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Acute myeloid leukemia (AML) is a hematopoietic malignancy caused by abnormal proliferation and differentia-
tion of blasts. PRMT5, a methyltransferase that catalyzes symmetric dimethylation of arginine (SDMA) residues, 
has been implicated in cancer stem cell homeostasis and shown to be a potential therapeutic target in AML. How-
ever, given the toxicity of complete PRMT5 inhibition, there is a need to identify effective synergistic therapies. 
Through a targeted screen of compounds that inhibit key nodes of PRMT5-regulated pathways, we identified a 
synthetic lethality between inhibition of PRMT5 and LSD1, a lysine demethylase known to affect AML blast dif-
ferentiation. The two inhibitors broadly reshape the transcriptome of targeted cells and synergize to promote 
AML differentiation and eventually growth inhibition and apoptosis, in a p53-dependent manner. To leverage this 
synthetic lethal interaction, we generated new dual compounds to inhibit both enzymes and recapitulated the 
effects of the drug combination. Our results uncover an unexpected convergence of PRMT5- and LSD1-regulated 
targets, paving the way for new therapeutic opportunities.

INTRODUCTION
Acute myeloid leukemia (AML) is a heterogeneous family of dis-
eases (1) with oncogenic drivers belonging to distinct functional 
classes such as signaling (e.g., FLT3 and PTPN1), cell differentiation 
(e.g., CEBPα and RUNX1), cell cycle/apoptosis (e.g., NPM1 and TP53), 
epigenetic modifiers (e.g., TET2 and IDH1/2), and splicing (e.g., 
SF3B1, SRSF2, U2AF1, and ZRSR2), being affected by transcrip-
tional deregulation, point mutations, or chromosomal rearrangements 
(2–4). These leukemias are characterized by abnormal differentia-
tion and proliferation of a clonal population of myeloid stem cells, 
called blasts. Blasts are unable to terminally differentiate, and as a 
result, their number increases aberrantly (5, 6). Genome-wide screens 
targeting chromatin and transcriptional cofactors have identified vul-
nerabilities that can be potentially exploited for therapeutic purposes, 

including targeting of the two major arginine methyltransferases 
PRMT1 and PRMT5 (7).

PRMTs are arginine methyltransferases catalyzing the transfer of 
methyl group(s) from S-adenosyl-l-methionine (SAM) to the protein 
substrate arginine side chain, and they can be divided into three sub-
groups: type I (PRMT1, 2,3, 4, 6, and 8), type II (PRMT5 and 9), and 
type III (PRMT7). All three subtypes are able to catalyze monometh-
ylation of arginine (MMA), but only type I PRMTs are able to catalyze 
asymmetric dimethylation of arginine (ADMA), whereas type II 
PRMTs catalyze symmetric dimethylation of arginine (SDMA) (8).

We and others have demonstrated that inhibition of PRMT5 or 
type I PRMTs has been linked to several downstream effects and 
proven to affect multiple oncogenic pathways (9). In the past few 
years, several synthetic lethal interactions with PRMT1/5 inhibi-
tions have been described. First, we described that MYC-driven 
lymphomas are particularly susceptible to PRMT5 inhibition, due to 
a key dependency on a highly active splicing machinery (10,  11). 
Next, seminal papers have documented that tumors with an MTAP 
deletion are more susceptible to further depletion of PRMT5 (12–
14) or inhibition of type I PRMTs (15, 16). Last, we reported that 
AML driven by splicing factor mutations (i.e., SRSF2, SF3B1, and 
U2AF1) are sensitive to both PRMT1 and PRMT5 inhibition (17).

Here, we aimed to identify additional synthetic lethal interac-
tions, and to do so, we set up a screen to uncover vulnerabilities of 
AML cells with a reduced PRMT5 activity. Inhibition of LSD1, an 
enzyme that catalyzes the demethylation of mono- and dimethyl ly-
sine residues (e.g., H3K4me1/2 and H3K9me1/2) (18–24), syner-
gized with PRMT5 inhibition in multiple AML models both in vitro 
and in vivo. The two inhibitors broadly reshape the transcriptome of 
targeted cells and synergize to promote AML differentiation and 
eventually growth inhibition and apoptosis, in a p53-dependent man-
ner. To leverage this interaction, we lastly generated a new set of dual 
compounds that simultaneously inhibit both enzymes.
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Mechanistically, these dual compounds elicit transcriptional and 
posttranscriptional (splicing) defects that recapitulate the combina-
tion therapy. The x-ray cocrystal structure of one of the designed in-
hibitors with LSD1 was identified, elucidating its binding mode and 
providing a structural basis for the rational design of further inhibitors.

RESULTS
A chemical screen identifies synthetic lethal interactions 
with PRMT5
To identify synthetic lethal interactions with PRMT5, we set up a 
targeted small molecule screen, using compounds that inhibited key 
nodes of known PRMT5-regulated pathways (table S1). According 
to the “threshold model” of PRMT5 activity, based on which normal 
cells can still function with up to 15 to 20% residual PRMT5 activity, 
although cancer cells require >50% activity (9), we generated iso-
genic MLL-AF9–driven murine AML cells, either wild-type (Prmt5+/+) 
or heterozygous (Prmt5+/−) for PRMT5 (fig. S1A). The hypothesis 
was that drugs that would dampen PRMT5 activity, and/or perturb 
similar pathways to PRMT5, would selectively kill Prmt5+/− MLL-
AF9 over Prmt5+/+ MLL-AF9.

We tested five different concentrations for each drug based on 
recommended median inhibitory concentration (IC50) values (25) 
in MLL-AF9 Prmt5+/+ and MLL-AF9 Prmt5+/− AML cells for 7 days. 
After treatment, we assessed cell viability using an MTS assay (Fig. 1A 
and fig. S1B), and we observed that, whereas some drugs reduced 
viability in both Prmt5+/− MLL-AF9 and Prmt5+/+ MLL-AF9, others 
preferentially targeted Prmt5+/− cells. Among the drugs that more 
selectively killed Prmt5+/− cells, we identified known synergistic drugs 
[e.g., MS023 (a type I PRMT inhibitor) and E7107 (an SF3B1 inhibi-
tor)] (17), chemotherapeutic drugs (e.g., cisplatin) (26, 27), as well as 
novel candidates (e.g., drugs targeting chromatin modifiers such as 
LSD1 and Topoisomerase1 or kinases such as CK2, CDK4/6, and 
ERK1/2) (Fig. 1A and tables S1 to S5). This first screen has identi-
fied promising candidates for combinatorial therapy in AML, using 
PRMT5 inhibition as an anchor.

PRMT5 and LSD1 inhibition synergize to reduce tumor 
growth in vitro and in vivo
To test these promising targets, we performed a counter screen com-
bining shortlisted molecules with a SAM-competitive PRMT5 inhib-
itor, PRT220 (Prelude Therapeutics, chemical structure not disclosed). 
We incubated MV4-11 cells with different concentrations of drugs 
alone, or in combination, for 6 days and then measured cell viability 
using CellTiter-Glo assay. All values were normalized to dimethyl 
sulfoxide (DMSO) control, and drug interactions were evaluated us-
ing five different synergy models: (i) Chou-Talalay combination in-
dex (CI), (ii) Bliss, (iii) Highest Single Agent (HSA), (iv) Loewe, and 
(v) Zero Interaction Potency (ZIP) (28, 29). Across all dose-response 
matrices generated from three different AML cell lines (MV4-11, 
K562, and U937), every model consistently identified synergistic in-
teractions between PRT220 and GSK-LSD1 (Fig. 1, B to D; fig. S1, B 
to D; and tables S3 and S4). In contrast, other drug combinations 
produced inconsistent results across synergy models, which guided 
our decision to pursue PRMT5 inhibition combined with LSD1 in-
hibition (fig. S1C and table S5).

LSD1 is an enzyme catalyzing the removal of mono- and dimeth-
yl marks of lysine residues from both histone (i.e., H3K4me1/2 and 

H3K9me1/2) and nonhistone proteins (18–24,  30). To confirm 
drug-target engagement, we performed Western blot analysis using 
MV4-11–treated cells for 3 days. To validate the efficacy of LSD1i, 
we checked levels of H3K4me1 and H3K4me2, whereas for PRM-
T5i, we checked the level of SDMA, as well as ADMA and MMA as 
controls. As expected, we observed a reduction of SDMA in cells 
treated with PRMT5i and an increase in H3K4me1 and H3K4me2 
in cells treated with LSD1i (fig. S1D).

Next, we confirmed the effectiveness of the drug combination 
in vivo. Briefly, 5 million MV4-11 cells were injected subcutane-
ously in the flank of a small cohort of mice and the treatment was 
started at 10 days postinjection when the tumors were palpable. We 
treated mice with PRMT5i (10 mg/kg, oral gavage), LSD1i (0.15 mg/
kg, intraperitoneally), or combination of both drugs. The combina-
tion treatment decreased tumor volume by 68%, whereas PRMT5i 
and LSD1i monotherapy reduced tumor volume by only 31 and 
45%, respectively (fig. S1E). Moreover, we did not observe differ-
ences in body weight during treatment, suggesting that the treat-
ment is not toxic and well tolerated (fig. S1F).

PRMT5 and LSD1 inhibition converge to transcriptionally 
regulate pathways linked to cell differentiation
To understand the mechanism underlying the synergistic cytotoxic 
effects of combinatorial PRMT5 and LSD1 inhibition, we performed 
RNA sequencing (RNA-seq) on MV4-11 cells treated with DMSO, 
PRMT5i (3 nM), LSD1i (10 nM), or both drugs (P5i + Li) combined 
for 3 days. We chose a relatively early time point to capture primary, 
rather than secondary, effects. Analysis of gene expression was per-
formed to determine whether there were changes in expression 
patterns that could explain the synergistic phenotype seen upon 
PRMT5i and LSD1i combination in MV4-11. The first relevant ob-
servation is that both drugs converge on the transcriptional regula-
tion of common targets (exemplified by a positive correlation of 
R = 0.29 of the perturbed transcriptome and an overlap of 61 up-
regulated and 23 down-regulated genes) (Fig. 2, A and B), poten-
tially explaining synergy. Although correlation analysis confirmed 
that the combination recapitulates single treatments with LSD1i and 
PRMT5i alone (R = 0.88 and R = 0.57, respectively) (Fig. 2A), we 
observed a greater degree of deregulated genes in the combination 
treatment (Fig. 2B and table S6). As expected, LSD1i caused an in-
crease in genes associated with antigen processing and presentation 
(e.g., HLA-DR, CCL2, and CXCR3), which are associated with my-
eloid differentiation (fig. S2A and tables S6 and S7). PRMT5 inhibi-
tion (fig. S2B and tables S6 and S7), and more so the combined 
LSD1/PRMT5 inhibition (Fig. 2C and tables S6 and S7), led to de-
regulation of a similar gene set. Flow cytometry analysis validated 
these findings with increased levels of CD11b and CD86 as well as 
increased levels of other differentiation markers, like CD45RA, CD68, 
CD80, HLA-DR, CD163, and CD206 in the combination compared 
to single treatments (Fig. 2D and fig. S2C). As for genes that were 
down-regulated upon drug treatment, we observed a down-regulation 
of genes associated with cell division (e.g., “mitotic sister chromatid 
segregation”) in P5i + Li–treated cells, suggesting decreased replica-
tion in combination treatment (Fig. 2C and tables S6 and S7). To 
summarize, both flow cytometry and RNA-seq demonstrate re-
duced proliferation and increased differentiation in PRMT5- and 
LSD1-inhibited AML cells, with a synergistic effect when both drugs 
are combined.
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Fig. 1. A chemical screen identifies synthetic lethal interactions with PRMT5 inhibition. (A) MLL-AF9 Prmt5+/+ and MLL-AF9 Prmt5+/− cells were treated for 7 days 
with commercially available inhibitors (five concentrations per compound). Viability was assessed via the MTS assay, normalized to DMSO, and reported as ratio over 
DMSO (blue indicates lower cell viability compared to DMSO, and red indicates higher cell viability compared to DMSO). The name of drugs preferentially killing MLL-
AF9 Prmt5+/− is highlighted in red. (B to D) Viability heatmaps of (B) MV4-11, (C) K562, and (D) U937 cells treated for 6 days with PRT220 (PRMT5i) in combination with 
GSK-LSD1 (LSD1i) and synergy scores quantified using CI (CI  <  1:  synergism; CI  =  1:  additive; CI > 1:  antagonism), HSA (score  >  0:  synergy; score  =  0:  additive; 
score < 0: antagonism), Loewe, Bliss, and ZIP (score > 10: synergy; −10 to 10: additive; score < −10: antagonism). Cell viability as assessed via CellTiter-Glo and normal-
ized to DMSO control.
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PRMT5 and LSD1 inhibition synergize to induce apoptosis in 
a p53-dependent manner
We and others have reported that the cytoplasmic PRMT5-MEP50-
pICln complex methylates several ribose-binding proteins (RBPs) (31) 
including Sm proteins, which are critical for the correct maturation of 
small nuclear ribonucleoproteins (snRNPs), the main components 

of the spliceosome (10, 32–35). Therefore, PRMT5 inhibition is 
known to reduce splicing fidelity, resulting in altered splicing pat-
terns of important genes involved in proliferation and DNA damage 
response (DDR), such as MDM4 (36), ATR (10), and TIP60 (37). To 
assess the impact on splicing of the PRMT5 and LSD1 inhibitors in 
MV4-11, we performed splicing analysis [rMATS (38)]. Although, 
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Fig. 2. PRMT5 and LSD1 inhibition synergize to induce myeloid cell differentiation. (A) Correlational graphs of up-regulated and down-regulated genes between 
PRMT5i, LSD1i, and P5i + Li in MV4-11–treated cells for 3 days. (B) Venn diagram of the differential gene overlap between PRMT5i, LSD1i, and P5i + Li in MV4-11 3 days 
posttreatment. (C) GSEA of MV4-11 cells treated with P5i + Li compared to DMSO. (D) Percentage of CD11b- and CD86-expressing cells in CD45-positive cells in DMSO-, 
PRTM5i-, LSD1i-, and P5i + Li–treated MV4-11 at day 6 with representative histograms. Statistical analysis performed with two-way analysis of variance (ANOVA). Error bars 
represent SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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as expected, PRMT5 inhibition led to well-described increase in in-
tron retention and deregulation of exon skipping events, LSD1i 
induced less pronounced effects (Fig. 3, A and B). Nonetheless, both 
single drug or combination treatment led to deregulation of over-
lapping events in genes involved in cell cycle and cellular response to 
stress (fig. S3, A to C, and table S8).

A recent study reported that AML cells are more sensitive to 
LSD1 inhibition when P53 is expressed, and small molecules target-
ing LSD1 are stabilizing P53 and increasing its transcriptional activ-
ity (39, 40). Given that PRMT5i is known to activate the p53 pathway 
(36), we wanted to test whether the synergistic effect of the two drugs 
was linked to P53 activation.

The hypothesis was that inhibition of PRMT5 may decrease the 
level of MDM4 protein [negative regulator of P53 function (36)], by 
inducing the skipping of MDM4 exon 6, and this would, in turn, 
lead to an increased TP53 activity, sensitizing cells to LSD1 inhibi-
tion. PRMT5i treatment induces MDM4 exon 6 skipping (Fig. 3C), 
leading to a decrease in MDM4 protein after 3 days of treatment 
(Fig. 3D and fig. S3, D and E). Combination treatment leads to an 
increase in splicing compared to PRMT5i alone, corresponding to 
further induction of P53 levels (Fig. 3, C and D). Overall, both single 
and combined inhibition of PRMT5 and LSD1 converge on the acti-
vation of the TP53-regulated DDR (Fig. 3E).

To demonstrate that the presence of P53 played a role in the sen-
sitivity to the P5i + Li, we next created isogenic MV4-11 lines by 
knocking out TP53 (P53WT and P53KO, respectively). Upon treat-
ment of P53WT and P53KO cells with DMSO, PRMT5i, and/or LSD1i 
for 6 days, we observed a decrease in synergistic effects of P5i + Li 
in viability (Fig. 3F) with decreased apoptotic capacity (Fig. 3G) in 
P53KO cells. These data provide a direct mechanistic link between 
the presence of wild-type P53 and the effect of the simultaneous in-
hibition of PRMT5 and LSD1.

Development of first-in-class dual-targeting 
LSD1/PRMT5 inhibitors
The pronounced synergy observed with the simultaneous inhibition 
of PRMT5 and LSD1 inspired the development of first-in-class dual-
targeting hybrid inhibitors designed to target both enzymes simulta-
neously. Such dual inhibitors could offer considerable pharmaceutical 
advantages over single-target inhibitors. They have the potential to 
provide enhanced efficacy in terms of cellular viability and target en-
gagement, surpassing what can be achieved with individual PRMT5 
or LSD1 inhibitors. In addition, administering a single compound 
rather than a combination of two drugs would simplify the clinical 
translation, reducing regulatory and logistical challenges.

With this rationale in mind and our extensive experience in the 
design and synthesis of tranylcypromine (TCP)–based LSD1 inhibi-
tors (41–49), we initiated the design and synthesis of novel dual 
LSD1/PRMT5 inhibitors. These new molecules were designed by 
integrating structural elements of the LSD1i and the PRMT5 inhibi-
tor, GSK591, whose chemical structure is well known (Fig. 4).

Biochemical evaluation toward LSD1 and PRMT enzymes
Following their synthesis and characterization (see the Supplemen-
tary Materials), all the final compounds were tested in enzymatic 
assays to evaluate their inhibition activity against LSD1 and PRMT5 
and against PRMT1 and PRMT7 to assess their specificity for 
PRMT5 over other methyltransferases. The LSD1 inhibition assay 
was conducted by using the LSD1/CoREST complex and the dimethyl 

lysine 4 histone H3 (residues 1 to 21) peptide (H3K4me2) as the 
substrate. The compound used as the positive control was TCP. 
The assays toward PRMTs were conducted by using the human 
PRMT5/MEP50 complex, human PRMT1, and human PRMT7 
with histone H2A, histone H4, and GST-GAR as substrates, re-
spectively. The compound used as reference was S-(5′-adenosyl)-l-
homocysteine (SAH).

By analyzing the results obtained by the LSD1 inhibition assays, 
all the new hybrid compounds were more potent than TCP (Fig. 5). 
To ascertain that the PRMT5i GSK591 was not endowed with any 
LSD1 inhibition activity, we tested it against this target and observed 
no inhibition even at the highest concentration (500 μM) (fig. S4, A 
and B). GSK591 inhibition of PRMT targets has been well character-
ized (50). GSK591 is selective for PRMT5 compared to a panel of 
other methyltransferases including PRMT1 and PRMT7 (50). With 
respect to the stereochemistry of the compounds, we found that, 
among the derivatives lacking a spacer between the two enzyme-
targeting moieties (1a and 1b), the (R)-diastereoisomer (referred to 
the carbinolic carbon) 1b was about twice as potent as the (S)-
diastereoisomer 1a. The same trend was found for derivatives bear-
ing methylene spacer, with the (R)-diastereoisomer 2b being about 
twice as potent as its (S)-counterpart 2a (fig. S4, C and D). This was 
unexpected because GSK591 has its chiral center at the carbinol 
bridge with the (S) configuration; therefore, LSD1 preferentially in-
teract with the carbinol moiety in opposite stereochemistry respect 
to PRMT5. Moreover, the insertion of the methylene spacer is det-
rimental for the inhibition potency because both compounds 2a,b 
were 40-fold less potent when compared to the corresponding short-
er derivatives (1a and 1b) (fig. S4, E and F). Last, for the two de-
rivatives with the cycloalkylamine spacer, both synthesized as 
(S)-diastereoisomers at the carbinolic center according to the con-
figuration of GSK591, the inhibitory activity of compound 4 con-
taining the piperidine moiety was about twofold stronger than 
compound 3 containing the azetidine portion. Overall, these com-
pounds, containing a longer linker, are only slightly less potent than 
the short derivatives 1a,b but they turn out to be more potent than 
the derivatives with the methylene spacer 2a,b (Fig. 5 and fig. S4, 
G and H).

Regarding the inhibitory activity against PRMT5, all compounds 
show a potent inhibition in the nanomolar range with a good selec-
tivity over the PRMT1 and PRMT7 isoforms (Fig. 5). In particular, 
the best compounds 1a and 4 displayed IC50 values of 14 and 43 nM, 
respectively. We chose these two compounds for further biological 
analysis and will be referred to as MC4455 (1a) and MC4491 (4). 
The biochemical data show that our strategy to design LSD1/PRMT5 
dual hybrid inhibitors was successful, considering that all com-
pounds have good inhibition properties against both targets being 
selective over other PRMT members (Fig. 5).

MC4455 was also assessed in a thermal shift assay, showing that 
it could stabilize the LSD1/CoREST complex as it increased the pro-
tein unfolding temperature by 8.4°C. Moreover, we demonstrated 
that MC4455 binds covalently to the flavin adenine dinucleotide 
(FAD) cofactor of LSD1, as proven by the rapid bleaching of the 
oxidized flavin absorbance peak at 458 nm after a few minutes of 
incubation with the inhibitor (Fig. 6A).

Structural analysis of MC4455 binding to LSD1 and PRMT5
Next, we solved the crystal structure of the LSD1/CoREST-MC4455 
complex, which indicated that the inhibitor has the binding pose 
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Fig. 3. PRMT5 and LSD1 inhibition synergize to induce cell differentiation and apoptosis in a p53-dependent manner. (A) Differentially expressed alternative splicing 
events in MV4-11 cells treated for 3 days with LSD1i, PRMT5i, and P5i + Li treatment: alternative 3′ splice site (A3SS), alternative 5′ splice sites (A5SS), mutually exclusive exon 
(MXE), intron retention (RI), and exon skipping (SE) with inclusion and exclusion. ΔPSI levels of each treatment is compared to DMSO. ΔPSI of splicing events > 0.1 is consid-
ered significant. (B) Alternative splicing events in MV4-11 cells treated with LSD1i, PRMT5i, and P5i + Li for 3 days. (C) Reverse transcription PCR (RT-PCR) of MDM4 exon 6 in 
MV4-11 cells treated for 3 days. ΔPSI levels quantified from RT-PCR normalized to DMSO. (D) Western blot of MDM4 and P53 in MV4-11 treated for 3 days. (E) Normalized 
enrichment score (NES) for the pathway “Regulation of DNA Damage Response Signal Transduction by P53 Class Mediator” for PRMT5i, LSDi, and P5i + Li. (F) Cell viability 
matrix of MV4-11P53WT and MV4-11P53KO. Cells were treated with PRMT5i, LSD1i, or P5i + Li for 6 days, and cell viability was determined by CellTiter-Glo. (G) Caspase activa-
tion matrix of MV4-11P53WT and MV4-11P53KO cells treated with PRMT5i and LSD1i and the fold change of caspase activation of cells treated with PRMT5i, LSD1i, or P5i + Li 
performed using Caspase-Glo 3/7. Statistical analysis performed with one-way ANOVA. Error bars represent SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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classically found for the anti-LSD1 compounds based on the TCP scaf-
fold. This includes the presence of a covalent bond with the N5 atom of 
the flavin moiety of FAD (51) (Fig. 6, B to E). The elongated MC4455 
molecule protrudes toward the rim of the LSD1 catalytic cleft, interact-
ing with several residues that stabilize the molecule in a well-defined 
conformation as clearly defined by the electron density map. Analysis 
of the three-dimensional structure shows several hydrophobic con-
tacts with V333, L386, F538, W552, and A809, an electrostatic interac-
tion between D556 and the nitrogen of the tetrahydroisoquinoline 
moiety of MC4455, and π-stacking (t-shape) between W552 and the 
benzene ring of the tetrahydroisoquinoline (Fig. 6E).

We also performed docking experiments to capture the interac-
tions between MC4455 and PRMT5. To this end, we used the co-
crystal structure of the PRMT5/MEP50 complex bound to GSK591 
and sinefungin [Protein Data Bank (PDB) ID: 5C9Z] as the starting 
model for the simulations. We initially benchmarked the docking 
parameters for their ability to reproduce the binding conformation 
of GSK591 in the pocket. The resulting pose closely matched the 
crystallographic binding mode (fig.  S5A), recapitulating the same 
network of hydrogen bonds and hydrophobic contacts observed in 
the cocrystal structure. We then modeled the binding mode of 
MC4455 to PRMT5 and compared it with that of GSK591. MC4455 
was predicted to bind in the same pocket, adopting a similar orien-
tation to GSK591. The region corresponding to the GSK591 moiety 
aligned closely with the reference pose, whereas the TCP group re-
mained solvent exposed (fig. S5, B and C). The interaction profile 
was largely conserved, with hydrogen bonds with the backbone car-
bonyl of L437 and the backbone amides of F577 and F580 retained 
in the docked prediction. In addition, docking predicted new hy-
drogen bonds: one between the hydroxyl group of MC4455 and the 

indole nitrogen of W579 and another between the carbonyl group of 
MC4455 and the side-chain hydroxyl of S439 (fig. S5, B and C). Last, 
to assess target engagement, we quantified the activity of the dual 
compound MC4455 in MV4-11 cells. As expected, MC4455 reduces 
SDMA levels similarly to GSK591 (591) and increases H3K4me2 
levels like GSK-LSD1 (Li) (fig. S5, D to F).

The dual LSD1/PRMT5 inhibitor recapitulates the effect of 
drug combination
Last, we decided to assess whether compound MC4455 and MC4491 
would recapitulate the effects on transcription and splicing, ob-
served upon PRMT5i and LSD1i treatment. MV4-11 cells were 
treated with 50 nM MC4455 and MC4491 for 3 days and RNA ex-
tracted and sequenced.

As expected, we observed a high correlation between the tran-
scriptomic changes (Fig.  7A), the deregulated pathways (Fig.  7B, 
fig. S6A, and table S9), and the splicing alternations (Fig. 7, C and D; 
fig. S6, B and C; and table S10). If we plot our samples based on the 
log fold change in transcript abundance (x axis) and splicing pertur-
bation (y axis) (see Materials and Methods), compared to DMSO 
(Fig. 7E), it is clear that PRMT5 inhibition mainly affects splicing, 
whereas LSD1 inhibition mainly contributes to changes in tran-
script abundance, yet they converge on regulating similar pathways 
(Figs.  2 and  3 and figs.  S2 and S3), explaining the synergistic in-
teraction.

Further biological testing was done only on MC4455 because 
both inhibitors recapitulated the combination treatment. To test dif-
ferentiation activity, we used GSK591 as the single-agent control 
and in combination with GSK-LSD1 (591 + Li) because MC4455 
was modeled on these scaffolds.

TCP LSD1 inhibitor GSK591 PRMT5 inhibitor

Fig. 4. Design of the first-in-class dual hybrid LSD1/PRMT5 inhibitors. Inhibitors derived from compounds that were structurally known, such as TCP for LSD1 inhibi-
tion and GSK591 for PRMT5 inhibition. Six compounds were produced: compounds 1a, 1b, 2a, 2b, 3, and 4. 1a and 1b are derivatives with no spacers between the two 
enzymes’ warheads. 2a and 2b are derivatives with methylene spacers. 3 and 4 are derivatives with an azetidine moiety and a piperidine moiety, between the two en-
zymes’ warheads.
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Using the IC50 of MC4455 in MV4-11 cells after a 6-day treat-
ment, MC4455 increased CD11b-positive cells compared to combi-
nation and all single-agent treatments while exhibiting similar or 
lower levels of expression for other differentiation marks (Fig. 7F 
and fig. S6D). These results suggest that the relative potency and 
mechanism of inhibition of PRMT5 and LSD1 through MC4455, 
compared to PRT220, GSK591, and GSK-LSD1, induce activation 
of specific differentiation makers, which deserves further future 
investigation.

DISCUSSION
The lysine-specific demethylase 1 (LSD1) catalyzes the removal of 
mono- and dimethyl modifications of lysine 4 of histone H3 (H3K-
4me1/2), which are essential marks of transcriptional activation 
(30). LSD1 has been shown to play a central role in the insurgence of 
solid and blood cancers (52). Specifically, it is highly expressed in 
AML, a hematopoietic malignancy caused by abnormal prolifera-
tion and differentiation of blasts. In AML, LSD1 is crucial for the 
maintenance of cancer cell stemness, inhibition of cell differentia-
tion, and prevention of apoptosis (53). Similar to LSD1, PRMT5, a 
methyltransferase that catalyzes the SDMA residues, acts as an 

oncoprotein in AML. PRMT5 activity was shown to support AML 
growth in vitro and in vivo (54, 55).

Given the involvement of both LSD1 and PRMT5 in AML, the 
simultaneous inhibition of these enzymes may represent a success-
ful approach to treating this malignancy. Notably, we have identified 
a synergistic interaction between an LSD1 inhibitor and a PRMT5 
inhibitor in multiple AML cell lines. The two inhibitors combined 
promote AML differentiation, innate immune activation, growth 
inhibition, and apoptosis.

Our working model is that PRMT5i drives MDM4 exon 6 skip-
ping, reducing MDM4 protein, and activating p53 transcriptional 
activity (36), whereas LSD1i promotes blast differentiation that can 
independently enhance p53 accumulation via stress signaling or di-
rect demethylation of P53 (40), as reported by multiple groups 
(39, 56). In combination, PRMT5i’s splicing effect on MDM4 plus 
LSD1i’s increase in p53 protein levels and transcriptional activity 
(39,  40) jointly elevate the p53 transcriptional output. Alternative 
models to explain the observed synergy could also be explained by 
induction of R-loops, RNA/DNA hybrid structures critical for regu-
lating transcription. As single-agent treatments, PRMT5 and LSD1 
both induce R-loop formation (57, 58) and combination treatment 
could lead to the downstream observed effects.

Cpds Molecular structure
IC50 (µM) or % inhibition at 100 µM

LSD1/
CoREST

PRMT1
PRMT5/
MEP50

PRMT7

1a 
(MC4455)

0.104 NI* 0.014 10.4%

1b 0.044 6.2% 0.016 43.2%

2a 3.70 NI 0.12 31%

2b 1.74 4.5% 1.99 7.7%

3 0.263 46.6% 0.059 42.8

4
(MC4491)

0.152 3.5% 0.043 11.7%

TCP 40.8 NT† NT NT

SAH NT 0.247 1.41 0.290

GSK591 NI
(at 500 µM) NI ( 50 )  ‡ 0.004 (50) NI ( 50 )

*NI, no inhibition at 100 µM. †NT, not tested. ‡Not tested in this manuscript, but tested in (50).

Fig. 5. IC50 values for dual LSD1/PRMT5 hybrid inhibitors (1a, 1b, 2a, 2b, 3, and 4) and reference compounds (TCP, SAH, and GSK591) against LSD1/CoREST, 
PRMT1, PRMT5/MEP50, and PRMT7. 
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To leverage this synthetic lethal interaction, we developed a se-
ries of dual-targeting LSD1/PRMT5 inhibitors that could inhibit 
both enzymes in vitro in the submicromolar to nanomolar range 
while being selective over closely related methyltransferases. Among 
the prepared compounds, two of them impaired leukemic cell via-
bility with higher potency compared to single-target inhibitors and 
induced apoptosis and myeloid differentiation. In addition, we were 
able to solve the x-ray cocrystal structure of one of the designed in-
hibitors with LSD1, thus elucidating its binding mode and providing 
a structural basis for the rational design of further inhibitors. Al-
though the dual compound had excellent specificity in vitro, further 
optimization of the molecule is required to enhance solubility and 
in vivo efficacy. Of note, AML differentiation analysis demonstrated 
that GSK591 is less potent in inducing differentiation compared to 
PRT220, pointing at future development of dual inhibitors using 
PRT220 as a scaffold as a more promising approach.

The concept of dual-targeting molecules holds considerable prom-
ise in improving therapeutic efficacy. By targeting two or more mo-
lecular pathways simultaneously, these compounds can reduce side 
effects and enhance patience compliance due to the simplicity of 

single-drug regimens. In addition to recapitulating the synergy of 
the two-drug combination, dual inhibitors provide intrinsic advan-
tages, including unified pharmacokinetics, reduced risk of drug-drug 
interactions, simplified dosing, and improved clinical translatability. 
This ensures that both inhibitory moieties are simultaneously pres-
ent within the same cellular environment and, at the same concen-
tration, a feature not guaranteed by loose combinations (59–61). 
Previous successes with this approach in the field of epigenetics in-
clude the first-in-class dual LSD1/histone deacetylase (HDAC) in-
hibitor Corin (47) and the clinical-stage dual LSD1/HDAC inhibitor 
JBI-802 (NCT05268666).

MATERIALS AND METHODS
Chemical screen
Cell lines were seeded into 384-well plates with a density of 900 cells 
per well. Cells were treated at different concentrations of the select-
ed drugs for 7 days (concentrations listed in table S1). Cell viability 
was measured with the MTS assay (Promega) and normalized to 
DMSO controls.

Fig. 6. Structural and spectroscopic characterization of dual LSD1/PRMT5 inhibitor MC4455 (1a). (A) Ultraviolet (UV)/visible spectrum of LSD1/CoREST (20 μM) in 
the oxidized state (blue line) and after 10-min incubation with 200 μM MC4455 (red line). (B) 2Fo-Fc smoothed map of the FAD-N5 adduct with MC4455 contoured at 1.0 σ. 
The map was calculated before the inclusion of the ligand in the crystallographic refinement. (C) Polder omit map calculated excluding the FAD-N5 adduct with the 
MC4455 adduct and nearby water molecules, contoured at 5 σ. (D) Two-dimensional molecular structure of the FAD-N5 adduct with MC4455. (E) Binding of MC4455 to 
the LSD1 active site. The carbon atoms of the FAD and the inhibitor are in yellow, whereas the carbons of the side chains are in gray.
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Fig. 7. The dual LSD1/PRMT5 inhibitor recapitulates the effect of drug combination. (A) Correlational graphs of differentially expressed genes between PRMT5i, LS-
D1i, P5i + Li, MC4455, and MC4491 treatment. (B) GSEA of MV4-11 cells treated with MC4455 compared to DMSO. (C) Differentially expressed alternative splicing events 
in MV4-11 treated with LSD1i, PRMT5i, P5i + Li, MC4491, and MC4455. ΔPSI levels of each treatment is compared to DMSO. ΔPSI of splicing events > 0.1 is considered 
significant. Comparison of significant differential gene expression and alternative splicing events in all treatments. (D) Alternative splicing events in MV-411 cells treated 
LSD1i, PRMT5i, P5i + Li, MC4491, or MC4455 for 3 days depicting the following splicing events: A3SS, A5SS, MXE, RI, and SE with inclusion and exclusion. (E) Significantly 
differentially expressed genes versus alternatively spliced genes in all five treatments. FC, fold change. (F) Percentage of CD11b- and CD68-expressing cells in CD45 posi-
tive in MV4-11 cells treated with DMSO, GSK591, LSD1i, 591 + Li, and MC4455 for 6 days. Statistical analysis performed with one-way ANOVA. Error bars represent SEM. 
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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Human cells lines were maintained in RPMI with 10% phosphate-
buffered saline (PBS). Cell viability was measured with CellTiter-Glo 
(Promega) at either 3 or 7 days of treatment. Fold change apoptosis 
was measured with Caspase-Glo 3/7 (Promega).

Western blot
Cells were lysed in BC300 buffer [20 mM Tris (pH 7.4), 300 mM 
KCl, 0.2 mM EDTA, 20% glycerol, 0.1% NP-40,  and 10 mM β-
mercaptoethanol] and sonicated, and the supernatant was resus-
pended with Laemmli buffer. Protein concentrations quantified using 
the RC DC protein assay kit (Bio-Rad). Protein samples were run on 
10 or 15% gels and separated by SDS–polyacrylamide gel electro-
phoresis (PAGE). Transferred samples on to polyvinylidene difluo-
ride (PVDF) membranes and blocked with 5% milk in TBST buffer 
[0.1% Tween 20 in 1x tris-buffered saline (TBS)] for 1 hour. Mem-
branes were incubated with indicated antibodies and diluted with 
TBST buffer overnight at 4°C and incubated for 1 hour at room tem-
perature with secondary antibodies. Western blot results were visu-
alized using the SuperSignal West Pico Substrate (Thermo Fisher 
Scientific 34080) and ChemiDoc (Bio-Rad).

The following antibodies were used: actin (Santa Cruz, SC-47778) 
at 1:1000, PRMT5 (Abcam, ab109451) at 1:1000, SDMA (Cell Sig-
naling, 13222) at 1:1000, histone 3 (H3) (Abcam, ab1791) at 1:3000, 
histone H3 (monomethyl K4) (Abcam, ab8895) at 1:1000, histone 
H3 (dimethyl K4) (Abcam, ab32356) at 1:1000, TP53 (Cell Signal-
ing, 2524) at 1:1000, and MDM4 (Abcam, ab313614) at 1:1000. Band 
quantification was performed using ImageJ/Fiji software.

Combination index
The CI of Chou-Talalay was used to determine the synergism (28)

where (Dx)1 is for (D)1 “alone” that inhibits a system x% and (Dx)2 
is for (D)2 “alone” that inhibits a system x%, whereas, in the numera-
tor, (D)1 + (D)2 is for “in combination” that inhibits x%. The CI value 
quantitatively defines synergism (CI < 1), additive effect (CI = 1), and 
antagonism (CI > 1).

Other synergy scores were quantified using the SynergyFinder 
v3.7.3 R package (29). For each drug pair, synergy scores were calcu-
lated using four reference models. For HSA, synergy equals the ob-
served effect minus the highest single-agent effect: HSA synergy =  
observed effect − max(effect of drug A, effect of drug B). For Bliss, 
the expected effect is Bliss expected = effect A + effect B − (effect 
A × effect B), and the Bliss synergy score is Bliss synergy = observed 
effect − Bliss expected. For Loewe, the expected effect is obtained by 
solving the equation: (dose of A/dose of A that gives the same effect 
alone) + (dose of B/dose of B that gives the same effect alone) = 1. 
For ZIP, synergy is the difference between the observed response and 
the noninteraction surface obtained by jointly fitting the two single-
agent dose-response curves.

Flow cytometry
Cells were harvested 6 days posttreatment and incubated in the fol-
lowing antibodies: CD45 (BioLegend, 305019), CD11b (BioLegend, 
301333), CD86 (BioLegend, 305427), HLA-DR (BioLegend, 327023), 
CD45RA (BioLegend, 304165), CD68 (BioLegend, 333807), CD80 
(BioLegend, 305219), CD163 (BioLegend, 333617), and CD206 

(BioLegend, 321131). Cells were fixed with warm 4% paraformal-
dehyde and acquired with Cytek Aurora (Cytek Biosciences).

In vivo experiment
LSD1i was dissolved in saline solution (0.9% NaCl) and adminis-
tered via intraperitoneal injection once per day; PRMT5i was dis-
solved in 0.5% sodium carboxymethyl cellulose and 0.5% Tween 80 
and administered via the oral gavage route once per day. Animals 
were treated for 5 days/week. NOD/SCID (nonobese diabetic/severe 
combined immunodeficient) mice (6 to 10 weeks old) were flank 
injected with 5,000,000 MV4-11 cells.

RNA-seq sample preparation
RNA samples were extracted using the RNeasy mini kit (Qiagen). A 
modified TruSeq protocol was used to prepare poly(A)-selected, un-
stranded Illumina libraries. Briefly, 0.5X AMPure XP beads were 
added to the sample library to select for fragments less than 400 base 
pairs (bp) followed by 1x beads to select for fragments more than 
100 bp. Fragments were amplified using polymerase chain reaction 
(PCR) (15 cycles) and separated by gel electrophoresis with 2% aga-
rose gel. The 300-bp DNA fragments isolated and sequenced on Il-
lumina HiSeq 2000 (~100 million 101-bp reads per sample).

Reverse transcription PCR
RNA samples were extracted, and cDNA was synthesized using 
the cDNA synthesis kit (Thermo Fisher Scientific). The following 
primers were used for validating splicing of MDM4: MDM4 FWD, 
TGTGGTGGAGATCTTTTGGG; MDM4 REV, GCAGTGTGGGG 
ATATCGT.

RNA and splicing analysis
Transcript abundances were estimated using Salmon 1.2.1 (62) 
against a transcriptome index built on Ensembl GRCh38 release 99. 
Abundances were aggregated and collapsed to the gene level using 
tximeta 1.6.2 (63) in an R 4.0.0 environment. Normalization and 
differential gene expression analysis were performed using DESeq2 
1.28.1 (64). Heatmaps of gene expression were generated using in-
house scripts with R. To quantify alternative splicing, RNA-seq reads 
were aligned to the human genome (GRCh38 release 99) using 
STAR 2.7.3a (65) and alternative splicing events were identified us-
ing rMATS version 4.0.1 (38). Statistically significant splicing events 
were defined using an inclusion level difference of 10% and false 
discovery rate (FDR) of 0.05.

Pathway analyses, including both overrepresentation analysis 
(ORA) and Gene Set Enrichment Analysis (GSEA), were performed us-
ing clusterProfiler v4.12.6 (66) in R. Genes from the differential ex-
pression analysis were ranked by the DESeq2 Wald statistic and tested 
against the GO:BP library, with results filtered at P < 0.05 and Benjamini-
Hochberg correction. Genes with significant splicing changes (FDR <  
0.05 and |ΔPSI| > 0.1) from retained intron and skipped exon events, 
identified using rMATS, were mapped to GO:BP pathways via the 
msigdbr v7.5.1. Pathways were ranked by the number of associated de-
regulated genes, and the top 10 were visualized using a custom R script.

Biochemistry and molecular modeling
LSD1/CoREST expression
BL21 RP plus cells were transformed with two vectors: pET15b con-
taining His-TEV-trLSD1 and pCDF DUET1 containing His-TEV- 

CI =
(D)1

(Dx)1
+

(D)2

(Dx)1
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SUMO-trCoREST1. The transformed cells were incubated on an 
agar plate [ampicillin (25 mg/ml), streptomycin (100 mg/ml), and 
chloramphenicol (50 mg/ml)] overnight at 37°C. One colony was 
picked from the plate and inoculated in a starter LB media overnight 
at 37°C with all three antibiotics. The starter culture was then inocu-
lated into LB media (dilution 1:50) and growth at 37°C until the 
optical density at 600 nm (OD600) ~ 0.6. The cultures were then 
chilled a 4°C for ~20 min and then added with 0.4 mM isopropyl-β-
d-thiogalactopyranoside (IPTG) and induced at 18°C overnight. 
Cells were harvested and dissolved in 50 mM Hepes (pH 8), 300 mM 
NaCl, and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP) contain-
ing a mixture of protease inhibitors. Cells were lysed with sonication 
and harvested at 56,000g for 45 min at 4°C, and the resulting super-
natant was incubated with 3 ml of Ni-resin (His-Trap, Cytiva) for 
30 min at 4°C. After the incubation, the beads were washed for 30 CV 
with 50 mM Hepes, 300 mM NaCl, and 20 mM imidazole (pH 8) for 
5 column volumes (CV) with the same buffer supplemented with 
1 M KCl. The protein was eluted with 50 mM Hepes, 300 mM NaCl, 
and 300 mM imidazole (pH 8). The eluted protein was incubated 
with SUMO protease (0.005 mg/ml) and dialyzed against 50 mM 
Hepes and 300 mM NaCl (pH 8). At the end, the stoichiometric 
complex was obtained by passing the sample through a Superdex 
200 10/300 GL with 25 mM Hepes and 5% glycerol (pH 7.2).
LSD1-CoREST binding and inhibition assays
Binding assay was conducted with thermal shift assay measuring the 
Intrinsic Tryptophan Fluorescence (Tycho, Nanotemper). LSD1-
CoREST (10 μM) was incubated with 100 μM 1a for 10 min at room 
temperature in 50 mM Hepes (pH 7.5). Controls are carried out with 
5% DMSO. Demethylation activity on the histone peptide is regis-
tered using a horseradish peroxidase (HRP)–coupled assay moni-
toring the conversion of Amplex Red into resorufin. Experiments were 
performed in 96-well plates (Corning) with a plate reader (Clario-
Star, BMG) using a dimethylated H3K4 peptide containing 21 ami-
no acids (purchased from GenScript) as the substrate in 100-μl volume 
of 50 mM Hepes (pH 7.5). The peptide purity was >95% as checked 
by analytical high-pressure liquid chromatography and mass spec-
trometry. The demethylase activity was estimated under aerobic 
conditions at room temperature by measuring the release of H2O2 
produced during the catalytic process of the Amplex UltraRed de-
tection system coupled with HRP. Briefly, 300 nM the LSD1/CoR-
EST complex was incubated at room temperature for 10 min in the 
presence of a range of concentrations of 1a, 25 mM Amplex Ultra-
Red (Life Technologies), and HRP (0.01 mg/ml; Sigma-Aldrich) in 
50 mM Hepes (pH 7.5). The inhibitor was tested in triplicate at each 
concentration. After preincubation of the enzyme with the inhibitor, 
the reaction was initiated by adding the dimethylated H3K4 peptide 
(10 μM). The conversion of the Amplex UltraRed reagent to resoru-
fin was monitored by fluorescence (excitation at 510 nm and emis-
sion at 595 nm). Fluorescence data were transformed into hydrogen 
peroxide concentration through a standard calibration curve. The 
maximum demethylase activity of LSD1/CoREST was obtained in the 
absence of the inhibitor and corrected for background fluorescence in 
the absence of the substrate (5% DMSO was used as a control). The 
IC50 value was calculated using GraphPad Prism version 5.0.3. Flavin 
absorbance spectrum changes upon addition of 1a is monitored by 
nanospectroscopy (ND-1000, Thermo Fisher Scientific).
PRMT1, PRMT5/MEP50, and PRMT7 inhibition assays
PRMT1, PRMT5/MEP50, and PRMT7 inhibition assays were per-
formed by Reaction Biology Corporation (Malvern, PA, USA) using 

the HotSpot HMT assay. Briefly, human recombinant PRMT1 (cata-
log no. HMT-11-119), PRMT5/MEP50 complex (catalog no. HMT-
22-148), and PRMT7 (catalog no. HMT-21-382) were used at a 
concentration of 5, 1, and 60 nM, respectively. The appropriate sub-
strate (5 μM histone H4 for PRMT1, 5 μM histone H2A for PRMT5/
MEP50, and 5 μM GST-GAR for PRMT7) was added to the reaction 
buffer [50 mM Tris-HCl (pH 8.5), 5 mM MgCl2, 50 mM NaCl, 
0.01% Brij-35, 1 mM dithiothreitol (DTT), and 1% DMSO]. The MT 
enzyme was delivered into the substrate solution, and the mixture was 
mixed gently. Afterward, the tested compounds dissolved in DMSO 
were delivered into the enzyme/substrate reaction mixture by using 
Acoustic Technology (Echo 550, LabCyte Inc., Sunnyvale, CA) in 
the nanoliter range, and 1 μM 3H-SAM was also added into the reac-
tion mixture to initiate the reaction. The reaction mixture was incu-
bated for 1 hour at 30°C, and then it was applied to filter paper for 
detection. The data were analyzed using Excel and GraphPad Prism 
software for IC50 curve fits, where appropriate.
Crystallography
LSD1-CoREST crystals were obtained at 10 mg protein/ml in 0.1 M 
ADA [N-(2-acetamido)iminodiacetic acid, N-(carbamoylmethyl)
iminodiacetic acid] pH 6.5 and 1.2 M sodium tartrate using pub-
lished protocols (67) and then soaked for 2 hours at 20°C with 1 mM 
1a. The structure determination was performed as described previ-
ously (67).The crystallographic statistics are listed in table S2.
Molecular docking
Docking was performed with AutoDock Vina (68). Default param-
eters were used except for the “exhaustiveness” parameter, which 
was set to 30 to ensure thorough sampling of ligand binding confor-
mations. The crystallographic structure of PRMT5/MEP50 in com-
plex with GSK591 and sinefungin (PDB ID: 5C9Z) was prepared as 
the receptor by removing nonessential water molecules and hetero-
atoms, adding polar hydrogens, and assigning Gasteiger charges us-
ing AutoDockTools. Ligand structures (GSK591 and MC4455) were 
energy minimized, and all rotatable bonds were set as flexible dur-
ing conversion to the PDBQT format. The docking search space was 
defined as a cubic box centered on the GSK591 binding pocket (cen-
tered at X = 24.0, Y = −46.0, and Z = −11.0; size of 20 Å by 20 Å by 
20 Å for each axis). For validation, GSK591 was redocked with the 
above parameters, and the best-ranked binding pose was compared 
to the crystallographic orientation. MC4455 was then docked with 
the same protocol. Following docking, the predicted protein-ligand 
complexes were analyzed by visual inspection in PyMOL and by sys-
tematic interaction mapping with LigPlot+ (69), allowing assessment of 
hydrogen bonding, hydrophobic contacts, and aromatic interactions.

Supplementary Materials
The PDF file includes:
Figs. S1 to S9
Synthesis of the Hybrid Compounds
Supplementary Methods
Table S11
Legends for tables S1 to S10

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S10
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