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Universitéde Montpellier, France
Shigeo Fuji,
Osaka International Cancer Institute, Japan

*CORRESPONDENCE

Hidekatsu Iha

hiha@oita-u.ac.jp

Kazuhiro Morishita

kmorishi@med.miyazaki-u.ac.jp

†These authors have contributed equally to
this work

RECEIVED 04 August 2023
ACCEPTED 18 December 2023

PUBLISHED 24 January 2024

CITATION

Wang Y, Shimosaki S, Ikebe E, Iha H,
Yamamoto J-i, Fife N, Ichikawa T, Hori M,
Ogata M, Tsukamoto Y, Hijiya N, Moriyama M,
Hagiwara S, Kusano S, Saito M, Ahmed K,
Nishizono A, Handa H and Morishita K (2024)
IMiD/CELMoD-induced growth suppression
of adult T-cell leukemia/lymphoma cells via
cereblon through downregulation of target
proteins and their downstream effectors.
Front. Oncol. 13:1272528.
doi: 10.3389/fonc.2023.1272528

COPYRIGHT

© 2024 Wang, Shimosaki, Ikebe, Iha,
Yamamoto, Fife, Ichikawa, Hori, Ogata,
Tsukamoto, Hijiya, Moriyama, Hagiwara,
Kusano, Saito, Ahmed, Nishizono, Handa and
Morishita. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 24 January 2024

DOI 10.3389/fonc.2023.1272528
IMiD/CELMoD-induced growth
suppression of adult T-cell
leukemia/lymphoma cells via
cereblon through
downregulation of target
proteins and their
downstream effectors
Yu Wang1†, Shunsuke Shimosaki2†, Emi Ikebe1,3†,
Hidekatsu Iha1,4,5*, Jun-ichi Yamamoto6, Nichole Fife1,
Tomonaga Ichikawa2, Mitsuo Hori7, Masao Ogata4,8,
Yoshiyuki Tsukamoto9, Naoki Hijiya9, Masatsugu Moriyama9,
Shotaro Hagiwara10, Shuichi Kusano11, Masumichi Saito3,
Kamruddin Ahmed5, Akira Nishizono1,4, Hiroshi Handa6

and Kazuhiro Morishita2*

1Department of Microbiology, Faculty of Medicine, Oita University, Yufu, Japan, 2Division of Tumor
and Cellular Biochemistry, Department of Medical Sciences, Faculty of Medicine, University of
Miyazaki, Miyazaki, Japan, 3Research Center for Biological Products in the Next Generation, National
Institute of Infectious Diseases, Musashi-murayama, Japan, 4Division of Pathophysiology, The
Research Center for GLOBAL and LOCAL Infectious Diseases (RCGLID), Oita University, Yufu, Japan,
5Borneo Medical and Health Research Centre, Faculty of Medicine and Health Sciences, University of
Malaysia Sabah, Kota Kinabalu, Malaysia, 6Department of Nanoparticle Translational Research, Tokyo
Medical University, Tokyo, Japan, 7Department of Hematology, Ibaraki Prefectural Central Hospital,
Kasama, Japan, 8Department of Hematology and Oncology, Faculty of Medicine, Oita University,
Yufu, Japan, 9Department of Molecular Pathology, Faculty of Medicine, Oita University, Yufu, Japan,
10Mito Center for Regional Medical Education, University of Tsukuba, Ibaraki, Japan, 11Division of
Biological Information Technology, Joint Research Center for Human Retrovirus Infection, Graduate
School of Medical and Dental Sciences, Kagoshima University, Kagoshima, Japan
Adult T-cell leukemia/lymphoma (ATL) is an aggressive T-cell neoplasia

associated with human T-cell leukemia virus type 1 (HTLV-1) infection and has

an extremely poor prognosis. Lenalidomide (LEN; a second-generation

immunomodulatory drug [IMiD]) has been employed as an additional

therapeutic option for ATL since 2017, but its mechanism of action has not

been fully proven, and recent studies reported emerging concerns about the

development of second primary malignancies in patients treated with long-term

IMiD therapy. Our purpose in this study was to elucidate the IMiD-mediated anti-

ATL mechanisms. Thirteen ATL-related cell lines were divided into LEN-sensitive

or LEN-resistant groups. CRBN knockdown (KD) led to a loss of LEN efficacy and

IKZF2-KD-induced LEN efficacy in resistant cells. DNA microarray analysis

demonstrated distinct transcriptional alteration after LEN treatment between

LEN-sensitive and LEN-resistant ATL cell lines. Oral treatment of LEN for ATL

cell-transplanted severe combined immunodeficiency (SCID) mice also

indicated clear suppressive effects on tumor growth. Finally, a novel cereblon

modulator (CELMoD), iberdomide (IBE), exhibited a broader and deeper
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1272528&domain=pdf&date_stamp=2024-01-24
mailto:hiha@oita-u.ac.jp
mailto:kmorishi@med.miyazaki-u.ac.jp
https://doi.org/10.3389/fonc.2023.1272528
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1272528
https://www.frontiersin.org/journals/oncology


Wang et al. 10.3389/fonc.2023.1272528

Frontiers in Oncology
spectrum of growth suppression to ATL cells with efficient IKZF2 degradation,

which was not observed in other IMiD treatments. Based on these findings, our

study strongly supports the novel therapeutic advantages of IBE against

aggressive and relapsed ATL.
KEYWORDS

adult T-cell lymphoma/leukemia, HTLV-1, immunomodulatory drug (IMiDs), cereblon
modulator (CELMoD), IRF4, IKZF2, CRBN
1 Introduction

ATL is an aggressive malignancy of peripheral T lymphocytes

caused by human T-cell leukemia virus type 1 (HTLV-1), and its

prognosis is extremely poor compared to that of other non-

Hodgkin lymphomas (1). HTLV-1 is transmitted through sexual

intercourse, blood transfusions, and mother-to-child breastfeeding,

which are crucial in developing ATL (2). The cumulative risks for

ATL development among HTLV-1 carriers are estimated at

approximately 5% (1, 2). The initial expansion of HTLV-I

infected cells is driven by the viral oncoprotein Tax, which

activates transcription of the proviral genome from the proviral

promoter and induces T-cell autocrine loops of IL-2, IL-15, and

their respective receptors through Tax–I-kBa kinase axis (3). Tax

alters functions of many transcription factors including CREB/ATF,

AP-1, and NF-kB to upregulate growth as well as anti-apoptotic

signals and represses p53, DNA polymerase beta, PCNA, and

MAD-1 to interfere with multiple cell cycle regulatory and DNA

repair systems (3). Another viral oncoprotein, HBZ, encoded by the

complementary strand of HTLV-1 provirus genome, also interacts

with multiple transcription factors, such as Sp1, Maf, and JunD, to

promote cellular proliferation and induce transcription of Foxp3,

CCR4, and TIGIT to evade host cellular immune response to

HTLV-1-infected cells and eventually promotes ATL onset (3).

Because of randomized host-genomic integration of HTLV-1

provirus, ATL is a genetically diverse condition, which is manifested

by variations in clinical outcome and is classified into four subtypes

(acute, lymphoma, chronic, and smoldering), which display distinct

clinical features and therapeutic responses, thus requiring multiplex

clinical management. In the cases of aggressive ATL (acute, lymphoma,

or unfavorable chronic types), intensive chemotherapy followed by

allogeneic hematopoietic stem cell transplantation is the standard

procedure, and for indolent ATL (favorable chronic or smoldering

types), watchful waiting until disease progression has been

recommended in Japan (1, 2). As a whole, current treatments of

aggressive ATL are dismal, and refractory or relapsed ATL is highly

resistant to salvage therapy (1). Since most ATL cells express a

chemokine receptor CCR4, expressed intrinsically in regulatory T cell

(Treg), in their cellular surfaces through the HBZ-FoxP3 pathway, a

humanized monoclonal anti-CCR4 antibody mogamulizumab is a
02
novel and promising therapeutic agent for ATL (4). Even though

classic and novel therapies are applicable to ATL, its multifaceted

pathogenic features urgently require additional therapeutic options.

IRF4 is one of the most activated/amplified genes in the genome

of aggressive ATL patient subtypes (5, 6). Since IRF4 knockdown

induces apoptotic profiles in ATL cells, IRF4 seems to play a crucial

role in ATL development. IRF4, coordinately with NF-kB, regulates
multiple cancer-related gene expressions such as MYC, SMAD2,

and IKZF2 (6). The expression of IRF4 is mainly regulated by

IKZF1 and IKZF3 (7, 8); thus, IKZF1/3 could also play a crucial role

in ATL development.

Lenalidomide (LEN) is characterized as an IMiD compound

and has been approved for hematological malignancies such as

multiple myeloma (MM) (9) and ATL (2). LEN is known to

modulate CRBN substrate specificity, and CRBN attaches

ubiquitin to multiple targets to lead them into proteasomal

degradation (8). With this functional modulation, LEN

significantly downregulates IKZF1/3 and exerts its therapeutic

action on the patients of MM and 5q-deletion myelodysplastic

syndrome (5q-MDS) (9, 10). Although there have been two

successful multicenter phase 1/2 clinical studies of LEN efficacy

for ATL patients having relapse or recurrence from the initial

treatment (11, 12) or effective maintenance therapy for aggressive

ATL (13), the precise mechanisms of LEN efficacy against ATL cells

are still elusive. In this study, we evaluated the effects of LEN and

other IMiDs against ATL cells with both in vitro and in vivo ATL

preclinical models to elucidate the direct cellular growth inhibition

effects on ATL cells.
2 Materials and methods

2.1 Cell lines and cultures

The characteristics of each cell line are summarized in

Supplementary Material 1. Each cell line was maintained using

RPMI-1640 culture media supplemented with 15% fetal calf serum

(FCS, St. Louis, MO, USA), penicillin G (50 U/mL), and

streptomycin (50 mg/mL). Antibiotics were purchased from

Sigma-Aldrich Co., LLC (St. Louis, MO, USA).
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2.2 IMiDs, CELMoD, and cell treatment

IMiDs [LEN and pomalidomide (POM)] and cereblon

modulator (CELMoD) (iberdomide (IBE) were purchased from

Selleck (Tokyo, Japan). These chemicals were initially dissolved in

dimethyl sulfoxide (DMSO) at 200 mM as stock solutions, diluted

with DMSO for each concentration immediately before use, and

then added to cultured media at 1/200 volume. Half of the culture

media and cell suspensions were replaced with fresh media on days

3 and 5 immediately after the cell viability assay.
2.3 Cell viability assay

Cells were plated in each 24-well at 5 × 104 cells per 1.5 mL RPMI-

1640 and kept in a 5% CO2 incubator for 24 hours (cell number should

reach 1 × 105). Before (day 0) or after (days 1, 2, and 3) the addition of

lenalidomide (7.5 µL, 200× concentration each) to the cultured media,

approximately 800 cells in 12.5 mL media were harvested and mixed

with an equal volume of CellTiter solution (Promega, Madison, WI,

USA) for each assay (triplicated). After 10 minutes of incubation at

room temperature, the reaction mixture in a 96-well plate was read

using a GloMax luminometer (Promega, Tokyo, Japan).
2.4 Western blotting analysis

Three to five million cells were prepared and lysed with HEPES

(pH 7.3)/NP40 (0.5%) cell lysis buffer supplemented with protease

inhibitor mix (Roche, Basel, Switzerland). Antibodies used in this

report are summarized in Supplementary Material 2.
2.5 Real-time PCR analysis

Cells with or without lenalidomide treatment were harvested,

and total RNAs were prepared using the RNeasy kit (Qiagen,

Tokyo, Japan) for RT-PCR assay. Universal Probe Library and

Light Cycler 480 system were employed for quantitative mRNA

expression analysis (Roche). Primers and probe information are

summarized in Supplementary Material 2.
2.6 Gene knockdown

A lentiviral vector expressing shRNA against CRBN was

prepared as previously described (14). In brief, a pRSI9-based

control vector was prepared by removing the barcode and shRNA

sequence from a pRSI9 plasmid isolated from a lentiviral shRNA

library (Cellecta, Mountain View, CA, USA), and a synthetic double-

stranded oligonucleotide against the following target sequence was

cloned into a control vector: 5′-AAGTGCCAGATATTTCCTTCA-
3′. Recombinant lentivirus was prepared using the resulting plasmid

and the ViraPower Lentiviral Packaging Mix (Thermo Fisher,

Waltham, MA, USA) and was transduced into cells for stable
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knockdown. Transduction was performed in the presence of 6 µg/

mL polybrene. CRBN knockdown HuT102 cells were established by

selection in the presence of 0.5 µg/mL puromycin. Lentivirus-

expressing shRNAs targeting IKZF2 and SCR were also prepared

according to the manufacturer’s instruction (Sigma-Aldrich, St.

Louis, MO, USA). The IKZF2 interference sequences were as

f o l l ow s : s hRNA - IKZF 2 - 1 ( TRCN00 0 0 0 2 1 9 2 9 ) , 5 ′ -
CCCAGTTATAAGCTCAGCTTA-3 ′ ; shRNA-IKZF2-2

(TRCN0000021930), 5′-CCAATGTGCTTATGGTACATA-3′; SCR,
5′-CAACAAGATGAAGAGCACCAA-3′.
2.7 DNA microarray gene
expression analysis

Two ATL-related cell lines were treated with DMSO (control) or

with 1.5 mmol/L LEN for 24 hours in triplicate. Total RNA was isolated

using an RNeasy mini kit (Qiagen) and subjected to DNase treatment

(RNase-Free DNase Set; Qiagen). A portion of the total RNA was

reverse transcribed into cDNA. After the evaluation of RNA quality

using an Agilent 2100 Bioanalyzer, each RNA was labeled using a Low

Input Quick Amp Labeling Kit (one-color method; Agilent, Santa

Clara, CA, USA) and hybridized using the SurePrint G3 Human GE

microarray 8x60K version 2.0 (Agilent) for 17 hours at 65°C. Slides

were scanned on the Agilent SureScan Microarray Scanner (G2600D)

immediately after washing using a one-color scan setting for 8x60K

array slides, and the scanned images were analyzed using the Feature

Extraction Software 11.5.1.1 (Agilent).
2.8 Pathway enrichment analysis of the
differentially expressed gene clusters

For the differentially expressed gene (DEG) pathway analysis,

gene ontology (GO) functional enrichment analysis, which includes

analysis of molecular function (MF), biological process (BP), and

cellular component (CC) terms, and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway analysis of the differential expression

genes were carried out using Metascape (http://metascape.org) (15),

ggplot2, and VennDiagram package in R using the Xiantao website. A

log2|(fold change)| >2 and p-value <0.05 were regarded as significant.

These values were also confirmed by KEGG pathway enrichment

analysis. Data from each array (cells treated with DMSO or LEN in

triplicate) were median-normalized per chip. The data were then

filtered based on the signal intensity and flagged values. Genes with |

fold change| > 2 after LEN treatment of each cell line were identified

using Student’s t-test with the Benjamini and Hochberg multiple

testing correction to restrict the false discovery rate (FDR). Genes

with corrected p-values less than 0.05 were considered to be

differentially expressed. Commonly upregulated genes in HuT102

and OATL4 were subjected to KEGG pathway analysis using

DAVID35 to investigate the key pathways affected by LEN. The

KEGG terms with FDR < 0.05 were considered significant, and those

with FDR < 0.1 were also listed for reference (16). The Gene

Expression Omnibus (GEO) accession numbers for HuT102 and

OATL4 are GSE221056 and GSE221062, respectively.
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2.9 Adult T-cell leukemia/lymphoma
xenograft mouse experiments

Female CB17 severe combined immunodeficiency (SCID) mice

(body weight, 20 g; 20 per cell line) (CLEA Tokyo, Japan) were

subcutaneously injected in the right flank with 5 × 106 HuT102 cells

in 50 mL saline containing 50 mL Matrigel (BD Biosciences, San Jose,

CA, USA). When the tumor volume reached 100 mm3, mice were

randomized into the control or lenalidomide group (n = 5 each),

wherein each mouse was orally administered daily for 28 days

following inoculation with 0.5% hydroxypropyl methylcellulose

(Shin-Etsu Chemical, Tokyo, Japan) with 0.25% Tween 80 or

lenalidomide (10, 50, and 100 mg/kg). Tumor diameters were

measured using vernier calipers twice weekly. Data are expressed as

the mean ± SEM.
2.10 Statistical calculation

The statistical significance between the control and LEN-treated

groups (Figure 6B) or three drug treatments (Figure 7) was analyzed

using one-way ANOVA followed by Dunnett’s test on GraphPad

Prism 8.0. Results were considered significant when p < 0.05.
3 Results

3.1 LEN-mediated growth inhibition of
ATL-related cell lines and
biochemical characterization

The direct growth inhibitory effects of LEN were examined for 13

ATL-related cell lines and three non-ATL T-cell lines (Figure 1;

Supplementary Data 3A) with MM-derived control cells (LEN-

sensitive NCI-H929 and LEN-resistant RPMI-8226). HuT102 and

TL-Om1 (showing statistically significant growth suppressive profiles

(Supplementary 3B, C): LEN sensitive) and OATL4 and ED40515 (as

LEN-resistant) were selected for further biochemical evaluation. The

anti-tumor effects induced by LEN are mediated through the

modification of the target specificity of CRBN, an E3 enzyme

responsible for ubiquitinating IKZF1 and IKZF3 in MM cells (7,

8), as well as casein kinase 1 alpha (CK1a) in 5q-MDS (10). We,

therefore, examined the LEN-CRBN-mediated target behavior

among five ATL cell lines (Figure 2A). The basal expression of

IKZF1 and IKZF3 seemed higher in the LEN-resistant OATL4 and

ED40515 (Figure 2A, top two panels), and CRBN expression was

lower in ED40515 than any other cell lines (Figure 2A, second from

the bottom). While LEN-induced target degradation (IKZF1 and

IKZF3) was clearly indicated in HuT102 and TL-Om1, it was much

less efficient in resistant OATL4 and ED40515. IKZF1/3 control IRF4

expression and its downstream effector c-Myc are the main drivers

for tumor cell growth in MM (7, 8). Effective IKZF1/3 degradation

(Figure 2B, sixth and eighth panels) and downregulation of IRF4

(Figure 2B, top panel) were confirmed in LEN-sensitive HuT102 and
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TL-Om1. Additionally, abnormal expression of IKZF2 was also

observed (Figure 2B, seventh from top) in HuT102 (IKZF2-

deleted) and TL-Om1 (IKZF2 downregulated). Suppression of c-

Myc and its phosphorylated forms was more significant in TL-Om1

(Figure 2B, second and third panels) than those of HuT102. CK1a
suppression was oppositely significant in HuT102 (Figure 2B, fourth

from the top). To note, CRBN expression was enhanced by LEN in

both cell lines (middle panel).
3.2 CRBN is essential for LEN-induced
growth inhibition, and IKZF2 contributes to
LEN resistance in ATL-related cell lines

Since the anti-tumor effects of IMiDs are exerted through the E3

enzyme CRBN (7–10), lentivirus vector-based gene knockdown

(KD) for CRBN was induced in LEN-sensitive HuT102 (Materials

and Methods). While control HuT102 responded to 5 days of

treatment of LEN (Figure 3A, blue line), the CRBN-KD variant

became LEN-resistant (orange line). The expression of LEN-CRBN

targets (IKZF1/3 and CK1a) was not diminished, downstream

effectors (IRF4 and c-Myc) were enhanced in CRBN-KD variants

(Figure 3B, right panels), and enhancements of both IRF4 and c-

Myc mRNA levels were also confirmed (Figure 3C; light blue,

HuT102; dark blue, CRBN-KD). When establishing LEN-resistant

variants through culturing LEN-sensitive NCI-H929 cells in the

LEN-containing medium, we observed a more than 10-fold increase

in the expression of IKZF2 gene (17). Considering the identified

IKZF2 deficiency in HuT102 (18), which exhibits LEN sensitivity,

we subsequently examined the relevance of LEN resistance through

IKZF2 in ATL cells. IKZF2-KD variant was generated for LEN-

resistant ED40515, and its LEN response was compared with that of

control ED40515. The significant growth suppression (Figure 4A)

was observed only in the IKZF2-KD variant, accompanied by

downregulation of IKZF1/3, IRF4, and c-Myc (Figure 4B).
3.3 Distinct gene expression profiles
between LEN-sensitive HuT102 and
LEN-resistant OATL4 after LEN treatment

Reported targets of the LEN-CRBN axis in MM cells were

similarly downregulated in LEN-responsive ATL cells (7, 8). Then, a

DNA microarray was performed to assess the different effects of

LEN inhibition in HuT102 and OATL4. The DEGs in LEN-

sensitive HuT102 and LEN-resistant OATL4 were ranked, and

functional annotation clustering was analyzed using the

Metascape program (Figure 5; Supplementary 5A, B, E, F,

Supplementary 6). The enriched ontology clusters (15) were

displayed with the enrichment pathway heat map (Figure 5A).

While the cytokine and lipid response pathways were significantly

enriched in HuT102 cells, the cell cycle and metabolism of the RNA

pathway were evident in OATL4 (Figure 5A; Supplementary 5C, D).

Each enriched subset cluster was represented in the pathway
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network (Figure 5B; Supplementary 5A), along with a

preponderance of either HuT102 or OATL4 (Figure 5B);

statistical significance of these pathways was indicated in color

gradations (Supplementary 5B). The enrichment analysis

demonstrated that the pathway involved in immune response,

cytokine production, kinase activation, and lipid responses was

prevalent in HuT102 with 24-hour LEN treatment. The DEGs of

OATL4, however, were enriched in cellular growth or gene

expression such as Cell cycle, G1/S transition, chromosome

organization, and molecular chaperone. The DAVID (KEGG

pathway) analysis was also performed on differentially

induced multiple genes in LEN-treated HuT102 and OATL4

(Supplementary 4–12) and reconfirmed quite different responses

between the two cell lines (16). In contrast, HuT102 became more

immune competent (TNF signaling pathway [FDA:1.74E-2],
Frontiers in Oncology 05
Cytosolic DNA-sensing pathway [FDA:3.49E-2], Chemokine

signaling pathway [FDA:5.07E-2], and Toll-like receptor signaling

pathway [FDA:5.55E-2]), which are opposite from the typical

biological signatures of ATL-cells (3, 5, 6). OATL4 displayed

more tumorigenic and anti-apoptotic responses to LEN treatment

(Viral carcinogenesis [FDA:3.04E-11], Cell cycle FDA:1.48E-4], and

Hepatitis B [FDA:2.43E-3]). Despite these differences, the Circos

plot and the Venn diagram still showed overlapping DEGs (such as

in the ncRNA processing pathway) between HuT102 and OATL4

under the effect of LEN (Supplementary 6). Additionally, an

analysis of the response to LEN treatment was conducted in

another LEN-resistant cell line, ED40515 (Supplementary 14).

Remarkably, a substantial enrichment was observed in pathways

associated with the negative regulation of DNA-binding

transcription factor activity, responses to endoplasmic reticulum
FIGURE 1

Evaluation of cellular proliferation inhibitory effects of LEN on ATL cell lines. Three control MM cells (blue lines), 10 ATL cells (red), three HTLV-1-
transformed cells (orange), and three non-ATL cells (yellow) were cultured in media with or without lenalidomide (1 µM, 3 µM, 10 µM, 30 µM, and
100 µM) for 5 days. Proliferation activity of each cell line was evaluated using CellTiter Assay Kit (Promega). Average and standard deviation values
were obtained from four independent experiments. p-Values were calculated by comparison of control versus treated. LEN, lenalidomide; ATL, adult
T-cell leukemia/lymphoma; MM, multiple myeloma.
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stress, and cellular responses to stress in ED40515 (Supplementary

14A). In contrast to HuT102, ED40515 displayed a clear emphasis

on pathways related to inflammatory responses and the positive

regulation of cell development (Supplementary 14B). Conversely,

when compared to OATL4, the response pathways of ED40515
Frontiers in Oncology 06
were notably centered around transcriptional misregulation in

cancer and VEGFA-VEGFR2 signaling (Supplementary 14C).

These findings suggest that during the later stages of ATL

development, the ATL pathway becomes increasingly focused on

cell growth following the disappearance of the Tax oncoprotein.
A B

C

FIGURE 3

CRBN knockdown (KD) affects the LEN-induced anti-ATL activities in HuT102. (A) HuT102 (control: blue line) and its CRBN-knockdown variants (CRBN-KD:
orange line) were treated with indicated concentrations of LEN (0 µM, 1 µM, 10 µM, and 100 µM) for 5 days, and their relative viability was compared using
CellTiter values. (B) Western blotting of LEN-related targets in HuT102 (left) and CRBN-KD (right). Each cellular lysate was prepared after 3-day treatment of
control DMSO (–) or 1.5 or 10 mM LEN. (C) Relative mRNA expression levels of CRBN, IRF4, and c-Myc in HuT102 and CRBN-KD. Total RNA was prepared
after 3-day treatment of LEN at 0 µM, 1.5 µM, and 10 µM. LEN, lenalidomide; ATL, adult T-cell leukemia/lymphoma.
A B

FIGURE 2

Enhanced LEN-induced downregulation of CRBN targets and their downstream effectors in the LEN-sensitive ATL cells. (A) Cellular lysates of
LENsensitive (HuT102 and TL-Om1) and LEN-resistant (OATL4 and ED40515) with or without LEN treatment for 3 days were prepared and analyzed
by Western blotting (WB) with specific monoclonal antibodies recognizing IKZF1/2/3, CK1a, and CRBN (Cell Signaling Technology, Danvers, MA,
USA). LEN-sensitive NCI-H929 (MM) cell lysates were also placed as the positive control. Tubulin was probed with an anti-tubulin monoclonal
antibody (Sigma) as the internal control. (B) HuT102 and TL-Om1 were treated with LEN (0 µM, 1.5 µM, and 10 µM) for 3 days, and cellular lysates
were harvested for WB using monoclonal antibodies of IRF4, c-Myc, and PT58-c-Myc (Cell Signaling Technology) in addition to antibodies used in
panel (A) LEN, lenalidomide; ATL, adult T-cell leukemia/lymphoma; MM, multiple myeloma.
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3.4 Orally administrated LEN blocked the
growth of xenografted HuT102 cells in
CB17-SCID mice

LEN efficacy was evaluated using an ATL cell-xenografted

mouse model; 5 × 106 of HuT-102 was inoculated in the right

flank of CB17-SCID mice to let tumor cells grow to form tumor

lumps (approximately 100 mm3), and three independent doses of

LEN were orally administered once a day for 4 weeks (Figure 6A).

The mean tumor volumes of HuT-102 cells in all three LEN-treated

groups were significantly lower (even with the lowest dose of 10 mg/

kg) than control throughout the experiment (Figure 6B), and no

obvious adverse effects were observed (all individual mice treated

with LEN showed no change in body weight, Supplementary 15).
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3.5 Iberdomide, a new cereblon modulator,
exerts its superior growth-suppressing
effects on ATL cells

As indicated in the clinical studies (11, 12), all our in vitro and in

vivo experiments proved the “limited” efficacy of LEN against ATL-

related cells. We, therefore, sought a better outcome against ATL cells

with other IMiDs, POM and the CELMoD known as IBE (CC-220)

(19). Among three drugs, only IBE reached its IC50 efficacy in all four

ATL cell lines (Figure 7A, green lines). LEN (blue lines) and POM

(orange lines) did not show significant differences from each other

(Supplementary 16). The biochemical evaluation also proved superior

effects of IBE against CRBN targets compared to the other two drugs

(Figure 8; quantitation values are summarized in Supplementary 17).
A B

FIGURE 4

IKZF2-KD confers LEN sensitivity to LEN-resistant ED40515. (A) CellTiter analysis on control ED40515 (control: blue line) and IKZF2-knockdown variants
(IKZF2-KD: orange line) with 5-day treatment of indicated concentrations of LEN (0 µM, 1 µM, 10 µM, and 100 µM). (B) WB analysis on CRBN targets
in ED40515 and IKZF2-KD. Cell lysates were prepared after 3 days of treatment of LEN (0 µM, 1.5, and 10 µM) and probed with antibodies of CRBN,
IKZF1/2/3, IRF4, c-Myc, pT58-c-Myc, and CK1a. Tubulin was probed as an internal control. KD, knockdown; LEN, lenalidomide; WB, Western blotting.
A B

FIGURE 5

Distinct LEN-induced gene expression profiles between HuT102 and TL-Om1; 5 × 106 of HuT102 cells or OATL4 cells were treated with 1.5 µM LEN
for 24 hours, and total RNA was prepared for DNA microarray analysis. Differentially expressed gene (DEG) clusters are displayed with (A) the
enrichment pathway heat map and (B) the pathway network of DEGs enriched in either HuT102 (red) or OATL4 (blue) (see ref. 15 for details).
LEN, lenalidomide.
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We also unexpectedly identified IBE-induced IKZF2 degradation

even in LEN-resistant ED40515 (Figure 8 and Supplementary 17).

Although the growth suppression (Figure 7) and target degradation

(Figure 8) were enhanced more by POM than those observed in LEN-

treated HuT102 and TL-Om1, POM did not exert sufficient effects

against LEN-resistant OATL4 and ED40515. In contrast, IBE

suppressed all ATL cell growth below 50% (Figure 7) and degraded

target proteins with 100- to 1,000-fold efficiency to LEN (Figure 8 and

Supplementary 16). IBE, to our surprise, downregulated IKZF2

efficiently for all ATL cells tested in this experiment (Figure 8 and

Supplementary 16). IMiDs or CELMoD did not affect the expression

of viral oncogene HBZ (Supplementary 18). The IBE administration

effect was indeed dependent on CRBN (Supplementary 19). In

CRBN-KD cells, the expression of CRBN was reduced to

approximately 20% (Supplementary 19A, B), resulting in

significantly weakened growth suppression of IMiD-sensitive

HuT102 (Supplementary 19C).
4 Discussion

Since random proviral integration of HTLV-1 and following

extensive genetic (5) or epigenetic (20) alteration occurs in the host
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genome, pathogenetic forms of ATL are extensively diverse and

complicated (21). Clinical manifestations of ATL are divided into at

least four different forms, and its prognosis has been unsatisfactory

(2). Although the first option of ATL treatments is still

chemotherapy followed by hematopoietic stem cell transfusion

(22), new treatments have been approved such as lenalidomide

(11–13) and mogamulizumab (anti-CCR4 monoclonal antibody)

(4) during the last decade.

In the current study, the biological and biochemical effects of

three CRBN modulators against ATL-related cell lines were

examined. The aim of the in vitro examination was to elucidate the

efficacy mechanisms of LEN reported in the favorable results of LEN

treatment on relapsed or recurrent ATL patients (11, 12). Only

HuT102 and TL-Om1 among 13 tested ATL cell lines responded

to LEN treatment moderately, but IC50 could not be obtained even

with excessive doses (Figure 1). LEN-induced efficacy for several

hematological malignancies was rationalized with modulation of the

target specificity of E3 enzyme CRBN (7, 8). While LEN-responding

HuT102 and TL-Om1 displayed quite similar biochemical outcomes

such as IKZF1/3 degradation, LEN-resistant OATL4 and ED40515

maintained considerable amounts of those proteins (Figure 2A).

IKZF1/3’s downstream effector IRF4 was also suppressed in LEN-

responding cells (Figure 2B). In addition to these properties,
A

B

FIGURE 6

Oral administration of LEN suppresses tumorigenic growth of HuT102 cells xenografted in SCID mice. (A) The schematic representation of
LENefficacy evaluation with HuT102 xenografted SCID mice experiment; 5 × 106 HuT102 cells were injected subcutaneously into five SCID mice.
After a formation of tumor lump (approximately 100 mm3 each), mice were orally administered LEN at 10 mg/kg, 50 mg/kg, and 100 mg/kg or saline
for controls, 5 days a week for 8 weeks, and tumor sizes were measured weekly. (B) Average volume of tumor lumps in saline control (solid line with
circle dots) and LEN-treated groups 10 mg/kg (altered dashed line with diamond dots), 50 mg/kg (even dashed line with X dots), and 100 mg/kg
(solid line with square dots). Data are expressed as the mean ± SD of five mice. *p < 0.05, **p < 0.01 (analyzed using ANOVA followed by Dunnett’s
test). BW, body weight; LEN, lenalidomide; SCID, severe combined immunodeficiency.
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minimized IKZF2 function was common in both HuT102 and TL-

Om1. It is noteworthy that deletions or inversions in IKZF2 gene

were observed in 21% of ATL patients in Kataoka’s report (5). LEN-

induced growth suppression mechanisms in ATL cells were

confirmed by two knockdown experiments: HuT102-CRBN-KD

(CRBN requirement for LEN-responsiveness, Figure 3) and

ED40515-IKZF2-KD (complementary function of IKZF2 for

IKZF1/3 and LEN-resistance, Figure 4). The in vivo efficacy of LEN

was also confirmed with the HuT102 xenografted SCID mouse

experiment (Figure 6). The anti-ATL effects mediated by IMIDs

were distilled into a concise graphical summary (Figure 9).

According to these experimental data, the essential role of CRBN

for LEN-induced efficacy and the potential role of IKZF2 for LEN

resistance in ATL cells were implicated. Comparison of whole cell

expression profiles between LEN-sensitive HuT102 and LEN-resistant

OATL4 after LEN treatment provided additional supporting evidence

of how LEN exerts its anti-tumor effects against ATL cells. Both cell

lines displayed significantly altered mRNA expression profiles of as

many as 2,192 (924 upregulated and 1,268 downregulated 2≧,
HuT102) and 2,322 (917 upregulated and 1,404 downregulated 2≧,
OATL4, Supplementary 4). The GO functional enrichment (Figure 5)

and KEGG pathway analyses (Supplementary 5A, B and

Supplementary 7–12) revealed extensively exclusive responses of both

cells to LEN treatment. While HuT102 induced immune-activation

signaling pathways (Figures 5C, D; Supplementary 5, 7, 8, 11), which

are basically absent in ATL cells (1–3, 5), and growth-suppressing

properties (Supplementary 8), OATL4 induced rather anti-apoptotic
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and growth-promoting signals (Figures 5A, B; Supplementary 5, 9–11).

It is still elusive how LEN suppresses a certain population of ATL cells,

but we conclude that the distinctive features in LEN-sensitive ATL cells

could be attributed to the common CRBN-IKZF1/3-IRF4

downregulation axis and incompetency of complimentary function

of IKZF2 for IKZF1/3 during LEN treatment (indicated as deletion/

loss-of-function mutation, Figure 2B).

Despite these differences, the Circos plot and the Venn diagram

still show the overlapping DEGs (such as in the ncRNA processing

pathway) between HuT102 and OATL4 under the effect of LEN

(Supplementary 6). Additionally, we conducted an analysis of the

response to LEN treatment in another LEN-resistant cell line, ED40515

(Supplementary 17). Remarkably, we observed a substantial

enrichment in pathways associated with the negative regulation of

DNA-binding transcription factor activity, responses to endoplasmic

reticulum stress, and cellular responses to stress in ED40515

(Supplementary 17A). In contrast to HuT102, ED40515 displayed a

clear emphasis on pathways related to inflammatory responses and the

positive regulation of cell development (Supplementary 17B).

Conversely, when compared to OATL4, the response pathways of

ED40515 were notably centered around transcriptional misregulation

in cancer and VEGFA-VEGFR2 signaling (Supplementary 17C). These

findings suggest that during the later stages of ATL development, the

ATL pathway becomes increasingly focused on cell growth following

the disappearance of the Tax oncoprotein.

It is still elusive how LEN suppresses a certain population of ATL

cells, but we conclude that the distinctive features in LEN-sensitive
A B

DC

FIGURE 7

Distinct growth-suppressing effects of iberdomide (IBE) against ATL cells. ATL cell lines TL-Om1 (A), ED40515 (B), HuT102 (C), and OATL4 (D) were
treated with distinctive IMiDs: LEN (blue line), pomalidomide (POM; red), or CELMoD (IBE; green). Each cell line (5 × 105 cells) was treated with
three drugs at titrated concentrations (0.01 mM, 0.03 mM, 0.1 mM, 0.3 mM, 1 mM, 3 mM, and 10 mM) for 5 days. Data are expressed as the mean ±
SD of triplicated experiments. p-Values were analyzed using ANOVA followed by Dunnett’s test. ATL, adult T-cell leukemia/lymphoma; IMiDs,
immunomodulatory drugs; LEN, lenalidomide; CELMoD, cereblon modulator.
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ATL cells could be attributed to the common CRBN-IKZF1/3-IRF4

downregulation axis and incompetency of complimentary function of

IKZF2 for IKZF1/3 during LEN treatment (indicated as deletion/loss-

of-function mutation, Figure 2B). Likewise, refractory/relapsed MM

patients (23) and the majority of ATL patients responded poorly to
Frontiers in Oncology 10
LEN treatment (11–13). One way to overcome this drug resistance is

additional input such as monoclonal antibodies (4), which seems

effective. Most ATL cells express a chemokine receptor CCR4, an

intrinsic marker of regulatory T cells, on their cellular surfaces

through the HBZ-FoxP3 pathway. A humanized monoclonal anti-
A B

DC

FIGURE 8

Distinct biochemical outcomes of CRBN targets after treatment of IMiDs or CELMoD in ATL cells. Cellular lysates of TL-Om1 (A) ED40515 (B),
HuT102 (C), and OATL4 (D) treated with three drugs at titrated concentrations (0.01 µM, 0.1 µM, 1 µM, and 10 µM) were resolved and probed with
antibodies of CRBN, IKZF1/3, IRF4, c-Myc, and CK1a. Tubulin was probed as an internal control. IMiDs, immunomodulatory drugs; CELMoD,
cereblon modulator; ATL, adult T-cell leukemia/lymphoma.
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CCR4 antibodymogamulizumab is a novel therapeutic agent for ATL

(4). Even though classic and novel therapies are applicable to ATL, its

multifaceted pathogenic features urgently require additional

therapeutic options. A phase I/II study combining mogamulizumab

and lenalidomide for CCR4-positive relapsed/refractory aggressive

ATL is undergoing (24). It is also worth examining the combinatory

use of other newly developed anti-cancer drugs such as Hsp90

inhibitors (25, 26) or epigenetic inhibitors (27, 28). In this report,

we further assessed new-generation IMiDs, POM (8) and CELMoD

IBE (CC-220) (29), which have superior IKZF1/3 degradation

activity. The plasma Cmax values of LEN, POM, and IBE used in

clinical practice are 1.9–3.1 µM (13), 180–220 nM, and (30) 3.3–6.6

nM (31), respectively. In our experimental concentration range, the

proliferation inhibitory activity was hardly observed in the in vitro

assays. However, the target molecules are significantly degraded, and

a tendency to suppress the expression of IRF4 and cMyc, which drive

the proliferation of ATL cells, was observed. Experiments using mice

show effects, but it takes 2 weeks for them to be observed. Therefore,

considering these observations collectively, it is possible to expect the

pharmacological effects of IMiDs (i.e., proliferation inhibitory

activity). However, a common feature among patients who

responded to LEN treatment is the clear observation of

hematologic and immunologic responses, including both efficacy

and intake effects (11–13, 32). Understanding the host’s drug

responsiveness in more detail remains a challenge that requires

further exploration. While the primary weakness of this research

lies in the absence of growth inhibition within the clinical dosage

range of LEN, there were notable observations of the induced

biochemical response within cells. Specifically, the induction of

degradation of CRBN’s targets and the differential whole gene

expression profiles between LEN-sensitive and LEN-resistant cell

lines were observed at almost equal clinical doses of LEN.
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Furthermore, the observed growth inhibition of tumor cells in

murine in vivo experiments, where no immune response can be

expected, may to some extent mirror our biochemical assessments.

In summary, the molecular mechanisms through which IMiDs

suppress the growth of ATL cells can be outlined as follows: LEN

effectively reduces the expression of its target proteins in ATL cells by

altering the target specificity of CRBN, leading to the degradation of

IKZF1/3 (as shown in Figure 9A). However, the effectiveness of

suppressing downstream effectors like IRF4 and c-Myc varies

significantly between LEN-sensitive cells, which exhibit re-

activation of immune responses, and LEN-resistant cells, which

display enhanced cell growth signals related to processes such as

the cell cycle, RNA metabolism, and chromosome organization (as

depicted in Figure 9B). This deficiency in suppression can potentially

be overcome with the use of IBE, as demonstrated in Figures 7 and 8.

While LEN has demonstrated its effectiveness as a maintenance

treatment for aggressive ATL patients who have undergone

chemotherapy (13), there is a growing concern regarding the risk

of second primary malignancies, a phenomenon reported in

patients with plasma cell myeloma or myelodysplastic syndrome

receiving long-term IMiD treatment (33). Our experimental data

support the hypothesis that LEN resistance arises due to its limited

impact on IKZF2 degradation, offering an explanation for the

increased risk of second primary malignancies in ATL patients

undergoing prolonged LEN treatment. Therefore, it is highly

preferable to find a more efficient CRBN modulator to shorten

the treatment duration for ATL patients.

Our research demonstrates that the novel IMiDs/CELMoD

combination, IBE, holds promise as a potential therapeutic agent

for ATL, offering broader and more profound growth suppression

in ATL cells and efficient degradation of IKZF2, a result not

observed with LEN or POM treatments. This study underscores
A B

FIGURE 9

Diverse cellular responses in ATL cells to LEN treatment. (A) LEN modifies the target specificity of the E3 enzyme CRBN, leading to proteasomal
degradation of newly targeted proteins such as IKZF1/3. (B) LEN-sensitive ATL cells effectively promote the degradation of IKZF1/3, leading to a
substantial decrease in IRF4 and its downstream effector, Myc (upper panel). Consequently, these cells eventually halt their cellular growth. In
contrast, LEN-resistant ATL cells retain IKZF1/3, possibly due to reduced CRBN activity, and continue to proliferate despite LEN treatment (lower
panel). ATL, adult T-cell leukemia/lymphoma; LEN, lenalidomide.
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the novel and highly effective application of IBE in the context of

LEN-resistant, recurrent/refractory ATL (34).
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Ethics statement

This study was carried out in strict accordance with the

recommendations in the Guidelines for Proper Conduct of Animal

Experiments, Science Council of Japan (http://www.scj.go.jp/en/

animal/index.html). All procedures involving animals and their care

were approved by the Animal Care Committee of Miyazaki University

in accordance with the Regulations for Animal Experiments in

Miyazaki University (approval ID: 2011-505-8).
Author contributions

YW: Data curation, Investigation, Methodology, Software,

Validation, Writing – original draft. SS: Data curation,

Investigation, Methodology, Validation, Writing – original draft.

HI: Conceptualization, Data curation, Funding acquisition,

Investigation, Methodology, Project administration, Resources,

Supervision, Validation, Writing – original draft, Writing –

review & editing. JY: Investigation, Methodology, Validation,

Writing – review & editing. EI: Investigation, Methodology,

Validation, Writing – original draft. NF: Investigation,

Methodology, Data curation, Writing – original draft. TI:

Investigation, Methodology, Writing – original draft. MH:

Conceptualization, Funding acquisition, Resources, Writing –

review & editing. MO: Resources, Writing – review & editing. YT:

Data curation, Methodology, Validation, Writing – review &

editing. NH: Data curation, Validation, Writing – review &

editing. MM: Validation, Writing – review & editing. SH:

Resources, Writing – review & editing. SK: Methodology, Writing

– review & editing. MS: Methodology, Resources, Writing – review

& editing. KA: Supervision, Validation, Writing – review & editing.

AN: Funding acquisition, Resources, Writing – review & editing.

HH: Conceptualization, Resources, Writing – review & editing. KM:

Conceptualization, Formal analysis, Funding acquisition,

Methodology, Validation, Writing – review & editing, Writing –

original draft.
Frontiers in Oncology 12
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was partly supported by research funding from the Japan Society for

the Promotion of Science (17K09119 and 21K06925). KA is

receiving research grant from the Joint Research Project 2021 of

the Research Center of GLOBAL and LOCAL Infectious Diseases

(RCGLID), Oita University.
Acknowledgments

HI would like to thank Ms. Ryoko Shiraishi, Yuka Anan, and

Keiko Shinohara at the Department of Microbiology, Oita

University Faculty of Medicine, for their diligent work and

Celgene Japan KK, Bristol-Myers Squibb K.K., for their research

funding. In addition, the authors thank Xiantao Academic for the

support of data processing analysis and visualization.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

This study was partly funded by Bristol-Myers Squibb.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/

full#supplementary-material
References
1. Ishitsuka K, Tamura K. Human T-cell leukaemia virus type I and adult T-cell
leukaemia-lymphoma. Lancet Oncol (2014) 15(11):e517–26. doi: 10.1016/S1470-2045
(14)70202-5
2. Tsukasaki K, Marcais A, Nasr R, Kato K, Fukuda T, Hermine O, et al. Diagnostic
approaches and established treatments for adult T cell leukemia lymphoma. Front
Microbiol (2020) 11:1207. doi: 10.3389/fmicb.2020.01207
frontiersin.org

http://www.scj.go.jp/en/animal/index.html
http://www.scj.go.jp/en/animal/index.html
https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1272528/full#supplementary-material
https://doi.org/10.1016/S1470-2045(14)70202-5
https://doi.org/10.1016/S1470-2045(14)70202-5
https://doi.org/10.3389/fmicb.2020.01207
https://doi.org/10.3389/fonc.2023.1272528
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wang et al. 10.3389/fonc.2023.1272528
3. El Hajj H, Bazarbachi A. Interplay between innate immunity and the viral
oncoproteins Tax and HBZ in the pathogenesis and therapeutic response of HTLV-1
associated adult T cell leukemia. Front Immunol (2022) 13:957535. doi: 10.3389/
fimmu.2022.957535

4. Yonekura K, Kusumoto S, Choi I, Nakano N, Ito A, Suehiro Y, et al. Mogamulizumab
for adult T-cell leukemia-lymphoma: a multicenter prospective observational study. Blood
Adv (2020) 4(20):5133–45. doi: 10.1182/bloodadvances.2020003053

5. Kataoka K, Nagata Y, Kitanaka A, Shiraishi Y, Shimamura T, Yasunaga J, et al.
Integrated molecular analysis of adult T cell leukemia/lymphoma. Nat Genet (2015) 47
(11):1304–15. doi: 10.1038/ng.3415

6. Wong RWJ, Tan TK, Amanda S, Ngoc PCT, Leong WZ, Tan SH, et al. Feed-
forward regulatory loop driven by IRF4 and NF-kappaB in adult T-cell leukemia/
lymphoma. Blood (2020) 135(12):934–47. doi: 10.1182/blood.2019002639

7. Kronke J, Udeshi ND, Narla A, Grauman P, Hurst SN, McConkey M, et al.
Lenalidomide causes selective degradation of IKZF1 and IKZF3 in multiple myeloma
cells. Science (2014) 343(6168):301–5. doi: 10.1126/science.1244851

8. Bjorklund CC, Lu L, Kang J, Hagner PR, Havens CG, Amatangelo M, et al. Rate of
CRL4(CRBN) substrate Ikaros and Aiolos degradation underlies differential activity of
lenalidomide and pomalidomide in multiple myeloma cells by regulation of c-Myc and
IRF4. Blood Cancer J (2015) 5(10):e354. doi: 10.1038/bcj.2015.66

9. Anderson KC. Progress and paradigms in multiple myeloma. Clin Cancer Res
(2016) 22(22):5419–27. doi: 10.1158/1078-0432.CCR-16-0625

10. Kronke J, Fink EC, Hollenbach PW, MacBeth KJ, Hurst SN, Udeshi ND, et al.
Lenalidomide induces ubiquitination and degradation of CK1alpha in del(5q) MDS.
Nature (2015) 523(7559):183–8. doi: 10.1038/nature14610

11. Ogura M, Imaizumi Y, Uike N, Asou N, Utsunomiya A, Uchida T, et al.
Lenalidomide in relapsed adult T-cell leukaemia-lymphoma or peripheral T-cell
lymphoma (ATLL-001): a phase 1, multicentre, dose-escalation study. Lancet
Haematol (2016) 3(3):e107–18. doi: 10.1016/S2352-3026(15)00284-7

12. Ishida T, Fujiwara H, Nosaka K, Taira N, Abe Y, Imaizumi Y, et al. Multicenter phase
II study of lenalidomide in relapsed or recurrent adult T-cell leukemia/lymphoma: ATLL-
002. J Clin Oncol (2016) 34(34):4086–93. doi: 10.1200/JCO.2016.67.7732

13. Oka S, Ono K, Nohgawa M. Effective maintenance treatment with lenalidomide
for a patient with aggressive adult T cell leukemia after chemotherapy. Leuk Res Rep
(2019) 11:21–3. doi: 10.1016/j.lrr.2019.04.001

14. Tateno S, Iida M, Fujii S, Suwa T, Katayama M, Tokuyama H, et al. Genome-
wide screening reveals a role for subcellular localization of CRBN in the anti-myeloma
activity of pomalidomide. Sci Rep (2020) 10(1):4012. doi: 10.1038/s41598-020-61027-w

15. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al.
Metascape provides a biologist-oriented resource for the analysis of systems-level
datasets. Nat Commun (2019) 10(1):1523. doi: 10.1038/s41467-019-09234-6

16. Huang DW, Sherman BT, Tan Q, Collins JR, Alvord WG, Roayaei J, et al. The
DAVID Gene Functional Classification Tool: a novel biological module-centric
algorithm to functionally analyze large gene lists. Genome Biol (2007) 8(9):R183. doi:
10.1186/gb-2007-8-9-r183

17. Kikuchi J, Hori M, Iha H, Toyama-Sorimachi N, Hagiwara S, Kuroda Y, et al.
Soluble SLAMF7 promotes the growth of myeloma cells via homophilic interaction
with surface SLAMF7. Leukemia (2020) 34(1):180–95. doi: 10.1038/s41375-019-0525-6

18. Asanuma S, Yamagishi M, Kawanami K, Nakano K, Sato-Otsubo A, Muto S,
et al. Adult T-cell leukemia cells are characterized by abnormalities of Helios expression
that promote T cell growth. Cancer Sci (2013) 104(8):1097–106. doi: 10.1111/cas.12181

19. Bjorklund CC, Kang J, Amatangelo M, Polonskaia A, Katz M, Chiu H, et al.
Iberdomide (CC-220) is a potent cereblon E3 ligase modulator with antitumor and
Frontiers in Oncology 13
immunostimulatory activities in lenalidomide- and pomalidomide-resistant multiple
myeloma cells with dysregulated CRBN. Leukemia (2020) 34(4):1197–201. doi:
10.1038/s41375-019-0620-8

20. Yamagishi M, Fujikawa D, Watanabe T, Uchimaru K. HTLV-1-mediated
epigenetic pathway to adult T-cell leukemia-lymphoma. Front Microbiol (2018)
9:1686. doi: 10.3389/fmicb.2018.01686

21. Cook LB, Fuji S, Hermine O, Bazarbachi A, Ramos JC, Ratner L, et al. Revised
adult T-cell leukemia-lymphoma international consensus meeting report. J Clin Oncol
(2019) 37(8):677–87. doi: 10.1200/JCO.18.00501

22. Utsunomiya A. Progress in allogeneic hematopoietic cell transplantation in adult
T-cell leukemia-lymphoma. Front Microbiol (2019) 10:2235. doi: 10.3389/
fmicb.2019.02235

23. Jeryczynski G, Bolomsky A, Agis H, Krauth MT. Stratification for RRMM and
risk-adapted therapy: sequencing of therapies in RRMM. Cancers (Basel) (2021) 13
(23):5886. doi: 10.3390/cancers13235886

24. Available at: https://center6.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?
recptno=R000035865.

25. Ikebe E, Kawaguchi A, Tezuka K, Taguchi S, Hirose S, Matsumoto T, et al. Oral
administration of an HSP90 inhibitor, 17-DMAG, intervenes tumor-cell infiltration
into multiple organs and improves survival period for ATL model mice. Blood Cancer J
(2013) 3(8):e132. doi: 10.1038/bcj.2013.30

26. Ikebe E, Shimosaki S, Hasegawa H, Iha H, Tsukamoto Y, Wang Y, et al. TAS-
116 (pimitespib), a heat shock protein 90 inhibitor, shows efficacy in preclinical
models of adult T-cell leukemia. Cancer Sci (2022) 113(2):684–96. doi: 10.1111/
cas.15204

27. Yamagishi M, Hori M, Fujikawa D, Ohsugi T, Honma D, Adachi N, et al.
Targeting excessive EZH1 and EZH2 activities for abnormal histone methylation and
transcription network in Malignant lymphomas. Cell Rep (2019) 29(8):2321–37.e7. doi:
10.1016/j.celrep.2019.10.083

28. Yoshimitsu M, Ando K, Ishida T, Yoshida S, Choi I, Hidaka M, et al. Oral histone
deacetylase inhibitor HBI-8000 (tucidinostat) in Japanese patients with relapsed or
refractory non-Hodgkin's lymphoma: phase I safety and efficacy. Jpn J Clin Oncol
(2022) 52(9):1014–20. doi: 10.1093/jjco/hyac086

29. Matyskiela ME, Zhang W, Man HW, Muller G, Khambatta G, Baculi F, et al. A
cereblon modulator (CC-220) with improved degradation of Ikaros and Aiolos. J Med
Chem (2018) 61(2):535–42. doi: 10.1021/acs.jmedchem.6b01921

30. Li Y, Wang X, Liu L, Zhang C, Gomez D, Reyes J, et al. An open-label, phase 1
study to assess the effects of hepatic impairment on pomalidomide pharmacokinetics.
Clin Pharmacol Drug Dev (2019) 8(3):346–54. doi: 10.1002/cpdd.470

31. Gaudy A, Atsriku C, Ye Y, MacGorman K, Liu L, Xue Y, et al. Evaluation of
iberdomide and cytochrome p450 drug-drug interaction potential in vitro and in a
phase 1 study in healthy subjects. Eur J Clin Pharmacol (2021) 77(2):223–31. doi:
10.1007/s00228-020-03004-w

32. Tanaka T, Inamoto Y, Ito A, Watanabe M, TakedaW, Aoki J, et al. Lenalidomide
treatment for recurrent adult T-cell leukemia/lymphoma after allogeneic hematopoietic
cell transplantation. Hematol Oncol (2023) 41(3):389–95. doi: 10.1002/hon.3115

33. Sinit RB, Hwang DG, Vishnu P, Peterson JF, Aboulafia DM. B-cell acute
lymphoblastic leukemia in an elderly man with plasma cell myeloma and long-term
exposure to thalidomide and lenalidomide: a case report and literature review. BMC
Cancer (2019) 19(1):1147. doi: 10.1186/s12885-019-6286-9

34. Yamamoto J, Ito T, Yamaguchi Y, Handa H. Discovery of CRBN as a target of
thalidomide: a breakthrough for progress in the development of protein degraders.
Chem Soc Rev (2022) 51(15):6234–50. doi: 10.1039/D2CS00116K
frontiersin.org

https://doi.org/10.3389/fimmu.2022.957535
https://doi.org/10.3389/fimmu.2022.957535
https://doi.org/10.1182/bloodadvances.2020003053
https://doi.org/10.1038/ng.3415
https://doi.org/10.1182/blood.2019002639
https://doi.org/10.1126/science.1244851
https://doi.org/10.1038/bcj.2015.66
https://doi.org/10.1158/1078-0432.CCR-16-0625
https://doi.org/10.1038/nature14610
https://doi.org/10.1016/S2352-3026(15)00284-7
https://doi.org/10.1200/JCO.2016.67.7732
https://doi.org/10.1016/j.lrr.2019.04.001
https://doi.org/10.1038/s41598-020-61027-w
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1186/gb-2007-8-9-r183
https://doi.org/10.1038/s41375-019-0525-6
https://doi.org/10.1111/cas.12181
https://doi.org/10.1038/s41375-019-0620-8
https://doi.org/10.3389/fmicb.2018.01686
https://doi.org/10.1200/JCO.18.00501
https://doi.org/10.3389/fmicb.2019.02235
https://doi.org/10.3389/fmicb.2019.02235
https://doi.org/10.3390/cancers13235886
https://center6.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=R000035865
https://center6.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=R000035865
https://doi.org/10.1038/bcj.2013.30
https://doi.org/10.1111/cas.15204
https://doi.org/10.1111/cas.15204
https://doi.org/10.1016/j.celrep.2019.10.083
https://doi.org/10.1093/jjco/hyac086
https://doi.org/10.1021/acs.jmedchem.6b01921
https://doi.org/10.1002/cpdd.470
https://doi.org/10.1007/s00228-020-03004-w
https://doi.org/10.1002/hon.3115
https://doi.org/10.1186/s12885-019-6286-9
https://doi.org/10.1039/D2CS00116K
https://doi.org/10.3389/fonc.2023.1272528
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	IMiD/CELMoD-induced growth suppression of adult T-cell leukemia/lymphoma cells via cereblon through downregulation of target proteins and their downstream effectors
	1 Introduction
	2 Materials and methods
	2.1 Cell lines and cultures
	2.2 IMiDs, CELMoD, and cell treatment
	2.3 Cell viability assay
	2.4 Western blotting analysis
	2.5 Real-time PCR analysis
	2.6 Gene knockdown
	2.7 DNA microarray gene expression analysis
	2.8 Pathway enrichment analysis of the differentially expressed gene clusters
	2.9 Adult T-cell leukemia/lymphoma xenograft mouse experiments
	2.10 Statistical calculation

	3 Results
	3.1 LEN-mediated growth inhibition of ATL-related cell lines and biochemical characterization
	3.2 CRBN is essential for LEN-induced growth inhibition, and IKZF2 contributes to LEN resistance in ATL-related cell lines
	3.3 Distinct gene expression profiles between LEN-sensitive HuT102 and LEN-resistant OATL4 after LEN treatment
	3.4 Orally administrated LEN blocked the growth of xenografted HuT102 cells in CB17-SCID mice
	3.5 Iberdomide, a new cereblon modulator, exerts its superior growth-suppressing effects on ATL cells

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


