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ABSTRACT

Multiple myeloma (MM) is an incurable blood malignancy characterized by the clonal expansion of plasma cells and the secre-

tion of monoclonal immunoglobulins. High-risk MM, defined by specific cytogenetic abnormalities, poses significant therapeutic

challenges and is associated with inferior survival outcomes compared to standard-risk disease. Although molecularly targeted

therapies have shown efficacy in other hematologic malignancies, currently venetoclax is the only targeted therapy approved for
MM (t(11;14)). However, chromosome 1q gains, amplifications, and 1p deletions are frequently observed in MM, and have been
linked to drug resistance and poor patient prognosis. Accordingly, this review focuses on emerging MM precision therapies capa-

ble of targeting dysregulated genes within these regions. It addresses gene therapies, small molecule inhibitors and monoclonal

antibodies currently under investigation to antagonize oncogenic drivers including MCL-1, BCL9, F11R, and CKSIB, all of which

are implicated in cell survival, proliferation or drug resistance. In conclusion, the link between chromosome 1 abnormalities and

high-risk disease in MM patients offers a compelling rationale to identify and explore therapeutic targeting of chromosome 1
gene products as a novel precision medicine approach for a poorly served patient population.

1 | Introduction

Multiple myeloma (MM) is a hematologic malignancy char-
acterized by the proliferation of abnormal plasma cells which
results in the production of a monoclonal immunoglobulin
detectable in the serum and urine [1]. Clinical features of
MM include hypercalcemia, renal failure, anemia, bone le-
sions, and extramedullary plasmacytomas. Globally, an esti-
mated 176000 people were diagnosed with MM in 2020 [2]
and the unprecedented increase in overall survival means that
the prevalence of this cancer is rising rapidly, making living
well with MM a priority. Mechanistically, MM is the result of

stepwise accumulations of complex abnormalities that lead to
tumor progression. MM is a heterogeneous disease with di-
verse molecular subtypes that can be classified as “high risk”
(HR), or “standard risk” (SR) disease based on cytogenetic
abnormalities assessed by fluorescent in situ hybridization
(FISH) or gene expression profiling [1, 3]. The definition of
HR disease is heterogeneous and has undergone significant
evolution in recent times, reflecting increased understanding
of altered biology in HR-MM and the unmet need for these
patients. HR disease is defined by the Mayo Stratification for
Myeloma and Risk-adapted Therapy (mSMART) Guidelines
3.0 [4] as deletion of 17p, translocation (4;14), p53 mutation,

Abbreviations: AML, Acute Myeloid Leukaemia; ASCT, autologous stem cell transplant; CMML, chronic myelomonocytic leukemia; CRS, Cytokine Release Syndrome; del, deletion; FISH,
fluorescent in situ hybridization; HR, high risk; IMWG, International Myeloma Working Group; ISS, International Staging System; MGUS, monoclonal gammopathy of unknown significance;
MM, multiple myeloma; mSMART, Mayo Stratification for Myeloma and Risk-adapted Therapy; NDMM, newly diagnosed multiple myeloma; NK, natural killer; OS, overall survival; PFS,
progression-free survival; PI, proteasome inhibitors; RRMM, relapsed/refractory MM; SR, standard risk.
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del(1p), or gain(1q), the latter of which are the most common
genomic alteration in MM pathogenesis. The International
Myeloma Working Group (IMWG) do not include chromo-
some 1 alterations in their standard FISH testing panel; how-
ever, it recognizes that either deletion or amplification of this
chromosome results in reduced overall survival [5]. The most
recent definition of HR disease by The International Myeloma
Society in 2024 will include del17p (20% cut off) or p53 muta-
tion, t(4;14),/t(14;16),/t(14;20) with chromosome 1 alterations
(1q amplification or 1p deletion) or bi-allelic 1p32 deletion or
dellp32 and 1q gain. Cytogenetic HR-MM typically includes
primary IGH translocations associated with chromosome 14,
chromosome 1 abnormalities and biomarkers of disease bur-
den such as beta 2 microglobulin and lactate dehydrogenase
(LDH). Furthermore, ultra-high risk disease is variably de-
fined as the co-occurrence of two or more high risk abnor-
malities, extramedullary disease, a high risk gene expression
signature or plasma cell leukemia and is associated with an
inferior survival of just 24-36 months [6]. Additionally, the
International Staging System (ISS) set out by the IMWG has
been revised for better prognostic accuracy and now incorpo-
rates cytogenetics and LDH limits [7]. Amplification of the
1q region forms part of the R-ISS stratification of MM and is
being more intensely scrutinized as a high-risk abnormality
in MM [8]. This review will focus on emerging therapies that
target genes located on chromosome 1.

It is well established that chromosome 1 abnormalities are
among the most common in MM, yet no specific molecularly
targeted therapies have been approved to target protein products
of genes located on chromosome 1 [9]. Chromosome 1 abnor-
malities are common genomic abnormalities in MM (Figure 1),
reported in 25%-39% of patients and are associated with inferior
outcomes [8, 10]. A study by Marzin et al. showed that 37 MM
patients out of 55 (67%) displayed abnormal chromosome 1 cy-
togenetic bands [10]. Specifically, deletions of the short arm of
chromosome 1 were observed in 12 patients (32.4%), jumping
translocations were seen in an additional 6 patients (16.2%) and

No Gain 1q
chromosome 1
abnormalities

1 additional
copy

Amplification
1q

amplifications were recorded in a further 22 patients (59.5%),
however, this study did not distinguish gain versus amplifica-
tion of chromosome 1.

Current therapies for MM are based on a combination of treat-
ments from different drug classes (proteasome inhibitors
[PIs], immunomodulators, monoclonal antibodies, T-cell di-
rected therapies, and autologous stem cell transplants [ASCT]).
These therapies have produced unprecedented increases in
progression-free survival (PFS) and overall survival (OS), which
now is reaching almost 10years in newly diagnosed younger
patients. However, drug resistance eventually leads to therapy
escape, clonal evolution, and inevitable relapse. Accordingly,
there is significant investment in exploring novel therapies to
mitigate the risk of relapse, many of which focus on antagoniz-
ing individual gene or protein targets driving myelomagenesis.
However, MM lags behind other hematologic and solid tu-
mors in terms of approvals for molecularly targeted therapies.
Currently the only approved therapy with a distinct molecular
target is venetoclax for t(11;14) MM. patients in some HR sub-
groups such as t(4;14) and dell7p have benefitted greatly from
novel PIs such as bortezomib, carfilzomib, and ixazomib, how-
ever molecularly targeted therapies for these patients are lacking
and most clinical trials of novel agents continue to have inferior
outcomes for PFS and OS [11]. Specific responses in defined cy-
togenetic sub-groups are often only reported for patients with
p53del, with many recent trials reporting outcomes for patients
with 1 or 2-HR abnormalities separately, with the latter repre-
senting ultra-high-risk MM [12].

2 | Chromosome 1 Abnormalities in MM
2.1 | Gains
Gains of the long (q) arm of chromosome 1 typically clus-

ter at region 2, band 1 and results in a total of three copies
of the q arm. Gain 1q aberrations are thought to result from
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FIGURE1 | Riskassociated with chromosome 1 abnormalities in multiple myeloma.
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de-condensation of heterochromatin in the 1q12 pericentro-
meric region which lies adjacent to 1q21, leading to genomic
instability and breakage [13]. Amplification of the 1921 and
neighboring regions results in simultaneous upregulation
and/or deregulated expression of genes, which frequently
associate with poor prognosis and drug resistance. Some of
these genes include MCL-1, BCL-9, CKSIB, IL6R, PSMD4,
and F11R, among others. The prognostic impact of gain 1q on
MM remains a debate, yet Bisht and colleagues show patients
with this aberration have increased disease progression and
resistance to therapy [14]. Additionally, a large recent meta-
analysis of 2596 newly diagnosed multiple myeloma (NDMM)
patients demonstrated that 1q gain was independently asso-
ciated with inferior outcomes with no discernable difference
from 1q amplification in terms of PFS, with both variables
being independently prognostic [15].

Data regarding the efficacy of PIs to treat patients with chro-
mosome 1 abnormalities has emerged from some clinical stud-
ies. The TOURMALINE trial [16] showed PFS was improved in
ixazomib-lenalidomide-dexamethasone (IRD)-treated patients
with 121 amplification versus the lenalidomide-dexamethasone
treated arm. Nevertheless, this treatment failed to abate the neg-
ative impact of the HR cytogenetic markers on OS [11]. The more
recent IKEMA trial evaluated isatuximab (anti-CD38 monoclo-
nal antibody) in combination with carfilzomib and dexameth-
asone compared with carfilzomib and dexamethasone alone
in relapsed/refractory MM patients. A significant extension in
PFS was observed with the triplet regimen in 1q21-amplified pa-
tients, highlighting the importance of tailored therapies for this
subgroup [17].

2.2 | Amplifications

“Amplifications” represent a subset of chromosome 1 abnor-
malities that are characterized by the presence of four or more
copies of the chromosome arm. Amplification of chromosome
1 is a feature of several hematological, and solid cancers, and
is a predictor of poor OS in MM patients [18]. With each ad-
ditional copy of chromosome 1 gained, MM patient prognosis
has been shown to decline [7]; consistent with the fact that
amplifications often cluster with other HR chromosomal ab-
errations, extramedullary disease and end organ damage
[19]. D'Agostino and colleagues recently investigated the
prognostic impact of additional copies of chromosome 1q in
NDMM patients enrolled to the FORTE trial, and found that
carfilzomib-lenalidomide-dexamethasone plus ASCT resulted
in significantly inferior PFS between the amplq patients (21.2
months) and the Gainlq group (54.9 months), indicating that
amplification of 1q represents a more treatment resistant dis-
ease entity [20].

It is widely reported that chromosome 1q abnormalities are as-
sociated with inferior outcomes and unfavorable risk profile of
MM, however, the current R-ISS stratification model/IMWG
does not consider chromosome 1 abnormalities as a high-risk
prognostic marker, although this is currently being updated as
data emerges [21]. Furthermore, reporting the number of chro-
mosome 1 copies will aid the understanding. Harmonized guide-
lines alongside standardized laboratory protocols and accurate

copy number reporting to assist in discerning between the two
abnormalities must be developed to unify the mSMART and
IMWG guidelines and the R2-ISS stratification to accurately
diagnose patients with chromosome 1 abnormalities. Given the
adverse prognostic implications associated with 1q gain, the
R2-ISS staging system has been updated to incorporate a more
nuanced, weighted approach. This revised system evaluates the
cumulative impact of each risk factor, assigning specific point
values to key cytogenetic abnormalities, such as 1q gain (0.5
points) and high-risk markers like del(17p) or t(4;14) (1 point), to
enhance risk stratification accuracy [22].

2.3 | Deletions

The prognostic implication of the loss of the short (p) arm of
chromosome 1 (del(1p)) has been less well-defined than other
high-risk abnormalities such as gain(lq). Del(1p) has been
shown to cause loss or inactivation of tumor suppressor genes,
and to be a predictor of poor response in patients receiving
ASCT [21]. Whole-arm or interstitial deletions of 1p may occur,
and deletion of 1p12 and 1p32 are associated with myeloma-
genesis [23]. Qazilbash et al. identified del(1p) abnormalities
were mostly present within the 1p13-22 region, and were asso-
ciated with poor overall survival of 22months [24]. In another
study, del(1p32) was associated with inferior prognosis (49.1 vs.
123.9months), and bialleic deletion of 1p32 was more adverse
than monoalleic deletion [25]. Deletion of the 1p arm has re-
cently been included in the mSMART classification of HR MM
[4], however as its precise prognostic value is still unclear it was
not included in the R2-ISS.

2.4 | Structural Changes

Jumping 1q syndrome is another secondary aberration seen in
a small number of MM [10] and lymphoma [26] patients. It is
believed that decondensation of pericentromeric heterochroma-
tin on chromosome 1q contributes to the formation of jumping
translocations (JT). This significant decondensation allows the
chromosomal segment to fuse with other pericentromeric and
telomeric heterochromatic regions facilitating the increased ge-
nomic instability in a non-random fashion and is reflected in
poor patient outcomes [26].

3 | Emerging Therapies Targeting Chromosome
1q21-1q23 Region in MM

Chromosome 1 is the largest human chromosome contain-
ing over 3000 genes including several potential oncogenes
and tumor suppressor genes relevant to MM oncogenesis.
Accordingly, it is intriguing to speculate that new pharma-
cotherapies targeting the protein products of chromosome
1 genes dysregulated in MM could benefit the population of
up to 40% of newly diagnosed MM (NDMM) and 70% of re-
lapsed/refractory MM (RRMM) patients who currently lack
targeted treatments. Following on from positive pre-clinical
data, many of the targeted therapies discussed below are cur-
rently being investigated in clinical trials and summarized in
Table 1.
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TABLE1 | Targetable genes located on chromosome 1p and 1q.

Chromosome location Gene name Inhibitor Testing stage
Targetable genes located on Chromosome 1q
1q21.2 MCL-1 AZD5991 NCT03218683—terminated
AMG176 NCT02675452—ongoing
AMG397 NCT03465540—terminated
1g21.2 BCL-9 ZW4864 Preclinical
SAH-BCL9 Preclinical
1921.3 CKSIB MLN4924 NCT00722488—completed
DT204 Preclinical
1q21.3 IL6R Tocilizumab NCT05391750—recruiting
1q23.3 F1IR Reolysin NCT01533194—completed
P4D Preclinical
JBS2 Preclinical
Second generation JBS2 Preclinical
1q23.3 SLAMF7 Elotuzumab Approved for RRMM patients
Targetable genes located on Chromosome 1p
1p12 FAM46C Afuresertib NCTO00881946—completed
1p13.2 TRIM33 Olaparib Preclinical
1p32.3 CDKN2C Abemaciclib NCT03732703—ongoing

3.1 | Myeloid Leukemia 1 (MCL1)—1q21.2

MCL-1 is an anti-apoptotic protein of the BCL-2 family that pre-
vents apoptosis by binding to the pro-apoptotic BCL-2 proteins
and inhibiting their function [27]. Disrupted MCL1 expression
has been shown to play an essential role in the survival of MM
cells and resistance to conventional therapies [27]. To this end
many MCL-1 inhibitors have been designed and are being inves-
tigated as possible novel anti-cancer drugs. The most promising
MCL-1 inhibitors include the following:

AZD5991 is an investigational inhibitor that prevents MCL-1-
Bak interactions, leading to Bak-dependent intrinsic apopto-
sis in preclinical models of MM [28]. The Phase I clinical trial
NCT03218683 set out to define tolerability, pharmacokinet-
ics, and preliminary anti-tumor activity of ascending doses of
AZD5991 either alone or in combination with venetoclax in
subjects with relapsed or refractory hematologic malignancies.
Unfortunately this trial was terminated following the accrual
of only 70 patients, as one patient in the combo-therapy arm
recorded asymptomatic elevations in laboratory parameters of
cardiovascular dysfunction [29].

AMG176 is a rigid macrocyclic MCL-1 inhibitor [30] that dis-
rupts the formation of MCL-1/BCL2L11 (BIM) complexes and
induces apoptosis of tumor cells. Cell line screens coupled with
MM xenograft models revealed AMG176 to have potent effi-
cacy without systemic toxicity in hematological malignancies
[30]. Specifically, twice-weekly oral administration of 30mg/
kg AMG 176 achieved 54% tumor growth inhibition (TGI)

relative to vehicle, whereas the daily treatment arm achieved
84% TGI relative to initial tumor volume in OPM2 xenograft
tumors. Additionally, AMG176 showed improved efficacy when
combined with venetoclax [30]. An ongoing Phase I Clinical
Trial (NCT02675452) is assessing the safety and tolerability of
AMG176 in relapsed/refractory MM and acute myeloid leuke-
mia (AML) patients. AMG397 is a second generation MCL-1 in-
hibitor derived from AMG176, with improved in vitro potency
and an improved pharmacokinetic profile [31]. However, a
Phase I dose-escalation study revealed signs of cardiac toxicity
that resulted in termination of the study [32]. With further re-
finement of third generation MCL-1 inhibitors, it is hoped that
off-target toxicities will be reduced.

3.2 | B-Cell CLL/Lymphoma 9 (BCL9)—1q21.2

BCL9 is a well-established oncogenic driver that plays a critical
role in driving the Wnt signaling pathway which controls cell
proliferation, differentiation and survival [33]. Gene expression
analysis revealed that BCL9 is overexpressed in approximately
60% of late-stage MM patients and equally in MM cell lines [33].
Despite substantial efforts, no Wnt/B-catenin-targeting drugs
have yet been approved for cancer indications, mostly due to
off-pathway effects [34]. Promising investigational compounds
include the following:

ZW4864 is a drug-like BCL9 antagonist displaying high bio-
availability but variable efficacy against solid tumor growth
in mice [34]. Preliminary structure activity relationship (SAR)
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studies on ZW4864 revealed that the terminal positive-charge
of the piperazine moiety is critical to disrupt $-catenin/BCL9 in-
teractions, while subsequent studies improved its drug delivery
properties and found the derivative compound 21 to have eight-
fold and fourfold lower IC50s in HCT116 and MDA-MB-231
cells [34]. Although compound 21 has not been tested in MM
contexts, it would be interesting to evaluate its utility in stalling
growth or killing aberrant plasma cells, given their dependency
on BCLO.

Other investigators have designed a stabilized BCL9 alpha-helix
peptide (SAH-BCL9) which selectively suppresses Wnt tran-
scription and exhibits anti-tumor effects in MM cell lines in vitro
and in an in vivo mouse model of colorectal cancer [35]. Crystal
structure analysis has revealed the binding site of SAH-BCL9 to
f-catenin/BCL9 [36], and alanine mutagenesis of key residues
in the BCL9 H2 domain has been shown to inhibit $-catenin/
BCL9 binding and abrogate transactivation of the Wnt pathway
[36]. Encouragingly, cells with low BCL9 expression have been
shown to be unharmed by SAH-BCL9 treatment. However fur-
ther pre-clinical studies are necessary to unravel the pharma-
cokinetic and pharmacodynamic properties of the SAH-BCL9
before proceeding to clinical trials.

3.3 | Cyclin-Dependent Kinase Regulatory Subunit
1B (CKS1B)—1q21.3

CKS1B, is a protein encoded by the CKS1B gene located on 1q21.
This protein is a member of the conserved CKS1 protein family,
and plays an integral role in cell cycling. It is highly conserved
and has been found to be upregulated in various human cancers
such as ovarian, testicular, non-small cell lung carcinoma and
melanoma [37].

Shaughnessy et al. conducted microarray analysis of tumor
cells from 532 newly diagnosed MM patients and found that
30% of 70 genes strongly linked to early disease-related death
mapped to chromosome 1 [38]. Fifty-one of these 70 genes
showed high expression (and mapped mostly to 1q), while 19
genes showed low expression (and mapped mostly to 1p). The
researchers established a high-risk score (the ratio of mean
expression levels of upregulated to down-regulated genes) in
13% of patients, and found it predicted that patients relapsed
sooner, had shorter event-free survival, and reduced overall
survival [38]. The study utilized multiple linear discriminant
analysis (MSDA) to narrow the initial set of 70 genes down
to 17 genes that predict high-risk MM. This 17-gene model
successfully classified high-risk and low-risk MM samples in
both training and test datasets, proving its predictive power
[38]. Expression of CKS1B, one of the 17 genes, has been linked
with ineffective drug-induced killing of abnormal cells in MM
patients [38]. In fact, CKSIB expression has been shown to in-
duce resistance to ubiquitin-like protein synthesis inhibitors
like Bortezomib, a state-of-the-art therapeutic in MM, which
likely acts via inhibition of p21 expression [39].

As remarked by Shaughnessy et al. [38], the prevalence
of a high-risk designation in MM patients is increasing.
Remarkably, only 13% of patients are considered high-risk at
diagnosis, but this number increases to a staggering 76% at the

time of disease relapse. Huang et al. [39] noted that this sug-
gests a concerning increase of a drug-resistant subpopulation
of patients not benefiting from currently available first-line
treatments, which beckons for novel therapeutics to be in-
vestigated. One of these therapeutics is MLN4924, which has
been reported to overcome bortezomib-resistance in cells with
elevated CKS1B [39]. The researchers deduced that drug effi-
cacy is linked to its ability to inhibit p21 ubiquitin-mediated
degradation, which stabilizes p21 expression and leads to de-
creased cell proliferation and induces senescence in CKS1B-
overexpressing cells.

CKS1B is a necessary cofactor of the SCFSkp2 (Skpl-Cull-F-
box protein SKP2) complex, which regulates cellular entry into
S-phase and anti-apoptotic activity [39]. This complex is upreg-
ulated in MM, and linked to poor prognosis. The SCFSkp2 com-
plex regulates the ubiquitin-dependent degradation of particular
proteins, and its activation is controlled by NEDD8-mediated
neddylation [40]. NEDDS8 binds to target proteins, specifically
cullin-RING ubiquitin E3 ligases (CRLs) such as SCFSkp2, in-
creasing their E3 ubiquitin ligase activity and causing protein
degradation [39, 41]. The NEDDS inhibitor MLN4924 prefer-
entially inhibits SCFSkp2 activation, offering a more tailored
approach to protein degradation inhibition rather than total
proteasomal inhibition [61]. Specifically, CKS1B overexpression
has been linked to increased neddylation of cullin-1, and silenc-
ing of CKSIB to decreased cullin-1 neddylation in the ARP1
and OCI-My5 cell lines. Promisingly, treatment of CKSIB-
overexpressing cell lines with MLN4924 was associated with
decreased neddylation of Cullin-1 [39].

Remaining with the SCFSkp2 complex, Malek et al. showed
compelling evidence to suggest a novel therapeutic, DT204 [41],
a potent inhibitor of the SCFSkp2 complex, which is involved in
promoting proteasomal degradation of p27. This occurs as a re-
sult of DT204 preventing Skp2 from becoming incorporated into
the SCFSkp2 complex, consequentially enhancing the anti-MM
effect of bortezomib. Furthermore, the group demonstrated that
co-treatment with DT204 and bortezomib reduced MM tumor
growth in murine models and significantly prolonged OS (34
versus 12days in untreated mice) [41]. Moreover, Malek et al.
showed that co-treatment with DT204 overcame drug resistance
in cells which were resistant to PIs such as bortezomib, carfilzo-
mib, and ixazomib by inducing apoptosis.

3.4 | Interleukin-6 Receptor (IL6R)—1q21.3

The IL6R is expressed on some multiple cell types such as
monocytes, neutrophils, B-cells, some T-cells, macrophages,
and hepatocytes [42]. This gene plays a crucial role in immune
regulation and inflammation upon binding to IL6 [42]. In a
study conducted by Kim et al. on FISH results from 102 newly
diagnosed MM patients, IL6R amplification was present in 52%
of patients [43]. Furthermore, the 5-year OS for these patients
was 41.3%, while patients with normal IL6R had a 5-year OS
of 44.8%. The team explored the hypothesis that an increased
copy number of IL6R might provide growth privilege to MM
cells over normal hematopoietic cells. Their results indicated
that gain of IL6R was associated with adverse prognosis in
MM patients treated with ASCT [43]. This suggests that MM
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cells with increased levels of expressed IL6R may benefit from
IL6R-blocking therapeutics like tocilizumab. This monoclonal
antibody therapy antagonizes IL6R and was FDA-approved to
treat severely active rheumatoid arthritis or CAR-T cell-induced
cytokine release syndrome (CRS); in 2010 and 2017, respec-
tively [44]. In 2021, Banerjee et al. found that early administra-
tion of tocilizumab within 12h of CRS onset following CAR-T
therapy in RRMM patients did not compromise CAR-T therapy
and did not increase rates of therapy-related toxicities [45]. The
median PFS in the early tocilizumab group was 35.7months,
dropping to 13.2months in patients who received tocilizumab
>12h after onset and 7.8 months in patients who did not receive
tocilizumab at all [45]. Costa et al. also tested tocilizumab in
the context of CAR-T therapy in RRMM patients. Their study
focused on timely use of corticosteroids and tocilizumab to mit-
igate immune-mediated toxicities, and found that appropriate
usage did not impact the anti-tumor activity of CAR-T therapy
or impact PFS, overall response rate, complete response rate or
OS [46].

3.5 | F11R—1q23.3

The F11R gene on chromosome 1q23.3 encodes the Junctional
Adhesion Molecule A (JAM-A) protein [47]. JAM-A is found on
diverse cell types, where it plays physiological roles in tight junc-
tion formation, angiogenesis, and leukocyte extravasation [48].
FI11R amplification and JAM-A overexpression have been asso-
ciated with poor patient prognosis in various cancers [49], most
recently MM [50]. JAM-A can form homodimers in cis and trans
conformations with distinct functional effects. Our research
group and others have previously designed novel inhibitors of
the oncogenic functions of JAM-A arising from cis-dimerization
[51]. As JAM-A has been emerging as a prognostic and therapeu-
tic target for the treatment of MM [50], we will next review recent
pre-clinical applications of JAM-A inhibitors in cancer research.

Reolysin is a double-stranded RNA reovirus under investigation
for the treatment of certain solid and hematological cancers and,
interestingly, JAM-A has been defined as the cellular receptor
for reovirus entry into human cells [52]. Kelly et al. noted that
JAM-A expression was significantly increased in bortezomib-
refractory patients compared to its expression at diagnosis,
establishing Reolysin as a potential therapeutic for refractory
patients [53]. This claim was supported by preclinical models
of MM, in which JAM-A-silenced cells were significantly less
sensitive to Reolysin while forced expression of JAM-A induced
greater sensitivity to the investigational drug [53]. Reolysin
has been shown to significantly increase NOXA expression in
bortezomib-resistant cells, indicating that bortezomib resistance
and disease progression linked to elevated JAM-A expression
may make these cells particularly susceptible to Reolysin [53].

Babinska et al. designed JAM-A targeting peptides originally
to explore the value of JAM-A antagonism in the treatment of
cardiovascular disorders and later breast cancer models. Peptide
P4D (NH,-(dK)-SVT-(dR)-EDTGTYTC-CONH,), which mimics
the first extracellular loop of JAM-A and blocks JAM-A trans
homodimerization and tight junction formation in endothelial
cells [54], was shown to reduce the invasion and in vivo metas-
tasis of MDA-MB-231 breast cancer cells [55]. While this peptide

has not yet been tested in hematological cancers, it is intriguing
to speculate that it could have value. Another peptide inhibitor
of JAM-A, termed JBS2, was previously designed by our group
to bind to the cis homodimerization site of JAM-A based on the
crystal structure of murine JAM-A and JAM-A-reovirus inter-
actions [51]. JBS2 exerted concentration-dependent reductions
in the viability of breast cancer cells in vitro, and reduced tumor
size in three in vivo models of breast cancer—one orthotopic
mouse model, one intraductal mouse model and one chick em-
bryo xenograft model [51]. Currently, our efforts have turned to
improving the JBS2 peptide to enhance the anti-oncogenic ef-
fects in MM and breast settings [56].

3.6 | SLAMF7—1q23.3

SLAMF7, sometimes referred to as CS1/CRACC/CD319, is a
signaling lymphocyte activation molecule that regulates the
immune system through expression on various hematopoietic
cells [57]. This protein is expressed on natural killer (NK) cells,
some T lymphocytes, B lymphocytes, monocytes, and dendritic
cells [58]. Tai et al. suggested that SLAMF7 could be used as
a potential novel therapeutic target as it is expressed highly in
CD138+ cells in MM [59] and regulates aspects of cell adhe-
sion. Interestingly, SLAMF7 was noted to be highly expressed
at both gene and protein level in CD138+ primary tumor cells
from over 97% of MM patients, but not in healthy donors [58].
Subsequently, it was reported that the humanized anti-SLAMF7
monoclonal antibody HuLuc63 inhibited MM cell adhesion to
bone marrow stromal cells [59]. Furthermore, the same study
showed that HuLuc63 triggered antibody-dependent cellular
cytotoxicity against MM cells in a dose-dependent manner, and
was shown in preclinical in vivo models to be effective against
MM cells resistant to conventional therapies. This provides com-
pelling preclinical evidence for further investigating HuLuc63
in targeting SLAMF7 in MM.

There is also a therapeutic antibody targeting SLAMF7
which enhances NK cell-mediated cytotoxicity against
SLAMF7-expressing MM cells, known as elotuzumab [59].
This monoclonal therapy was approved by the FDA in 2015,
after showing promise when used in combination with lena-
lidomide and dexamethasone for relapsed or refractory MM
[59]. In a Phase III trial, researchers showed that the addi-
tion of elotuzumab reduced the risk of disease progression
or death by 30%, with PFS rates at 1year being 11% higher
in those treated with elotuzumab (+lenalidomide and dexa-
methasone) than those treated with lenalidomide and dexa-
methasone alone (control group). Furthermore, at 2years, the
rates were 41% and 27% in elotuzumab treated versus control
groups, respectively [59]. However, more recent evidence from
the Phase IIT GMMG-HD6 trial showed little change in PFS
or OS following combination treatment of elotuzumab with
standard treatment induction in MM patients of lenalidomide,
bortezomib, and dexamethasone (RVd) and lenalidomide
maintenance for newly diagnosed transplant-eligible patients
who were previously untreated [60]. This trial concluded that
addition of elotuzumab to standard treatment of MM patients
rendered no significant clinical benefit to newly diagnosed
transplant-eligible patients, but recommended it be reserved
for patients with relapsed or refractory MM [60].
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4 | Chromosome 1p

A retrospective study by Giri et al. [9] showed that even with
the use of more novel agents like IMiDs and PIs, survival in pa-
tients with chromosome 1 abnormalities remains inferior than
those without. This is in contrast to other studies that have
shown the high-risk nature of t(4;14) and del(17p) can be par-
tially augmented by bortezomib, and similarly lenalidomide and
dexamethasone in patients with t(4;14) [61]. There are currently
limited therapies in development for patients with del(1p) spe-
cifically, but many groups have hypothesized potential dysregu-
lated biological pathways that may serve as therapeutic targets.
Given that chromosome 1p loss is prevalent in MM, approaches
to therapeutically target this abnormality will likely rely on iden-
tifying genetic dependencies and/or dysregulated cellular pro-
cesses rather than targeting genes on 1p itself, a concept often
referred to as synthetic lethality. Table 1 provides an overview
of compounds under investigation for their potential to induce
synthetic lethality in cells.

41 | FAM46C—1p12

Deletion of 1p12 is observed in around 20% of patients [23]. 1p12
deletion is associated with myeloma pathogenesis, and the can-
didate pathogenic gene is FAM46C [23, 62]. FAM46C is a tumor
suppressor, involved in regulation of gene expression and cell
differentiation, and mutations are more frequent at relapse com-
pared to diagnosis [63]. In MM cell lines, FAM46C knockout
promoted MM cell survival and resistance to dexamethasone
and lenalidomide [64]. Additionally, resistance to the pan-
HDAC inhibitor panobinostat has also been associated with
FAMA46C mutation [63]. The molecular function of FAM46C in
MM is related to plasma cell differentiation, endoplasmic retic-
ulum homeostasis and ATM signaling [64]. With a better un-
derstanding of FAM46C pathogenicity in MM, perhaps these
processes may serve as therapeutic targets for del(1p) patients in
the future. Kanasugi et al. [65] reported Akt signaling activation
with FAM46C knockout and were able to exploit this therapeu-
tically with the use of Akt inhibitor afuresertib. Furthermore,
Afurestertib enhanced sensitivity of FAM46C-knockout cells to
bortezomib [65]. Promisingly, single-agent Afurestertib showed
clinical efficacy and safety in relapsed and refractory MM pa-
tients. However it has not yet been used in a newly diagnosed
setting, and response in del(1p) patients specifically has not been
investigated. In the future, patients with FAM46C mutations
may benefit from this treatment.

4.2 | TRIM33—1p13.2

As mentioned previously, Shaughnessy et al. [38] have described
a 70-gene signature that detects high-risk MM, with most
genes mapping back to chromosome 1. One of the downregu-
lated genes identified is TRIM33 located on 1p13.2. TRIM33 is
an E3 ligase and transcription co-repressor, which is involved
in many cellular processes including genome stability and tu-
morigenesis [66]. In newly diagnosed MM, copy number loss of
TRIM33 occurred in around 12% of patients and correlated with
poor prognosis [67]. Moreover, TRIM33 loss was associated with
chromosome 1 abnormalities del(1p) and gain(1q) [67]. TRIM33

functions within the DNA damage response and its loss can sen-
sitize cells to DNA-damaging therapies [67]. In MM cell lines,
the combination of PARP inhibitor olaparib with bortezomib
was promising in TRIM33-silenced cells and in future could be
considered to trial in del(1p) patients [67].

In chronic myelomonocytic leukemia (CMML), loss of TRIM33
has been observed in 35% of patients due to hypermethylation of
its gene promoter region [68]. This study proposed that TRIM33
expression may predict response to epigenetic drugs, in this case
the demethylating agent decitabine. Although this mechanism
of TRIM33 loss has not yet been reported in MM, prospective
studies may. Moreover, decitabine has shown anti-proliferative
effects in MM in vitro [69]. bromodomain and extra terminal
(BET) domain protein inhibitors are in phase 1 studies in MM
and have shown anti-tumor activity in several cancers [70].
TRIM33 contains a bromodomain, and its loss confers resis-
tance to BET inhibition in colorectal cancer [71]. Therefore, we
propose that TRIM33 status may also predict response to such
therapies in MM.

43 | RPL5—1p22.1

1p22.1 is a recurrent minimally deleted region in 20%-40% of
MM patients [72]. Within this region, ribosomal protein RPL5
was identified as a potential tumor suppressor. Del(1p22.1) is
associated with low expression of RPL5 alongside low EV15, a
viral integration protein. However, only loss of RPL5 was predic-
tive of poor prognosis and thus was proposed as the gene of im-
portance [72]. Interestingly, RPL5 mRNA expression was lower
at relapse than diagnosis, and patients with low RPL5 showed
enhanced response to treatment when bortezomib was included
[72]. Therefore, RPL5 has been proposed as a biomarker for bor-
tezomib response, and perhaps bortezomib may at least partially
overcome the high-risk, poor prognosis of del(1p22.1) patients.
Downregulation of RPL5 has also been reported in whole blood
from MM patients treated with bortezomib compared to healthy
controls [73].

Recently, del(1p22.1) has also been implicated in response to
CD38-monoclonal antibody based treatment. Ziccheddu et al.
[74] describe that del(1p22.1)/low RPLS5 is associated with a de-
creased level of CD38+ T-reg cells in RRMM patients who have
progressed after dara-Rd. The authors suggested this is charac-
teristic of immune exhaustion and genomic complexity in these
high-risk patients, leading to dara-Rd resistance. Perhaps in the
future RPL5 may also serve as a biomarker for this treatment re-
sponse. Ribosomal dysregulation has become a target for many
other cancers, and may also open novel therapeutic avenues for
del(1p22.1) in future.

4.4 | CDKN2C—1p32.3

CDKN2C is a cyclin-dependent kinase inhibitor involved in the
regulation of G1-S transition. Several studies have identified
del(1p32.3) as a region of importance in MM, with most identify-
ing this to confer loss of CDKN2C expression [75]. The frequency
of CDKN2C deletions increases from monoclonal gammopathy of
unknown significance (MGUS) through to active MM, and is the
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second most common mutation in MM cell lines [75, 76]. Loss of
CDKNZ2C, either hemizygous or homozygous, is associated with
poor outcome [23, 75]. Additionally, in a patient where biopsies
of several focal lesions were genomically sequenced, bi-allelic
deletions of CDK2NC were detected only in GEP-70 high-risk re-
gions, not low-risk [77]. CDKN2C loss often occurs alongside loss
of apoptotic protein FAF1, which is not surprising given their
close chromosomal location proximity on 1p32.3 [23, 77].

Using a CRISPR/Cas-9 screening approach, CDKN2C deletion
was identified as a driver of bortezomib resistance in cell lines,
however the mechanism was not investigated. Tessoulin et al.
[76] hypothesized that CDKN2C status may correlate with sensi-
tivity to CDK4/6 inhibition using palbociclib, however this was
not true in vitro. Despite this, the CDK4/6 inhibitor abemaciclib
has shown cytotoxic effects in MM cell lines and has been taken
forward for human trials [78]. MyDRUG (NCT03732703) is an
ongoing Phase I/II trial whereby functional high-risk relapsed/
refractory patients are given genomically informed treatments.
Within this, patients with CDKN2C deletion will receive abemaci-
clib in combination with dexamethasone, ixazomib, and pomalid-
omide [79]. Trial completion is expected in late 2024 and thus we
await these results.

4.5 | Fas-Associated Factor 1 (FAF1)—1p32.3

FAF1 is also located on 1p32.3, and is implicated in oncogene-
sis through its regulatory role of apoptosis and NF-xB signaling
[80]. In most cases, patients with 1p32.3 will harbor deletions
of both CDK2NC and FAF1 [81]. In most studies, it is hard to
distinguish between the prognostic significance of each genes
since they are situated in such close proximity [28]. However,
Leone et al. [75] found that although del(1p32.3) resulted in
lower expression of both CDKN2C and FAFI, this loss was much
more pronounced in the CDKN2C gene than FAFI suggesting
CDKN2C is the target gene of interest. Similarly, Boyd et al. [23]
showed that del(1p32.3) did result in deletions in both CDKN2C
and FAF1I, but FAF1I deletion did not affect survival outcomes.
As a result, many studies have focused more on understanding
the role of CDKN2C rather than FAFI.

Few studies have investigated targeting FAFI loss therapeuti-
cally, and again given its close proximity to CDKN2C the ther-
apies mentioned above would likely also be effective in these
patients. Of note, FAF1 can regulate NF-xB signaling and thus
it has been proposed that it may be indicative of response to NF-
xB inhibitors [80]. Future research should aim to better under-
stand the role of FAFI in MM, and perhaps identify synthetic
lethal relationships between FAFI and other genes.

5 | Conclusion

Despite the approval of many novel therapies in recent decades,
coupled with the incorporation of T cell-directed therapies into
treatment regimens and clinical trials, all MM patients even-
tually develop drug resistance and relapse. As part of the on-
going effort to further improve treatment outcomes of patients
with 1q gain or amplification, the European Myeloma Network
in collaboration with the HARMONY project recently revised

the R-ISS risk stratification model to include 121 copy num-
ber alterations as part of the general prognosis of MM patients.
Subsequently, the relevant driver genes present in chromosome
1 must be fully elucidated for an improved understanding of
MM disease biology and to develop personalized therapies for
patients with aberrant chromosome 1 gene expression.

Author Contributions

N.M. and S.V.G. conceived the topic of the review. N.M., I.C., and R.M.
drafted the manuscript. A.M.H. and S.V.G. provided input on study in-
terpretation and made critical revisions to the drafts. All authors ap-
proved the final version and agree to be accountable for review accuracy
and integrity.

Acknowledgements

N.M. and I.C. received funding from Breakthrough Cancer Research/
Health Research Board/Health Research Charities Ireland (grant
HRCI-HRB-2022-020 to A.M.H. and SV.G.).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article, as no new data were cre-
ated or analyzed in this study.

References

1. S. V. Rajkumar, “Multiple Myeloma: 2022 Update on Diagnosis, Risk
Stratification, and Management,” American Journal of Hematology 97,
no. 8 (2022): 1086-1107.

2. “Key Statistics About Multiple Myeloma,” American Cancer Society.
[Internet], January 19, 2024.

3. M. Kaiser, G. Pratt, C. Bygrave, et al., “Diagnosis and Initial Treat-
ment of Transplant-Eligible High-Risk Myeloma Patients: A British
Society for Haematology/UK Myeloma Society Good Practice Paper,”
British Journal of Haematology 205 (2024): 833-839.

4.V. Rajkumar and V. Rajkumar, “Updated mSmart Recommendations
for Treatment of Newly Diagnosed Myeloma,” [Internet]. 2024.

5. R. Fonseca, P. L. Bergsagel, J. Drach, et al., “International Myeloma
Working Group Molecular Classification of Multiple Myeloma: Spot-
light Review,” Leukemia 23, no. 12 (2009): 2210-2221.

6. M. J. Rees, M. D'Agostino, L. B. Leypoldt, S. Kumar, K. C. Weisel, and
F. Gay, “Navigating High-Risk and Ultrahigh-Risk Multiple Myeloma:
Challenges and Emerging Strategies,” American Society of Clinical On-
cology Educational Book 44, no. 3 (2024): e433520.

7. M. D'Agostino, M. Ruggeri, S. Aquino, et al., “Impact of Gain and
Amplification of 1q in Newly Diagnosed Multiple Myeloma Patients Re-
ceiving Carfilzomib-Based Treatment in the Forte Trial,” Blood 136, no.
Supplement 1 (2020): 38-40.

8. V. Shah, A. L. Sherborne, B. A. WalKer, et al., “Prediction of Outcome
in Newly Diagnosed Myeloma: A Meta-Analysis of the Molecular Pro-
files of 1905 Trial Patients,” Leukemia 32, no. 1 (2018): 102-110.

9. S. Giri, S. F. Huntington, R. Wang, et al., “Chromosome 1 Abnormali-
ties and Survival of Patients With Multiple Myeloma in the Era of Novel
Agents,” Blood Advances 4, no. 10 (2020): 2245-2253.

10.Y. J. D. Marzin, N. Douet-Guilbert, F. Morel, et al., “Chromosome
1 Abnormalities in Multiple Myeloma,” Anticancer Research 26 (2006):
953-960.

407



11. D. Hanahan, “Hallmarks of Cancer: New Dimensions,” Cancer Dis-
covery 12, no. 1 (2022): 31-46.

12. R. Mina, P. Musto, D. Rota-Scalabrini, et al., “Carfilzomib Induc-
tion, Consolidation, and Maintenance With or Without Autologous
Stem-Cell Transplantation in Patients With Newly Diagnosed Mul-
tiple Myeloma: Pre-Planned Cytogenetic Subgroup Analysis of the
Randomised, Phase 2 FORTE Trial,” Lancet Oncology 24, no. 1 (2023):
64-76.

13.J. R. Sawyer, E. Tian, C. J. Heuck, et al., “Evidence of an Epigenetic
Origin for High-Risk 1q21 Copy Number Aberrations in Multiple My-
eloma,” Blood 125, no. 24 (2015): 3756-3759.

14. K. Bisht, B. Walker, S. K. Kumar, et al., “Chromosomal 121 Ab-
normalities in Multiple Myeloma: A Review of Translational, Clinical
Research, and Therapeutic Strategies,” Expert Review of Hematology 14,
no. 12 (2021): 1099-1114.

15. N. Weinhold, H. J. Salwender, D. A. Cairns, et al., “Chromosome
1921 Abnormalities Refine Outcome Prediction in Patients With Multi-
ple Myeloma—A Meta-Analysis of 2,596 Trial Patients,” Haematologica
106, no. 10 (2021): 2754-2758.

16. P. G. Richardson, S. K. Kumar, T. Masszi, et al., “Final Overall Sur-
vival Analysis of the TOURMALINE-MM1 Phase III Trial of Ixazo-
mib, Lenalidomide, and Dexamethasone in Patients With Relapsed or
Refractory Multiple Myeloma,” Journal of Clinical Oncology 39, no. 22
(2021): 2430-2442.

17. T. Martin, M. A. Dimopoulos, J. Mikhael, et al., “Isatuximab, Car-
filzomib, and Dexamethasone in Patients With Relapsed Multiple My-
eloma: Updated Results From IKEMA, a Randomized Phase 3 Study,”
Blood Cancer Journal 13, no. 1 (2023): 72.

18. M. Skerget, B. Skopec, S. Zver, and H. Podgornik, “Amplification of
Chromosome 1q Predicts Poor Overall Survival in Newly Diagnosed
Multiple Myeloma Patients,” Journal of Hematology 12, no. 3 (2023):
109-113.

19. T. M. Schmidt, R. Fonseca, and S. Z. Usmani, “Chromosome 1q21
Abnormalities in Multiple Myeloma,” Blood Cancer Journal 11, no. 4
(2021): 83.

20. M. D'Agostino, D. Rota-Scalabrini, A. Belotti, et al., “Additional
Copies of 1q Negatively Impact the Outcome of Multiple Myeloma Pa-
tients and Induce Transcriptomic Deregulation in Malignant Plasma
Cells,” Blood Cancer Journal 14, no. 1 (2024): 94.

21. K. Lemonakis, L. Olsson-Arvidsson, C. Karlsson, B. Johansson, and
M. Hansson, “Impact of 1q Gains on Treatment Outcomes of Patients
With Newly Diagnosed Multiple Myeloma in a Real-World Swedish Pop-
ulation Receiving Modern Treatment,” European Journal of Haematol-
ogy 111, no. 3 (2023): 391-399.

22. M. D'Agostino, D. A. Cairns, J. J. Lahuerta, et al., “Second Revi-
sion of the International Staging System (R2-ISS) for Overall Survival
in Multiple Myeloma: A European Myeloma Network (EMN) Report
Within the HARMONY Project,” Journal of Clinical Oncology 40, no.
29 (2022): 3406-3418.

23.K. D. Boyd, F. M. Ross, B. A. Walker, et al., “Mapping of Chromo-
some 1p Deletions in Myeloma Identifies FAM46C at 1p12 and CDKN2C
at 1p32.3 as Being Genes in Regions Associated With Adverse Survival,”
Clinical Cancer Research 17, no. 24 (2011): 7776-7784.

24. M. H. Qazilbash, R. M. Saliba, B. Ahmed, et al., “Deletion of the
Short Arm of Chromosome 1 (del 1p) is a Strong Predictor of Poor Out-
come in Myeloma Patients Undergoing an Autotransplant,” Biology of
Blood and Marrow Transplantation 13, no. 9 (2007): 1066-1072.

25. A. Schavgoulidze, A. Talbot, A. Perrot, et al., “Biallelic Deletion of
1p32 Defines Ultra-High-Risk Myeloma, but Monoallelic del(1p32) Re-
mains a Strong Prognostic Factor,” Blood 141, no. 11 (2023): 1308-1315.

26. M. H. Kaplan, M. Kaminski, J. M. Estes, et al., “Structural Variation
of Centromeric Endogenous Retroviruses in Human Populations and

Their Impact on Cutaneous T-Cell Lymphoma, Sezary Syndrome, and
HIV Infection,” BMC Medical Genomics 12, no. 1 (2019): 58.

27. A. H. Wei, A. W. Roberts, A. Spencer, et al., “Targeting MCL-1 in
Hematologic Malignancies: Rationale and Progress,” Blood Reviews 44
(2020): 100672.

28. A. E. Tron, M. A. Belmonte, A. Adam, et al., “Discovery of mcl-1-
Specific Inhibitor AZD5991 and Preclinical Activity in Multiple My-
eloma and Acute Myeloid Leukemia,” Nature Communications 9, no. 1
(2018): 5341.

29. A. Keown, “AstraZeneca Cancer Trial Hit with Clinical Hold Fol-
lowing Cardiac Issues BioSpace,” 2021.

30. S. Caenepeel, S. P. Brown, B. Belmontes, et al., “AMG 176, a Selective
MCL1 Inhibitor, Is Effective in Hematologic Cancer Models Alone and
in Combination With Established Therapies,” Cancer Discovery 8, no.
12 (2018): 1582-1597.

31.S. Caenepeel, R. Karen, B. Belmontes, et al., “Abstract 6218: Dis-
covery and Preclinical Evaluation of AMG 397, a Potent, Selective and
Orally Bioavailable MCL1 Inhibitor,” Cancer Research 80, no. 16_Sup-
plement (2020): 6218.

32. “Safety, Tolerability, Pharmacokinetics and Efficacy of AMG 397 in
Subjects With Selected Relapsed or Refractory Hematological Malig-
nancies,” [Internet], ClinicalTrials.Gov., 2023-04-12.

33.M. Wu, H. Dong, C. Xu, et al., “The Wnt-Dependent and Wnt-
Independent Functions of BCL9 in Development, Tumorigenesis, and
Immunity: Implications in Therapeutic Opportunities,” Genes Disor-
ders 11, no. 2 (2024): 701-710.

34.7Z. Wang, M. Zhang, V. Quereda, et al., “Discovery of an Orally Bio-
available Small-Molecule Inhibitor for the Beta-Catenin/B-Cell Lym-
phoma 9 Protein-Protein Interaction,” Journal of Medicinal Chemistry
64, no. 16 (2021): 12109-12131.

35.J. Burroughs Garcia, R. A. Eufemiese, P. Storti, et al., “Role of 1q21
in Multiple Myeloma: From Pathogenesis to Possible Therapeutic Tar-
gets,” Cells 10, no. 6 (2021): 1360-1374.

36.J. Sampietro, C. L. Dahlberg, U. S. Cho, T. R. Hinds, D. Kimelman,
and W. Xu, “Crystal Structure of a Beta-Catenin/BCL9/Tcf4 Complex,”
Molecular Cell 24, no. 2 (2006): 293-300.

37.V. Khattar and J. V. Thottassery, “Cksl: Structure, Emerging Roles
and Implications in Multiple Cancers,” Journal of Cancer Therapy 4, no.
8(2013): 1341-1354.

38.J. D. Shaughnessy, Jr., F. Zhan, B. E. Burington, et al., “A Validated
Gene Expression Model of High-Risk Multiple Myeloma Is Defined by
Deregulated Expression of Genes Mapping to Chromosome 1,” Blood
109, no. 6 (2007): 2276-2284.

39.J. Huang, Y. Zhou, G. S. Thomas, et al., “NEDDS8 Inhibition Over-
comes CKS1B-Induced Drug Resistance by Upregulation of p21 in Mul-
tiple Myeloma,” Clinical Cancer Research 21, no. 24 (2015): 5532-5542.

40.J. Z. Roberts, C. Holohan, T. Sessler, et al., “The SCF(Skp2) Ubig-
uitin Ligase Complex Modulates TRAIL-R2-Induced Apoptosis by
Regulating FLIP(L),” Cell Death and Differentiation 27, no. 9 (2020):
2726-2741.

41. E. Malek, M. A. Y. Abdel-Malek, S. Jagannathan, et al., “Pharma-
cogenomics and Chemical Library Screens Reveal a Novel SCFSKP2 In-
hibitor That Overcomes Bortezomib Resistance in Multiple Myeloma,”
Leukemia 31, no. 3 (2016): 645-653.

42. A. Chalaris, C. Garbers, B. Rabe, S. Rose-John, and J. Scheller, “The
Soluble Interleukin 6 Receptor: Generation and Role in Inflamma-
tion and Cancer,” European Journal of Cell Biology 90, no. 6-7 (2011):
484-494.

43.S.Y. Kim, H. J. Min, H. K. Park, et al., “Increased Copy Number
of the Interleukin-6 Receptor Gene Is Associated With Adverse Sur-
vival in Multiple Myeloma Patients Treated With Autologous Stem Cell

408

European Journal of Haematology, 2025



Transplantation,” Biology of Blood and Marrow Transplantation 17, no.
6(2011): 810-820.

44. “Actemra FDA Approval History,” Drugs.com, 2022, https://www.
drugs.com/history/actemra.html.

45.R. Banerjee, J. Marsal, C. Y. Huang, et al., “Early Time-To-
Tocilizumab After B Cell Maturation Antigen-Directed Chimeric Anti-
gen Receptor T Cell Therapy in Myeloma,” Transplantion and Cellular
Therapy 27, no. 6 (2021): 477.e1-477.€7.

46. B. A. Costa, J. Flynn, N. Nishimura, et al., “Prognostic Impact of
Corticosteroid and Tocilizumab Use Following Chimeric Antigen Re-
ceptor T-Cell Therapy for Multiple Myeloma,” Blood Cancer Journal 14,
no. 1 (2024): 84.

47.T. Sobocki, M. B. Sobocka, A. Babinska, Y. H. Ehrlich, P. Banerjee,
and E. Kornecki, “Genomic Structure, Organization and Promoter
Analysis of the Human F11R/F11 Receptor/Junctional Adhesion Mole-
cule-1/JAM-A,” Gene 366, no. 1 (2006): 128-144.

48.E. A. Severson, L. Jiang, A. I. Ivanov, K. J. Mandell, A. Nusrat,
and C. A. Parkos, “Cis-Dimerization Mediates Function of Junctional
Adhesion Molecule A,” Molecular Biology of the Cell 19, no. 5 (2008):
1862-1872.

49. C. L. F. Zhao, H. Chen, X. Zhao, J. Sun, and H. Chen, “Dysregula-
tion of JAM-A Plays an Important Role in Human Tumor Progression,”
International Journal of Clinical and Experimental Pathology 7, no. 10
(September 2014): 7242-7248.

50. A. G. Solimando, A. Brandl, K. Mattenheimer, et al., “JAM-A as a
Prognostic Factor and New Therapeutic Target in Multiple Myeloma,”
Leukemia 32, no. 3 (2018): 736-743.

51.Y. E. Smith, G. Wang, C. L. Flynn, et al., “Functional Antagonism
of Junctional Adhesion Molecule-A (JAM-A), Overexpressed in Breast
Ductal Carcinomal Situ (DCIS), Reduces HER2-Positive Tumor Pro-
gression,” Cancers (Basel) 14, no. 5 (2022): 1303-1325.

52. E. S. Barton, J. C. Forrest, J. L. Connolly, et al., “Junction Adhesion
Molecule Is a Receptor for Reovirus,” Cell 104, no. 3 (2001): 441-451.

53.K. R. Kelly, C. M. Espitia, W. Zhao, et al., “Junctional Adhesion
Molecule-A Is Overexpressed in Advanced Multiple Myeloma and
Determines Response to Oncolytic Reovirus,” Oncotarget 6 (2015):
41275-41289.

54. A. Babinska, C. C. Clement, M. Swiatkowska, et al., “Develop-
ment of New Antiatherosclerotic and Antithrombotic Drugs Utilizing
F11 Receptor (F11R/JAM-A) Peptides,” Biopolymers 102, no. 4 (2014):
322-334.

55.R. Bednarek, D. W. Wojkowska, M. Braun, et al., “Triple Negative
Breast Cancer Metastasis Is Hindered by a Peptide Antagonist of F11R/
JAM-A Protein,” Cancer Cell International 23, no. 1 (2023): 160.

56.R. M. Niamh McAuley, M. Brennan, D. Marc, A. Hopkins, and S.
Glavey, eds., Junctional Adhesion Molecule A: Jam-Ming the Brake on
Multiple Myeloma (Madrid: European Hematology Association, 2024)
EHA Library.

57.E. Chu, J. Wu, S. S. Kang, and Y. Kang, “SLAMF7 as a Promising
Immunotherapeutic Target in Multiple Myeloma Treatments,” Current
Oncology 30, no. 9 (2023): 7891-7903.

58.Y.T. Tai, M. Dillon, W. Song, et al., “Anti-CS1 Humanized Monoclo-
nal Antibody HuLuc63 Inhibits Myeloma Cell Adhesion and Induces
Antibody-Dependent Cellular Cytotoxicity in the Bone Marrow Mi-
lieu,” Blood 112, no. 4 (2008): 1329-1337.

59.S. Lonial, M. Dimopoulos, A. Palumbo, et al., “Elotuzumab Therapy
for Relapsed or Refractory Multiple Myeloma,” New England Journal of
Medicine 373, no. 7 (2015): 621-631.

60. E. K. Mai, H. Goldschmid, K. Miah, et al., “Elotuzumab, Lenalid-
omide, Bortezomib, Dexamethasone, and Autologous Haematopoietic
Stem-Cell Transplantation for Newly Diagnosed Multiple Myeloma

(GMMG-HD6): Results From a Randomised, Phase 3 Trial,” Lancet
Haematology 11, no. 2 (2024): e101-e113.

61. P. Sonneveld, H. Avet-Loiseau, S. Lonial, et al., “Treatment of Multi-
ple Myeloma With High-Risk Cytogenetics: A Consensus of the Interna-
tional Myeloma Working Group,” Blood 127, no. 24 (2016): 2955-2962.

62. B. A. Walker, P. E. Leone, L. Chiecchio, et al., “A Compendium of
Myeloma-Associated Chromosomal Copy Number Abnormalities and
Their Prognostic Value,” Blood 116, no. 15 (2010): e56-e65.

63. V. Vikova, M. Jourdan, N. Robert, et al., “Comprehensive Charac-
terization of the Mutational Landscape in Multiple Myeloma Cell Lines
Reveals Potential Drivers and Pathways Associated With Tumor Pro-
gression and Drug Resistance,” Theranostics 9, no. 2 (2019): 540-553.

64.Y.X. Zhu, C. X. Shi, L. A. Bruins, et al., “Loss of FAM46C Promotes
Cell Survival in Myeloma,” Cancer Research 77, no. 16 (2017): 4317-4327.

65.J. Kanasugi, I. Hanamura, A. Ota, et al., “Biallelic Loss of FAM46C
Triggers Tumor Growth With Concomitant Activation of Akt Signaling
in Multiple Myeloma Cells,” Cancer Science 111, no. 5 (2020): 1663-1675.

66. R. M. McAvera and L. J. Crawford, “TIF1 Proteins in Genome Stabil-
ity and Cancer,” Cancers (Basel) 12, no. 8 (2020): 2094-2112.

67.R. M. McAvera, J. J. Morgan, A. B. Herrero, K. I. Mills, and L. J.
Crawford, “TRIM33 Loss in Multiple Myeloma Is Associated With Ge-
nomic Instability and Sensitivity to PARP Inhibitors,” Scientific Reports
14, no. 1 (2024): 8797.

68. R. Aucagne, N. Droin, J. Paggetti, et al., “Transcription Interme-
diary Factor 1y Is a Tumor Suppressor in Mouse and Human Chronic
Myelomonocytic Leukemia,” Journal of Clinical Investigation 121, no. 6
(2011): 2361-2370.

69.J. Zhou, Q. Shen, H. Lin, L. Hu, G. Li, and X. Zhang, “Decitabine
Shows Potent Anti-Myeloma Activity by Depleting Monocytic Myeloid-
Derived Suppressor Cells in the Myeloma Microenvironment,” Journal
of Cancer Research and Clinical Oncology 145, no. 2 (2019): 329-336.

70. K. Ramasamy, A. Nooka, H. Quach, et al., “A Phase 1b Dose-
Escalation/Expansion Study of BET Inhibitor RO6870810 in Patients
With Advanced Multiple Myeloma,” Blood Cancer Journal 11, no. 9
(2021): 149.

71. X. Shi, V. T. Mihaylova, L. Kuruvilla, et al., “Loss of TRIM33 Causes
Resistance to BET Bromodomain Inhibitors Through MYC- and TGF-
Beta-Dependent Mechanisms,” Proceedings of the National Academy of
Sciences of the United States of America 113, no. 31 (2016): E4558-E4566.

72.1.J. F. Hofman, M. van Duin, E. De Bruyne, et al., “RPL5 on 1p22.1
Is Recurrently Deleted in Multiple Myeloma and Its Expression Is
Linked to Bortezomib Response,” Leukemia 31, no. 8 (2017): 1706-1714.

73. P. Robak, D. Jarych, D. Mikulski, et al., “The Prognostic Value of
Whole-Blood PSMB5, CXCR4, POMP, and RPL5 mRNA Expression in
Patients With Multiple Myeloma Treated With Bortezomib,” Cancers
(Basel) 13, no. 5 (2021): 951-968.

74. B. Ziccheddu, C. Giannotta, M. D'Agostino, et al., “Genomic and Im-
mune Determinants of Resistance to Anti-CD38 Monoclonal Antibody-
Based Therapy in Relapsed Refractory Multiple Myeloma,” medRxiv
(2023): 117-129.

75.P. E. Leone, B. A. Walker, M. W. Jenner, et al., “Deletions of CD-
KN2C in Multiple Myeloma: Biological and Clinical Implications,” Clin-
ical Cancer Research 14, no. 19 (2008): 6033-6041.

76. B. Tessoulin, A. Moreau-Aubry, G. Descamps, et al., “Whole-Exon
Sequencing of Human Myeloma Cell Lines Shows Mutations Related
to Myeloma Patients at Relapse With Major Hits in the DNA Regula-
tion and Repair Pathways,” Journal of Hematology & Oncology 11, no.
1(2018): 137.

77. L. Rasche, S. S. Chavan, O. W. Stephens, et al., “Spatial Genomic
Heterogeneity in Multiple Myeloma Revealed by Multi-Region Sequenc-
ing,” Nature Communications 8, no. 1 (2017): 268.

409


https://www.drugs.com/history/actemra.html
https://www.drugs.com/history/actemra.html

78. N. Iriyama, H. Hino, S. Moriya, et al., “The Cyclin-Dependent Ki-
nase 4/6 Inhibitor, Abemaciclib, Exerts Dose-Dependent Cytostatic and
Cytocidal Effects and Induces Autophagy in Multiple Myeloma Cells,”
Leukemia & Lymphoma 59, no. 6 (2018): 1439-1450.

79.S. Kumar, G. Bianchi, N. Biran, et al., “Myeloma Developing Reg-
imens Using Genomics (MyDRUG) Trial: Results From the RAS Mu-
tation Targeting Arm,” Journal of Clinical Oncology 40, no. 16_suppl
(2022): 8055.

80. C. W. Menges, D. A. Altomare, and J. R. Testa, “FAS-Associated Fac-
tor 1 (FAF1): Diverse Functions and Implications for Oncogenesis,” Cell
Cycle 8, no. 16 (2009): 2528-2534.

81.S. S. Chavan, J. He, R. Tytarenko, et al., “Bi-Allelic Inactivation Is
More Prevalent at Relapse in Multiple Myeloma, Identifying RB1 as an
Independent Prognostic Marker,” Blood Cancer Journal 7, no. 2 (2017):
e535.

410

European Journal of Haematology, 2025



	Chromosome 1 Alterations in Multiple Myeloma: Considerations for Precision Therapy
	ABSTRACT
	1   |   Introduction
	2   |   Chromosome 1 Abnormalities in MM
	2.1   |   Gains
	2.2   |   Amplifications
	2.3   |   Deletions
	2.4   |   Structural Changes

	3   |   Emerging Therapies Targeting Chromosome 1q21-1q23 Region in MM
	3.1   |   Myeloid Leukemia 1 (MCL1)—1q21.2
	3.2   |   B-Cell CLL/Lymphoma 9 (BCL9)—1q21.2
	3.3   |   Cyclin-Dependent Kinase Regulatory Subunit 1B (CKS1B)—1q21.3
	3.4   |   Interleukin-6 Receptor (IL6R)—1q21.3
	3.5   |   F11R—1q23.3
	3.6   |   SLAMF7—1q23.3

	4   |   Chromosome 1p
	4.1   |   FAM46C—1p12
	4.2   |   TRIM33—1p13.2
	4.3   |   RPL5—1p22.1
	4.4   |   CDKN2C—1p32.3
	4.5   |   Fas-Associated Factor 1 (FAF1)—1p32.3

	5   |   Conclusion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


