Lancet Oncol. (2016)
17:622–31. doi: 10.1016/S1470-2045(15)00584-7
Frontiers in Oncology 11
124. Cortes JE, Gutzmer R, Kieran MW, Solomon JA. Hedgehog signaling inhibitors
in solid and hematological cancers. Cancer Treat Rev. (2019) 76:41–50. doi: 10.1016/
j.ctrv.2019.04.005

125. Burness CB. Sonidegib: first global approval. Drugs. (2015) 75:1559–66.
doi: 10.1007/s40265-015-0458-y

126. Sabol HM, Ferrari AJ, Adhikari M, Amorim T, McAndrews K, Anderson J,
et al. Targeting notch inhibitors to the myeloma bone marrow niche decreases tumor
growth and bone destruction without gut toxicity. Cancer Res. (2021) 81:5102–14.
doi: 10.1158/0008-5472.CAN-21-0524

127. Chu HY, Chen Z, Wang L, Zhang ZK, Tan X, Liu S, et al. Dickkopf-1: A
promising target for cancer immunotherapy. Front Immunol. (2021) 12:658097.
doi: 10.3389/fimmu.2021.658097

128. Fan R, Baysoy A, Tian X, Zhang F, Renauer P, Bai Z, et al. Spatially Resolved
Panoramic in vivo CRISPR Screen via Perturb-DBiT. Res Sq. (2025). doi: 10.21203/
rs.3.rs-6481967/v1

129. Baysoy A, Tian X, Zhang F, Renauer P, Bai Z, Shi H, et al. Spatially Resolved in
vivo CRISPR Screen Sequencing via Perturb-DBiT. bioRxiv. (2024). doi: 10.1101/
2024.11.18.624106
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