Targeting transcription-replication conflicts using G-quadruplexes
stabilizers in multiple myeloma
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High-risk patients with
MM overexpressed
genes involved in TRC
resolution which
suggests that they
could benefit from a
TRC-enhancing
therapy.

Increasing TRCs with
G4 stabilizers
increases the efficacy
of current MM
treatments such as
melphalan and HDAC
or BRD inhibitors.

Replication stress exerts an important role in fueling genomic instability characterizing
multiple myeloma (MM) evolution and is a leading cause of drug resistance. Normal and
malignant plasma cells (PCs) are associated with a high transcriptional stress due to the
huge production of immunoglobulins. Transcription-replication conflicts (TRCs), arising
from collisions between replication and transcription machineries, can promote tumor
progression and represent an Achilles’ heel to cancer cells. We reported a gene signature
related to TRCs management (TRC score), overexpressed in malignant vs normal PCs. High
TRC score identified patients with MM with a poor prognosis who could benefit from a
TRC-enhancing therapy, in independent cohorts of patients with MM treated with high-dose
melphalan chemotherapy or anti-CD38 immunotherapy. Here, we investigated the
therapeutic interest of increasing TRCs to target specifically malignant PCs using the
G-quadruplex (G4) stabilizer pyridostatin (PDS). PDS exerted significant toxicity in MM cell
lines and primary MM cells, inducing DNA damage, cell cycle arrest, and apoptosis.
Importantly, primary myeloma cells are significantly more sensitive to PDS treatment than
normal bone marrow cells. Moreover, PDS improved the efficacy of MM treatments such as
melphalan and histone deacetylase (HDAC) or bromodomain (BRD) inhibitors. Thus, our
study shows that G4 stabilizers could be used to specifically target MM cells that exhibit
concomitant replication stress and a high level of transcription, through the increase of
TRCs. These molecules could be used to increase the efficacy of other treatments including
melphalan, HDAC inhibitors, and BRD inhibitors.

Submitted 24 June 2024; accepted 6 December 2024; prepublished online 20
January 2025. https://doi.org/10.1016/.bneo.2025.100072.

Human myeloma cell lines were authenticated according to their short tandem repeat
profiling and their gene expression profiling using Affymetrix U133 plus 2.0 micro-
arrays, and the data have been deposited in the ArrayExpress public database
(accession numbers E-TABM-937 and E-TABM-1088). RNA-sequencing data are
available in the Gene Expression Omnibus repository (accession numbers
GSE281182 and GSE280683).

Original data are available on request from the corresponding author, Jérome MOR-
EAUX (jerome.moreaux@igh.cnrs.fr).

The full-text version of this article contains a data supplement.

© 2025 American Society of Hematology. Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Multiple myeloma (MM) is the second-most frequent blood cancer,
characterized by clonal proliferation of terminally differentiated
plasma cells (PCs) in the bone marrow (BM)." Despite consider-
able progress in the treatment of MM, particularly with the emer-
gence of immune-based therapies, it remains unclear how to
overcome drug resistance, especially in high-risk patients with
TP53 abnormalities, including del17p and/or TP53 mutations.”
Deregulated oncogene expression can alter replication timing
and transcriptional programs, resulting in increased replication
stress (RS), generally referred to as oncogene-induced RS.°
Accordingly, MM cells (MMCs) but not normal PCs exhibit
constitutive phosphorylation of the RS marker H2A.X (termed
YH2A.X).° Oncogene overexpression also results in hyperactivation
of the transcriptional machinery required to sustain increased
proliferation and cell growth.”® Hypertranscription thus exacer-
bates RS by impeding replication fork progression, often resulting
in transcription-replication conflicts (TRCs). MMCs must cope with
both oncogene-induced RS and a high level of transcription linked
to immunoglobulin synthesis, thus constituting a positive loop that
sustains genomic instability. In line with this, increased transcription
in MM has been associated with increased mutation rate.” This
genomic instability is therefore an Achilles’ heel for MMCs, which
are expected to be more dependent on the DNA damage response
(DDR) for survival than normal PCs, offering exploitable targets for
the development of new therapeutic strategies.

Non-B DNA structures such as G-quadruplexes (G4s) and R-
loops can promote TRCs and RS by constituting obstacles for the
replication forks.'® G4s are highly stable structures found in G-rich
regions of the DNA and formed by stacking of guanine tetrads
stabilized by Hoogsteen hydrogen bonds and monovalent cat-
ions."" They are located in key regulatory regions, such as pro-
moters, gene bodies, enhancers, telomeres, or IGH locus
recombination sites, and involved in the regulation of numerous
biological processes such as DNA replication, transcription, or
epigenetic regulation. Interestingly, they are overrepresented in the
promoter of many proto-oncogenes, such as MYC, BCL2, or
KRAS, which has prompted the development of small molecules
stabilizing these structures to alter oncogene transcription.'*'®
Such small molecules are called G4 stabilizers or G4 ligands,
and their mechanisms of action involve not only oncogene down-
regulation but also DNA damage.'*'® RS induced by these mol-
ecules could also involve R-loop stabilization, because G4s can
form in the displaced DNA strand comprised in an R-loop.'®'®
Even though no such stabilizer is currently approved for cancer
treatment, they are progressing in clinical trials and a growing body
of evidence demonstrates their therapeutic potential.

Here, we developed a gene expression—based score showing that
high expression of a TRC-resolution machinery was associated
with poor outcomes in patients with MM. The G4 stabilizer pyr-
idostatin (PDS) showed significant toxicity against human myeloma
cell lines (HMCLs) as well as primary MMCs. PDS-induced tran-
scription-dependent DNA damage, cell cycle arrest, and apoptosis.
PDS synergized with current MM treatments, such as melphalan,
lenalidomide, and panobinostat, and with new therapies such as
bromodomain inhibitors (BRDis). Altogether, these results show
the importance of TRC management in MM and demonstrate that

targeting oncogene-induced RS and hypertranscription with G4
stabilizers could be a new therapeutic strategy for patients
with MM.

Gene expression analysis

Affymetrix data from independent cohorts of newly diagnosed
patients with MM treated with high-dose therapy (HDT) and
autologous hematopoietic stem cell transplantation (ASCT) were
used to develop the TRC score. TT2 cohort was used as the
training cohort (University of Arkansas for Medical Sciences, Little
Rock, AR; n = 345; Gene Expression Omnibus GSE2658). Pub-
licly available cohorts of newly diagnosed patients with MM treated
with HDT and ASCT (CoMMpass [NCT01454297; version 1A11a],
HM [Heidelberg/Montpellier; n = 206, E-MTAB-372], and Hovon
[GSE19784] cohorts) and a cohort of patients at relapse treated
with the anti-CD38 monoclonal antibody (mAb) daratumumab
(Montpellier cohort) were also used for validation.

HMCLs and primary MM samples

XGs cell lines were obtained as previously described.'” AMO1,
LP1, L363, SKMM2, KMS27, MOLP8, and OPM2 were pur-
chased from DSMZ (Braunsweig, Germany) and RPMI8226 from
ATCC (Rockville, MD). JIN3 was kindly provided by Van Riet
(Bruxelles, Belgium). These cell lines were maintained in
RPMI1640 GlutaMAX (61870044, Gibco) supplemented with
10% fetal bovine serum (CVFSVF0001, Eurobio) and with
interleukin-6 (IL-6; 2 ng/mL) for the XGs. HMCLs were authenti-
cated according to their short tandem repeat profiling and gene
expression profiling using Affymetrix U133 plus 2.0 microarrays
deposited in the ArrayExpress public database (accession
numbers E-TABM-937 and E-TABM-1088).

All primary BM samples were collected with the approval of the
institutional research board of Montpellier University Hospital
(DC2008-417) after patients’ written informed consent, in accor-
dance with the Declaration of Helsinki. Mononuclear cells were
isolated from total BM using Ficoll density gradient centrifugation
(Nycomed, Zurich, Switzerland) and cultured in the presence of
2 ng/mL IL-6. Ninety-six hours after treatment with increasing
concentrations of PDS, panobinostat, or I-BET-762, the percent-
age of CD138" CD38" PCs and CD138~ nonmyeloma cells were
determined by flow cytometry as previously described.'®

Cell proliferation, apoptosis, and cell cycle assays

For 50% inhibitory concentration (ICsp) determination and synergy
matrixes, HMICLs were cultured in 96-well plates for 96 hours in the
presence of increasing concentrations of the drugs. Cell number
was determined using adenosine triphosphate quantification with
CellTiter-Glo, according to manufacturer’s instructions (G7573,
Promega).

For apoptosis and cell cycle assays, cells were cultured for
48 hours in the presence of the drugs. Q-VD-OPh (651476; Sigma
Aldrich) was added 30 minutes before drug treatment. Apoptosis
was measured using Annexin V and 7-Aminoactinomycin D (7-
AAD) labeling by flow cytometry, according to manufacturer's
instructions (556421; BD biosciences). Cell cycle was determined
according to manufacturer's instructions (557892; BD
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Biosciences), using BrdU (5-bromo-2'-deoxyuridine) incorporation
(1.5 hours) and labeling with anti-BrdU to identify S-phase cells,
and DAPI (4',6-diamidino-2-phenylindole) staining for total DNA.

Supplemental methods, reagents, and antibodies are included in
supplemental Data.

TRC-resolution genes are overexpressed in MM and
associated with poor outcome

We previously showed that 13 genes involved in TRC resolution
were overexpressed in malignant PCs (n = 206) compared with
normal PCs (n = 5), and high expression of 9 of these 13 genes
predicted shorter overall survival in newly diagnosed patients with
MM."® Here, we used the prognostic value of these 9 genes
(BRIP1, DDX1, DDX23, EXOSC5, FANCD2, HNRNPU, PRMTS5,
SRPK2, and XRN2) to build a gene expression profile—based
score, called TRC score (Figure 1A; supplemental Table 1).'82°
The TRC score is defined by the sum of the beta coefficients
from the Cox model for each prognostic gene, weighted by 1
according to the patient MMC signal above or below the cut point
expression value defined using maxstat R function, as previously
described.”"?> High TRC score was associated with poor
outcome in 4 independent cohorts of newly diagnosed patients
with MM (UAMS, TT2 cohort, n = 345; HM, n = 206; CoMMpass,
n = 674; Hovon, n = 282) treated with HDT and ASCT (Figure 1B;
supplemental Figure 1A-B) and also in a cohort of patients at
relapse treated with the anti-CD38 mAb daratumumab (Figure 1B).
Importantly, the TRC score had no significant prognostic value in a
cohort of cytogenetically normal acute myeloid leukemia (AML; n =
162), a cohort of chronic lymphocytic leukemia (Herold CLL
cohort, n = 107), and a cohort of diffuse large B-cell lymphoma
(Lenz-DLBCL rituximab, cyclophosphamide, doxorubicin, vincris-
tine, and prednisone [R-CHOP] cohort, n = 233; supplemental
Figure 1C). To validate the pathophysiological relevance of some
genes in the TRC score, we investigated the role of DDX1 and
DDX23 RNA helicases in MMCs. These helicases have been linked
to TRC prevention through R-loops resolution.”®>* Depletion of
DDX1 and DDX23 using inducible short hairpin RNAs decreased
cell proliferation and induced apoptosis, together with phosphor-
ylation of H2A X, suggesting spontaneous DNA damage formation
(supplemental Figure 2). Using a cohort of 112 patients with RNA-
sequencing (RNA-seq) data from purified MMCs and the corre-
sponding RNA-seq of the nontumor BM microenvironment, we
analyzed the correlation between TRC score of purified MMCs and
the abundance of immune cell subpopulations within the nontumor
BM fraction.”® We estimated the abundance of the immune cell
subpopulations within the RNA-seq data using the CIBERSORTx
suite.?® Importantly, we identified a significant decrease in dendritic
cell and macrophage BM abundance in patients with high TRC
score compared with patients with low TRC score (supplemental
Figure 3A), which may support the shorter progression-free sur-
vival of TRC score™" patients receiving anti-CD38 mAb therapy
(Figure 1B). Furthermore, TRC score was significantly higher in
patients with del(17)p, del13, dellp, 1q gain, TP53, ASXLT,
CDKN2A, IRF4, TRAF3, or TRRAP mutations (Figure 1C-D).
Transformation/Transcription Domain Associated Protein (TRRAP)
is required for MYC and TP53 transcription activation and plays a
role in Double-strand break (DSB) repair.>”?® TRRAP mutation is
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associated with a poor outcome in patients with MM.>® CDKN2A
encodes for p16 and p14, which are 2 tumor suppressor genes
involved in cell cycle regulation and p53 activation.>® Interferon
Regulatory Factor 4 (IRF4) is a transcription factor involved in a
coregulatory loop with Myc in malignant PCs.®' TRAF3 is involved
in tumor necrosis factor receptor signaling, regulates B-cell sur-
vival, and inhibits PC development through IL-6 receptor signaling
inhibition.®** ASXL1 works with the Polycomb Repressive Com-
plex 2 (PRC2) complex to repress gene expression, and ASXL1
mutations result in increased expression of leukemogenic genes in
myeloid malignancies.>>*® Moreover, the TRC score was signifi-
cantly higher in patients with MM harboring double-hit del(17)p/
TP53 mutation, which are associated with worse prognosis and
resistance to treatment (Figure 1E).>” In Cox analyses with high-
risk cytogenetic abnormalities (CAs), the TRC score remained an
independent prognostic factor compared with del17p or 1q gain
(supplemental Figure 3B-D). As previously described, accumu-
lating high-risk CAs worsen the prognosis of patients with MM.*®*"
We have assessed the effect of additional high-risk CAs (del17p,
1q gain, and t(4;14)) on the prognosis of patients with high-risk
TRC score in the CoMMpass cohort. Not surprisingly, the OS of
patients with high TRC score significantly decreased when this
abnormality was associated with other high-risk CAs (P < .0001)
(Figure 1F). Gene set enrichment analysis (GSEA) of genes
upregulated in TRC"9" patients identified significant enrichment in
signatures related to cell cycle, proliferation, and plasmablastic
stage (supplemental Figure 4A). However, the TRC score was not
correlated with the PC labeling index (percentage of PCs in S-
phase) in newly diagnosed patients with MM (n = 64; supplemental
Figure 4B).*? These data indicate that a TRC-resolution machinery
is significantly overexpressed in MM, together with proliferative
plasmablastic signatures and high-risk molecular abnormalities,
including del17p, 1q gain, TP53 mutations, or double-hit genomic
abnormalities (del17p/TP53 mutation).? This TRC-resolution
machinery could therefore represent a therapeutic target for
MMCs, by using new therapies such as G4 stabilizers.

Increasing TRCs using G4 stabilizers affects MMC
proliferation and survival

PDS is a highly specific G4 stabilizer that can increase TRCs.*®
We tested the response to PDS in a large panel of HMCLs,
representative of a large part of the molecular heterogeneity of
patients with MM.'*"544%° Treatment with PDS was associated
with significant toxicity with a median I1Cso of 2.6 pM (Figure 2A).
HMCL TRC score correlated with immunoglobulin secretion but
not with their molecular subgroup (supplemental Figure 4C-D;
supplemental Table 2). PDS induced a strong increase in
apoptosis and cell death at 48 hours in 2 of 4 sensitive cell lines
(XG2 and OPM2; but not XG21 or XG7), whereas the resistant
cell line AMO1 did not show an increase in cell death upon PDS
treatment (supplemental Figure 5A-B). Moreover, pan-caspase
inhibition significantly rescued apoptosis and viability in XG2. In
XG7, a decrease in apoptosis and cell death induction was iden-
tified, although not significant. This indicates that PDS induces
caspase-dependent cell death in XG2 and to a lesser extent in
XG7 cells, which could be explained by differential immunoglobulin
secretion or unfolded protein response activation by PDS
(Figure 2B; supplemental Figure 5C)."” Accordingly, XG2 but not
XG?7 cells showed cleavage of caspases 3, 8, and 9 after PDS
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TRC gene resolution-based score identifies high-risk patients with MM. (A) Chart explains how the TRC score was built. (B) Prognostic value of the TRC score
in newly diagnosed patients treated with high-dose chemotherapy and ASCT. Patients of the TT2 cohort (UAMS, n = 345) were ranked according to increased TRC score and a
maximum difference was obtained with TRC score splitting patients into high-risk (n = 119) and low-risk (n = 226) groups. TRC score also had a prognostic value in 2
independent cohorts of newly diagnosed patients with MM treated with HDT and ASCT (HM, n = 206; CoMMpass, n = 674) and in a cohort of patients at relapse treated with
anti-CD38 mAb (daratumumab; Montpellier [Mtp] cohort, n = 51). The parameters to compute the TRC score of patients in the HM, CoMMpass, and Mtp cohorts were those
defined with the TT2 cohort. (C) TRC score in patients from the CoMMpass cohort without CA (light blue) and patients with CA (dark blue). (D) TRC score in patients from the
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treatment, as well as increased expression of proapoptotic Bcl-2
Interacting Mediator of cell death (BIM) and Bcl-2 homologous
antagonist/killer (BAK) and antiapoptotic Bcl-2 (Figure 2C;
supplemental Figure 5D). Furthermore, PDS induced an accumu-
lation of cells in the Go/M phase, although to a lesser extent in the
2 resistant cell lines. It was correlated with a decrease in cells in S-
phase for the 3 sensitive cell lines and a decrease in Go/G; in XG7
cells (Figure 2D; supplemental Figure 6A). We also detected Poly
(ADP-ribose) polymerase (PARP) cleavage, increased expression
of p21, and downregulation of p27 (supplemental Figure 6B). We
conclude that stabilization of G4s using PDS blocks the progres-
sion of cell cycle and can eventually lead to MMC death, as pre-
viously shown on other cancer cell lines.'®

PDS has been shown to prevent replication fork progression and
induce DNA damage.'® Therefore, the Go/M cell cycle arrest
induced by PDS could be explained by DNA damage formation.
Accordingly, PDS induced a wide DDR as shown by the phos-
phorylation of p53, Chk1, Chk2, and H2A.X (Figure 3A). This was
associated with a significant increase in 53BP1 and yH2A.X foci
formation and phosphorylation of RPA32 (Figure 3B; supplemental
Figure 7A). Importantly, a short treatment with PDS significantly
decreased replication fork progression and 5-Ethynyl-2'-deoxyur-
idine (EdU) incorporation (Figure 3C; supplemental Figure 7B).
Additionally, a 48-hour PDS treatment led to a 50% decrease in
the messenger RNA (mRNA) production of major MM oncogenes,
namely MYC and /RF4, together with /IKZF1 transcription factor
regulating IRF4 and Myc expression (Figure 3D).>' We also
detected the downregulation of hTERT, a Myc target known to
have Gd4s in its promoter.*® G4s can also form on RNA, and PDS
has been shown to decrease ribosomal protein mRNA trans-
lation.*” We used polysome profiling to identify translation alter-
ations induced by PDS in MMCs, but no significant changes were
detected*® (supplemental Figure 7C). These results show that
PDS can hinder MMC proliferation, which may be linked with the
formation of DNA damage and the downregulation of major MM
oncogenes.

To decipher the role of TRCs in the mechanism of action of PDS,
we investigated the contribution of replication and transcription to
the PDS-induced DNA damage. In untreated cells, 53BP1 and
YH2A X nuclear foci were detected only in S-phase (EdU*) cells,
consistent with a replication-dependent increase of DNA damage
during S phase and formation of constitutive DNA repair foci in
MMCs (Figure 4A).5*° Upon PDS exposure, 53BP1 and yH2A.X
foci were detected in nonreplicating (EdU™) cells and were further
increased in S-phase cells, indicating either that PDS can target
both replicating and nonreplicating cells or that DNA lesions
formed during S phase are transmitted to daughter cells in the
following cell cycle. Pretreatment with the transcription inhibitor
triptolide, which prevents TRCs by evicting RNA polymerase |l
(RNAPII) from chromatin,®°°" prevented the formation of 53BP1
foci in PDS-treated cells (Figure 4B). The reduction was only partial
for yH2A.X foci, suggesting that transcription inhibition does not

fully suppress RS, even though it prevents the formation of DSBs.
To ensure that this result was not related to a decreased replication
rate due to transcription inhibition, we used another transcription
inhibitor, 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB),
which stalls the RNAPII on the chromatin and therefore may
increase TRCs.?® Interestingly, we found that DRB pretreatment
did not significantly reduced the formation of yH2A.X and 53BP1
foci in PDS-treated cells, which may be explained by the RNAPII
retention on the chromatin, promoting PDS-induced DNA damage
(supplemental Figure 7D). Altogether, these data suggest that
active transcription is necessary for PDS-induced DSBs in repli-
cating cells, supporting the fact that PDS increases TRCs.

G4 stabilization improve the efficacy of conventional
MM treatments

Because monotherapy is not effective in MM, we sought to identify
potent combinations of PDS and currently used MM treatments
based on a biological rationale. According to our previous results,
we hypothesized that the RS induced by PDS could enhance the
response to the alkylating agent melphalan. Using synergy matrixes,
we identified a significant synergy when PDS was combined with
melphalan in XG7, together with cell cycle arrest in Go/M and
apoptosis (Figure 5A-C; supplemental Figure 8A). It also correlated
with an increased activation of DDR compared with either drug
alone (Figure 5D). We validated this synergy using XG2 and XG1
HMCLs (supplemental Figure 8B-D). These data show that tar-
geting TRCs with PDS increases melphalan efficacy on HMCLs.
Because melphalan resistance can emerge in patients and usually
leads to relapse, the ability of PDS to improve the response of
HMCLs to melphalan may represent a new strategy to overcome
this resistance. We found a comparable synergistic profile between
an XG2-melphalan-resistant cell line and its normal counterpart
(XG2-sensitive [XG2-sens]; Figure 5E).°2 The ICso of melphalan in
the presence of PDS on the resistant cell line was comparable with
the 1C5o of melphalan alone on the parental sensitive cell line
(Figure 5E). PDS and melphalan led to increased yH2A.X and
pRPA32 in both XG2-sens and XG2-melphalan—resistant, as well
as an increased phosphorylation of Chk1 but not of p53 compared
with XG2-sens (supplemental Figure 8E). pChk2 was not
increased in any cell line. This indicates that PDS can increase the
DNA damage induced by melphalan and may be of interest to
overcome melphalan resistance in MM.

We showed that PDS led to a decreased production of /IKZF1,
IRF4, and MYC mRNAs (Figure 3D). Immunomodulatory drugs
(IMiDs) target the degradation of IKZF1 and IKZF3 through binding
to cereblon, thereby inhibiting /RF4 and MYC transcription.®® Thus,
we reasoned that combining PDS and IMiDs would increase the
targeting of the Myc-IRF4 regulatory loop. We found that the
combination of PDS with either lenalidomide or pomalidomide was
associated with a strong synergy in XG7 and JIN3 but not in
XG20, XG2, or L363 (supplemental Figure 9A-B). It was associ-
ated with decreased protein expression of lkaros, Myc, and IRF4

(continued) CoMMpass cohort without the mutation (light blue) or with the mutation (dark blue) on the indicated gene. (E) TRC score in patients from the CoMMpass
cohort with the double hit (dark blue) or without (light blue) TP53™"/del17p. (F) Kaplan-Meier overall survival of newly diagnosed patients with MM (CoMMpass cohort) with high
TRC score according to the association with other high-risk CAs (HR CAs). HR CAs are defined by the presence of del(17p), t(4;14), and/or gain(1q). The green curve

corresponds to patients with high TRC score without other HR CAs; the violet curve to patients with >1 CA; and the orange curve to patients with >2 other HR CAs. P value is

determined by the log-rank test comparison.
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Figure 2. G4s stabilization impairs HMCLs growth leading to cell death. (A) Twenty HMCLs were cultured with increasing doses of PDS for 96 hours. Cell viability was
determined using adenosine triphosphate (ATP) quantification. The ICso of PDS is shown on top of the histograms. (B-C) XG2 and XG?7 cells were cultured for 2 days with the
pan-caspases inhibitor Q-VD-OPh (QVD; 20 pM) and PDS at the indicated doses. Apoptosis activation was analyzed using Annexin V and 7-AAD labeling by flow cytometry
(B) and western blot detection of caspase cleavage (C). Apoptotic cells are Annexin V positive and 7-AAD negative, dead cells are 7-AAD positive and Annexin V positive, and live
cells are double negative. Caspase 3, 8, and 9 cleavages were analyzed by western blot. One representative experiment of 3 is shown. Student ¢ test, *P < .05; **P <.01;
***P < .005. (D) XG7 cells were treated for 48 hours and 96 hours with the indicated concentrations of PDS. BrdU (10 pug/mL) was added during the last 1.5 hours of treatment.
Cells were fixed and processed to detect BrdU incorporation and total DNA. BrdU™ cells were assigned to S phase. BrdU™ cells were assigned to Go/G or Go/M phases based
on their DNA content. Student t test, *P < .05; **P < .01. Results are the mean of 3 independent experiments. NR, not reached; ns, not significant.
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G4s stabilization induces DNA damage and impairs replication fork progression in HMCLs. (A) XG7 cells were treated for 24 hours with PDS at the indicated

doses and were harvested for western blot detection of DDR activation. Images are representative of 3 independent experiments. (B) XG7 cells were treated for 24 hours with

PDS at the indicated doses, collected, and used for immunofluorescence detection of yH2A.X and 53BP1 nuclear foci. Quantification of foci number per nucleus was done using
ImageJ software. Results are the mean of 3 or 4 independent experiments. Student ¢ test, **P <.01; **P <.005; ****P < .0005. (C) XG7 cells were labeled for 30 minutes with
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deoxyuridine (IdU) and 5-Chloro-2'-deoxyuridine (CldU) tracks were plotted as the ratio of CldU to IdU. Student ¢ test, ****P < .0005. (D) XG7 cells were treated with 1.25uM PDS
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*P<.01.

(supplemental Figure 10A). GSEA of the dysregulated genes upon
cotreatment with lenalidomide and PDS revealed a significant
induction of BMP2 targets, KDM1A/LSD1 targets, B-cell signa-
tures, immune response, and upregulation of genes downregulated
in patients with MM overexpressing MYC and BCL2L1
(supplemental Figure 10B). Of interest, BMP2 was shown to
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induce MMC apoptosis.’*°® Furthermore, mutations of LSD1/
KDM1A was shown to confer susceptibility to MM.°® These data
indicate that the combination of G4 stabilizers with IMiDs could be
an interesting strategy to target MMCs. Proteasome inhibitors are
also used for the treatment of MM and have greatly improved
the survival of patients. These drugs have been shown to inhibit the
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G4s stabilization increases the efficacy of panobinostat in HMCLs. (A) XG7 and JIN3 were treated with increasing concentrations of PDS combined with
panobinostat for 96 hours. Positive (red) values indicate synergism and negative (green) values antagonism. (B) XG7 and JIN3 cells were treated for 48 hours with PDS and

panobinostat at the indicated doses and harvested for western blot. Images are representative of 3 independent experiments. (C) XG7 and JIN3 cells were treated for 48 hours

with PDS and panobinostat at the indicated doses and harvested for apoptosis analysis using Annexin V and 7-AAD labeling. Apoptotic cells are Annexin V positive and 7-AAD
negative; and dead cells are Annexin V positive and 7-AAD positive. Student ¢ test, *P < .05; **P < .01. (D) XG7, JIN3, and XG2 cells were treated for 48 hours with PDS,
panobinostat, or the combination of both drugs, and mRNA was sequenced. GSEA of upregulated genes in cells treated with PDS and panobinostat compared with control cells

is represented. Differential expression was assessed using DESeq2 R package (log[fold change] > 1.5; P < .05). FDR, false discovery rate.

DDR,*”°® and combining PDS with bortezomib or carfilzomib was
associated with a modest synergy in XG7 and no synergy in XG2
and XG1 (supplemental Figure 10C-D). Importantly, we found that
the synergy between PDS and lenalidomide was not observed on
AML and MCL cell lines but was conserved on a DLBCL cell line
(supplemental Figure 11A). The combination of PDS and borte-
zomib was associated with modest synergy on an AML and a
DLBCL cell line but not on an MCL cell line (supplemental
Figure 11B). Taken together, these data show that G4 stabilizers
could be combined with current MM therapies such as alkylating
agents or IMiDs, based on biological rationale involving the main
effects of G4 ligands, such as TRC-mediated DNA damage or
oncogene downregulation.

G4 stabilization and chromatin acetylation increases
MMC death
Histone acetylation can increase fork velocity and fork stalling in

an R-loop—dependent manner.’® Interestingly, we identified that
HMCLs and primary MM samples with a high TRC score were

significantly more sensitive to the histone deacetylase (HDAC)
inhibitor (HDACi) panobinostat, currently used for the treatment
of patients with MM at relapse (supplemental Figure 12A-B). We
reasoned that increasing R-loop formation with panobinostat
while stabilizing these R-loops with PDS should have a synergistic
effect. Accordingly, the combination of PDS and panobinostat
had a synergistic effect in 3 HMCLs (XG7, JIN3, and XG2;
Figure 6A; supplemental Figure 12C). The combination increased
the phosphorylation of Chk1 and Chk2 in both XG7 and JIN3
cells, along with increased phosphorylation of RPA32 in XG7
cells and of H2A.X in JIN3 cells (Figure 6B). It was also associ-
ated with increased apoptosis and cell death in both cell lines
(Figure 6C). In addition, a significant accumulation of cells in
G,/M was detected for JIN3 but not for XG7 cells (supplemental
Figure 12D-E). In line with a study using the G4 ligand CX-5461,
the synergy between PDS and panobinostat was also identified in
p53-depleted cells (supplemental Figure 12F), showing that this
effect was not dependent on p53 status.®® To gain insight into the
pathways deregulated by the drug combination, we performed
RNA-seq analysis of XG7, XG2, and JIN3 cells after 48 hours of
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treatment with PDS and panobinostat. Differential expression
analysis for sequence count data 2 (DESeq2) analysis of PDS-
treated cells showed that 15 genes were deregulated with
PDS, without association with any gene signature (supplemental
Figure 13A). GSEA of panobinostat-treated cells confirmed the
upregulation of HDAC targets and identified other epigenetic
signatures related to Polycomb group protein activity. Moreover, a
signature related to innate immune system activation was upre-
gulated, as well as pathways linked with p53 and MAPKS8 activity
(supplemental Figure 13B). In the combo-treated cells, we found
the same enrichment identified in panobinostat-treated cells,
namely HDAC and Polycomb targets, and immune system acti-
vation but with higher false discovery rate (FDR) q values
(Figure 6D). Moreover, alterations in metabolism, cell signaling,
and Myc transcriptional activities were identified. These data
indicate that the combination of PDS and panobinostat results in
increased DNA damage and DDR activation, leading to cell cycle
arrest and cell death, possibly along with epigenetic, signaling,
and metabolism deregulations.

BRDis bind to bromodomain and extraterminal (BET) domains and
impair BET protein recognition of acetylated chromatin, preventing
transcriptional pause release.” Importantly, these molecules can
increase R-loop formation as well as inhibiting MYC expression
in MMCs.°?®"%2 We found a significant correlation between
high TRC score value and sensitivity to 2 BRDis in HMCLs
(supplemental Figure 14A-B). Furthermore, PDS combination with
I-BET-762 demonstrated synergistic activity in HMCLs
(supplemental Figure 14C-D). The combination was associated
with a decreased protein expression of Myc, lkaros, and IRF4
(supplemental Figure 14E). BRDis were shown to downregulate
genes regulated by superenhancers (SEs), and Gé4s could also be
present in SEs.°® Interestingly, /RF4 and MYC genes were
enriched with large peaks of H3K27ac and H3K4me1 histones
marks typical of SEs (supplemental Figure 15A). Moreover, yH2A.X
was strongly increased, and the activation of p21 by PDS was
diminished with the addition of BRDi (supplemental Figure 14E).
Altogether, these data suggest that combining PDS and BRDi
enhances the targeting of the IRF4-Myc loop and increases TRC-
mediated and R-loop—-mediated DNA damage, resulting in
decreased proliferation, as well as a possible defect in DNA
damage checkpoint activation.

PDS Kkills primary MMCs and synergizes with HDACi
and BRDi

To validate the therapeutic potential of G4 stabilization in MM, we
first investigated the toxicity of PDS on normal peripheral blood
mononuclear cells from healthy donor (n = 4). We found significant
toxicity on B cells without toxicity on T cells, natural killer cells (NK),
and NK-T cells (Figure 7A). Cell count and viability of peripheral
blood mononuclear cells were not significantly affected by PDS
(supplemental Figure 16A-B). We then investigated the toxicity of
PDS on normal BM cells as well as primary MMCs. BM samples of
patients with MM were cultured in the presence of IL-6 and
increasing doses of PDS, and specific toxicity on PCs and BM cells
was investigated with CD38 and CD138 detection. We found that
PDS could target primary MMCs in a dose-dependent manner and
had a significant but slight effect on normal BM cells (Figure 7B).
The combination of PDS and panobinostat or I-BET-762 syner-
gistically targeted primary MMCs from patients without significant
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toxicity on BM cells or CD34" progenitor cells (Figure 7C-D;
supplemental Figure 16C). These combinations resulted in
increased yH2AX staining in CD138% cells (supplemental
Figure 16D). Together, these data indicate that the combination
of PDS with panobinostat or BRDi specifically targets MMCs over
normal BM cells.

RS is a major source of genomic instability in MM. Highly tran-
scribed regions in normal PCs are involved in /GH translocations
and mutations in malignant PCs.'%%* We, therefore, reasoned that
malignant PCs could be particularly sensitive to TRCs, a feature
that could be exploited for therapy. Consistent with this, we
observed that increasing TRCs with a G4-stabilizing drug exacer-
bated RS to unbearable levels in HMCLs and primary MMCs.
Importantly, G4 ligands also increased the efficacy of current MM
treatments, such as melphalan, HDACi, proteasome inhibitors, or
IMiDs, as well as BRDis currently in clinical development
(Figure 7E).

Based on the expression of 9 TRC-resolution genes that we have
previously reported to be upregulated in malignant PCs compared
with normal bone marrow plasma cells (BMPCs), we designed a
TRC score predictive of the survival of patients with MM in 4
independent cohorts of patients with MM."'® A high TRC score was
associated with TP53 alterations and mutations affecting cell cycle,
DSB repair, or p53-related genes. Accordingly, TRC"" patients
were associated with a downregulation of EZH2 targets and strong
proliferation, plasmablastic, and cell cycle activation signatures.
These findings suggest that the TRC score could be used to
identify at diagnosis patients who could benefit from a TRC-
enhancing therapy. Furthermore, the identification of lower
immune cell abundance in TRC"S" BM samples could explain the
poor prognosis of patients after anti-CD38 therapy. RS, DNA
damage, and, recently, p53 have been involved in the activation of
cyclic GMP-AMP Synthase-stimulator of interferon genes (cGAS-
STING) leading to a type | interferon response that could stimulate
immune cells and antitumor immunity.?>®” Accordingly, we found
that increasing the replication stress (RS) with PDS led to an
increased expression of interferon-sensitive genes (supplemental
Figure 156B). The overexpression of a TRC-managing machinery
may, therefore, decrease the cellular response to DNA damage and
the secretion of proinflammatory cytokines through the cGAS-
STING pathway, explaining the lower abundance of immune cells.

G4 stabilization with PDS targeted HMCLs and primary MMCs,
causing growth arrest and DNA damage. Very recently, a G4-
specific photosensitizer was shown to trigger ROS generation
and DNA damage and showed good efficacy to target malignant
cells compared with normal cells, demonstrating the growing
interest of G4 targeting to cure cancers.®® Two G4 stabilizers, CX-
3543 and CX-5461, entered clinical trials for advanced hemato-
logical malignancies, including MM, though designated as RNA Pol
| inhibitors and were withdrawn due to lack of efficacy. Yet, 10
years ago, the DNA damage induced by G4 stabilizers was shown
to be repaired through homologous recombination, thus redirecting
CX-5461 clinical trials for homologous recombination—-mutated
tumors, in which it showed better efficacy, good tolerance, and
dose-limiting phototoxicity as the major adverse effect.®>”" No
clinical trial was conducted using PDS. However, PDS treatment
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was associated with memory deficiency in aged mice, indicating
that this compound might have neurotoxicity in vivo.””2 This side
effect was not observed with CX-5461 G4 stabilizer in clinical
trials.”®”" This demonstrates that G4 stabilizers could be particu-
larly interesting in combination with drugs targeting DNA damage
and RS. Specifically, because a high TRC score is associated with
TP53 and DNA damage-related genes alterations, it could be used
to identify high-risk patients with MM who may benefit from a
G4 stabilizer treatment to improve their response to conventional
treatments. Accordingly, we found that PDS combination with the
alkylating agent melphalan led to increased DNA damage, cell
cycle arrest, and apoptosis and may overcome melphalan resis-
tance. The toxicity of these combinations should be investigated
in vivo.

To evaluate whether the TRC score could be used to predict
treatment responses, we correlated HMCL TRC scores with their
response to several drugs and identified a correlation between a
high TRC score and increased sensitivity to panobinostat and 2
BRDis. Importantly, the correlation between TRC score and

panobinostat response was validated using primary MMCs cocul-
tured with BM microenvironment. Furthermore, we found synergies
between PDS and these treatments on HMCLs and primary
MMCs. This illustrates that the TRC score may be of interest for
drug combinations involving G4 stabilizers.

Numerous studies have also reported the ability of G4 stabilizers to
alter the expression of oncogenes with G4-associated promoters
such as c-MYC. We confirmed the downregulation of MYC
expression in HMCLs with PDS and identified a concomitant
downregulation of /RF4. We confirmed that the synergy between
PDS and panobinostat was conserved in p53-depleted cells.
Furthermore, we identified a synergy between lenalidomide and
PDS in a lenalidomide-resistant cell line but not in a sensitive one.
This could mean that this synergy is only beneficial in an IMiD-
resistance context, although we cannot exclude that a synergy
could exist between PDS and pomalidomide or cereblon E3 ligase
modulators (CELMoDs). Interestingly, PDS has been shown to
modulate the immune system by inducing the interferon pathway in
cancer cells. IMiDs stimulate the secretion of IL-2 by T cells,
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leading to the activation of NK cells. Moreover, by combining PDS
and panobinostat, we identified an induction of the interferon
pathway gene signature. It is, therefore, reasonable to suggest that
the combination of PDS with IMiDs or HDACis could enhance
immune system activation, a feature that would be particularly
beneficial in the context of immune-based therapies.”* Very
recently, a G4 and HDAC dual-targeting agent could target breast
cancer cells, showing that the concomitant opening of the chro-
matin and stabilization of G4s is a promising strategy for cancer
treatment.”® The action of IMiDs has been linked to the IRF4-MYC
loop inhibition.”® However, IMiD resistance, which may involve
reduced cereblon protein levels in MMCs, is associated with
relapse.’® BET protein inhibition was shown to selectively decrease
SE-associated genes, such as MYC, and entered clinical trials for
patients with MM.”” We previously established an SE risk score
based on the expression of 28 SE-associated genes linked with
shorter overall survival in patients with MM.*> This score was
associated with poor prognosis in MM and increased sensitivity to
BRDi in HMCLs. Interestingly, the combination of PDS and BRDi
resulted in a significant decrease in IRF4 and MYC expression,
associated with SE in MMC lines, compared with PDS or BRDi
alone. These results could explain the synergistic activity of this
combination on MMCs. Moreover, we found increased DNA
damage with the combination, which could be linked to increased
collisions between RNA Pol Il and replication due to R-loop for-
mation. Because BRD proteins are also involved in the regulation of
topoisomerase | activity, this DNA damage could be linked to
increased topoisomerase | blocking.”*®"

In conclusion, TRC targeting through G4 stabilization could be
used to enhance the efficacy of current myeloma treatments, such
as melphalan, HDACi, or BRDi, and thus provide a new strategy to
improve outcomes of patients with MM.
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