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“Nothing in life is to be feared,  

it is only to be understood.” 

Marie Curie 
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ABBREVIATIONS AND ACRONYMS 

Throughout this manuscript, abbreviations and acronyms recommended by the 

American Chemical Society in the Organic Chemistry and Medicinal Chemistry areas have 

been employed (revised in the Journal of Organic Chemistry and Journal of Medicinal 

Chemistry in July 2024: 

https://pubs.acs.org/userimages/ContentEditor/1218717864819/joceah_abbreviations.
pdf and 
http://pubsapp.acs.org/paragonplus/ submission/jmcmar/jmcmar_abbreviations.pdf). In 
addition, those indicated below have been used: 
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EDC N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 
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ITC Isothermal titration calorimetry 

IVIS In vivo imaging system 

HLM Human liver microsome 

HSC Hematopoietic stem cell 
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HRPTEpiC Human renal proximal tubule epithelial cells 
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MLM Mouse liver microsome 

MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 

MW Microwave 
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NES Nuclear export signal 

NLS Nuclear localization signal 

NoLS Nucleolar localization signal 

NPM1 Nucleophosmine 1  

NPM1mut NPM1 gene mutation 

PDX Patient derived xenograft 

PrSc Privilege scaffolds 

qPCR Quantitative polymerase chain reaction 

RED Rapid equilibrium dialysis 

STD Saturation-transfer difference 

UCM Universidad Complutense de Madrid 

WB Western blot 

WST-1 4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene 

disulfonate, monosodium salt 

XPO1 Exportin 1 protein 
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1. INTRODUCTION  

Despite early diagnosis and the development of new treatments, many patients with 

acute myeloid leukemia (AML) continue to fail therapy, resulting in relapses and more 

aggressive cancers with poor prognosis.1 AML is a challenging hematological malignancy 

characterized by a wide range of genetic alterations (Figure 1) that play a significant role 

in patients´ prognosis and response to treatment.2 Therefore, the development of new 

therapies targeting critical genetic mutations affecting AML patients is of great 

importance to achieve effective treatments. In this regard, mutations in the 

nucleophosmine 1 gene (NPM1mut) represent the most common genetic alteration found 

in AML patients and NPM1mut AML has been recognized as a distinct leukemia entity in 

the classification of myeloid neoplasms by both the International Consensus Classification 

and the World Health Organization.3-5 This mutation affects the entire leukemic cell 

population, including CD34+ stem cells,6 and is frequently associated with mutations in 

the FLT3 or DNMT3A genes, which are related to a negative prognosis and a high relapse 

rate.7,8 While patients with the NPM1 mutation have a high rate of complete remission, 

almost 50% relapse within the first few years.9 

 

 
Figure 1. Schematic representation of the most frequent AML mutations and their implications. 
NPM1 C+: mutant NPM1 protein. 
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1.1.Nucleophosmine (NPM1) protein and its involvement in acute myeloid leukemia 

(AML) 

NPM1 gene encodes for the multifunctional nuclear protein nucleophosmine 1 

(NPM1) able to shuttle between the nucleolus and the cytoplasm and, as a result, involved 

in several key steps of the cell cycle such as centrosome duplication, ribosome biogenesis, 

DNA repair, histone chaperoning or liquid-liquid phase separation in the nucleolus.10,11  

The sequence of NPM1 contains 294 amino acids that can be divided in three parts: 

the N-terminal domain (residues 1 to 120), the intrinsically disordered region (IDR) with 

two main acidic segments (residues 120 to 240), and the C-terminal domain (residues 240 

to 294) (Figure 2).12 

 
Figure 2. Schematic structure of NPM1 wt and NPM1 C+ (mutant protein) for comparison. NPM1 
wt and NPM1 C+ share the same structure, differing only in the C-terminal domain nucleolar 
localization signal (NoLS) that is replaced by a nuclear export signal (NES). The nuclear localization 
signal (NLS) is maintained.  

The N-terminus, the most conserved region in all isoforms and structured in eight 

anti-parallel β-sheets forming a barrel, is responsible for the oligomerization of NPM1 and 

its interaction with other proteins, such as ARF that negatively regulates cell growth. The 

positively charged surface on this region allows the protein to form a stable pentamer, 

which is known to be the most stable conformation of NPM1 (Figure 3A).10,12,13 

Furthermore, the two pentamers can interact to form a decamer, in which each monomer 

of the pentameric ring comes into contact with a single monomer of the other pentamer. 

The pentameric NPM1 can engage in different interactions through its charged regions 

and lead to liquid-liquid phase separation under crowded conditions modulated by ionic 

strength.14 In addition, the N-terminal domain contains two nuclear export signals (NES) 

that enable the shift of the protein to the cytoplasm. The IDR, which contains a nuclear 

localization signal (NLS), is involved in the binding of the protein to histones and plays an 

important role in its chaperone activity. The function of the IDR is mediated by two highly 

acidic segments interspersed with two short basic regions (Figure 2).14,15 As for the C-

terminal domain, it is folded into three α-helices, stabilized by five hydrophobic residues 

N-Terminal domain

NPM1 wt

IDR C-Terminal domain

NES NES NLS NoLSA1 A2 A3B1 B2

F268, Y271, F276, 
W288, W290

N-Terminal domain

NPM1 C+

IDR C-Terminal domain

NES NES NLS NESA1 A2 A3B1 B2

Replaced by 11 
amino acids
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(F268, Y271, F276, W288, W290) on the inside of the formed structure and charge 

residues on the outside (Figure 3B). This structure is crucial for the correct activity of 

NPM1, as it is the part of the protein that interacts with the G-quadruplex of ribosomal 

DNA.16,17 In addition, the C-terminus contains a nucleolar localization signal (NoLS) that 

enables the protein to shuttle back into the nucleolus. 

 

 
Figure 3. 3D structure of NPM1 domains. (A) Pentameric form of the N-terminus of the NPM1 
model from the pdb structure 8as5.12 (B) Three α-helix bundle of the C-terminus of the NPM1 wt 
model from the pdb structure 2llh.16 Image created using NGL Viewer.18 

Interestingly, one-third of AML patients carry an NPM1mut that encodes for an 

aberrant protein, NPM1 C+ (Figure 2).19-21 The various alterations, which typically involve 

the insertion of four new nucleotides in different exons of NPM1, result in the 

replacement of the final seven amino acids with an eleven-residue sequence lacking the 

two tryptophan residues (W288 and W290) that encode for a NoLS.17 To date, over 50 

different mutations have been documented.22,23 However, in most cases the mutation 

occurs in exon 12, with the mutant A being the most prevalent variant observed in over 

70% of patients (Table 1). 

 

 

 

B 

A 
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Table 1. Most representative cases of NPM1mut and effect on the amino acid sequence of the 
protein C-terminus.  

Mutant 
(frequency, %) 

Nucleotide sequence 
Protein sequence 

(from 286 aa) 

Wilde type GATCTCTG____GCAGTGGAGGAAGTCTCTTTAAGAAAATAG -DLWQWRKSL 

Mutant A 
(72-80) 

GATCTCTGTCTGGCAGTGGAGGAAGTCTCTTTAAGAAAATAG -DLCLAVEEVSLRK 

Mutant B 
(8-12) 

GATCTCTGCATGGCAGTGGAGGAAGTCTCTTTAAGAAAATAG -DLCMAVEEVSLRK 

Mutant C 
(<1) 

GATCTCTGCCTGGCAGTGGAGGAAGTCTCTTTAAGAAAATAG -DLCLAVEEVSLRK 

Mutant D 
(3-7) 

GATCTCTGCCTGGCAGTGGAGGAAGTCTCTTTAAGAAAATAG -DLCLAVEEVSLRK 

Mutant E 
(<1) 

GATCTCTGGCAGTCTCTTGCCCAAGTCTCTTTAAGAAAATAG -DLWQSLAQVSLRK 

Mutant F 
(<1) 

GATCTCTGGCAGTCCCTGGAGAAAGTCTCTTTAAGAAAATAG -DLWQSLEKVSLRK 

Mutant I 
(<1) 

GATCTCTGCAGAGCAGTGGAGGAAGTCTCTTTAAGAAAATAG -DLCRAVEEVSLRK 

Mutant J 
(<1) 

GATCTCTGCTTGGCAGTGGAGGAAGTCTCTTTAAGAAAATAG -DLCLAVEEVSLRK 

Mutant K 
(<1) 

GATCTCTGTATGGCAGTGGAGGAAGTCTCTTTAAGAAAATAG -DLCMAVEEVSLRK 

 

In all variants, changes in the amino acid sequence of the NPM1 protein entail the 

same modifications: the loss of the NoLS, the addition of an NES (a leucine-rich section), 

and the unfolding of the characteristic structure of the C-terminal region, which is no 

longer stable.24 This makes the mutant NPM1 C+ more prone to be exported to the 

cytoplasm by exportin 1 (XPO1) and unable to return to the nucleolus, resulting in the 

accumulation of the protein in the cytoplasm (Figure 4). Despite the altered structure, the 

aberrant protein is still functional and able to interact with other proteins and even 

aggregate with NPM1 wt in the pentameric form. Under normal conditions, NPM1 

modulates stress response and growth suppression by binding and stabilizing p53 tumor 

suppressor protein in the nucleoplasm, and inhibiting MDM2 promoting growth arrest. It 

also stabilizes ARF in the nucleolus, where this protein interacts with MDM2, further 

preventing p53 inhibition. However, when the mutation occurs, NPM1 C+ sequesters ARF 

to the cytoplasm,25 reducing its stability and causing its degradation. As a result, p53 is 

degraded by MDM2, blocking apoptosis in the cell. Additionally, NPM1 C+ binds and 

delocalizes FBWX7 tumor suppressor to the cytoplasm, which also leads to its 

degradation. Consequently, c-Myc oncoprotein levels increase, promoting growth and 

proliferation.26 All the alterations in the cell homeostasis (Figure 4) by this still functional 

but misplaced NPM1 have been linked to AML leukemogenesis.27-30 
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Figure 4. Schematic representation of the phenotype in normal hematopoietic cells and in cells 
with NPM1mut. Molecular signaling pathways of NPM1 C+ in AML. 

1.2.Current therapies and new strategies for NPM1mut AML treatment 

Standard therapies for NPM1mut AML currently involve induction chemotherapy with 

or without FLT3 protein inhibitors, followed by consolidation therapy with high-dose 

cytarabine, and possibly allogeneic stem cell transplantation in the first complete 

remission.31 Other therapies with venetoclax, an inhibitor of the anti-apoptotic protein 

BCL-2, combined with low-dose cytarabine or azacitidine have also proven to reduce or 

eliminate measurable residual disease (remaining number of leukemic cells).32 However, 

despite the remarkable advances in the treatment of this pathology, about half of the 

patients still die due to disease progression. Thus, there is a need for new therapeutic 

strategies. In light of recent advances in the understanding of the genomic alterations 

associated with AML, new approaches targeting each of the different mutations are being 

developed.33,34  

In the context of new therapeutic opportunities for NPM1mut AML, the different 

strategies to target NPM1 protein with small molecules include interfering with the 

aberrant NPM1 C+ transport, inducing nucleolar stress in NPM1mut cells, decreasing 

protein levels by the proteasome, targeting NPM1 pathway proteins or modulating NPM1 

directly.35-37 On going clinical trials are summarized in Table 2 and representative cases 

are described in the following. 
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Table 2. Molecules in clinical trials for the treatment of NPM1mut AML.  

DRUG CANDIDATE TARGET CLINICAL TRIAL 

KPT-8602 

(Eltanexor) 

XPO1 inhibition 

(NPM1 export inhibition) 

NCT02649790 

(Phase I/II) 

KPT-330 

(Selinexor) 

XPO1 inhibition 

(NPM1 export inhibition) 

NCT02093403 (Phase I) 

NCT02249091 (Phase II) 

NCT02088541 (Phase II) 

NCT01607892 (Phase I) 

NCT03955783 (Phase Ib) 

Actinomycin D Nucleolar stress induction 

Phase II pilot studya 

2014-000693-18 (Phase II) 

2014-003490-41 (Phase II) 

ATO Proteasomal degradation NCT04689815 

SNDX-5613 

(Revumenib) 

MLL-Menin protein–protein 

interaction inhibition 

NCT04065399 (Phase I/II 

recruiting)b 

KO-539 Menin inhibition 
NCT04067336 (Phases I/II 

recruiting) 

JNJ-75276617 
MLL-Menin protein–protein 

interaction inhibition 
NCT04811560 (Phase I) 

DS-1594b Menin inhibition NCT04752163 (Phase I/II) 

BMF-219 Menin inhibition NCT05153330 (Phase I) 
a44% efficacy (n=9). b30% efficacy. 

As mentioned before, NPM1 is located mainly in the nucleus, but when the mutation 

occurs the protein accumulates in the cytoplasm, disrupting the normal functions of the 

cells. One way to prevent this mislocation is to target XPO1, which mediates NPM1 export 

to the cytoplasm. Among others, the compound KPT-8602, a selective XPO1 inhibitor also 

known as eltanexor,38,39 has shown great anti-leukemic efficacy in preclinical animal 

models of hematological malignancies and is currently being evaluated in phase I/II clinical 

trials (Table 2).  

In terms of nucleolar stress-inducing therapies, actinomycin D, a polypeptide 

antibiotic, has shown an encouraging outcome in a phase II pilot study of relapsed 

NPM1mut AML patients, in which more than 40% of patients achieved complete remission 

(Table 2).40 Despite the incomplete understanding of its mechanism, this molecule is 

believed to target mitochondria-primed cells.41 Hence, its capacity to induce oxidative 

stress appears to be a promising approach, suggesting the potential value of considering 

other drugs that cause nucleolar stress, such as anthracyclines, for the treatment of this 

disease. 

Another widely used strategy is proteasomal degradation. Notable among 

compounds with this activity is arsenic trioxide, known as ATO,42 which has exhibited 

antitumor activity due to a selective capacity to induce proteasomal degradation of NPM1 

C+, leading to cell apoptosis (Table 2). The combination of ATO with all-trans retinoic acid 

16



Introduction 

  

(ATRA) is already used in the treatment of acute promyelocytic leukemia, a subtype of 

AML (NCT02688140). 

Currently, one of the most predominant strategies employed is targeting the menin 

protein, which disrupts the complex menin-MLL1 or the interaction of this protein with 

oncogenic MLL fusion proteins. Inhibition of the complex formation alters the binding of 

MLL1 to a subset of target genes, including homeobox gene MEIS1, resulting in the loss of 

transcriptional activity and growth arrest.43 A number of small molecules are currently in 

advanced preclinical development and several novel candidates are in clinical trials (Table 

2).44-46 Among them SNDX-5613, also known as revumenib, has successfully passed clinical 

phase I in patients with NPM1mut AML with and without other genetic alterations such as 

FLT3. In this phase, the maximum tolerated dose of SNDX-5613 has been established and 

an initial efficacy assessment has been conducted, allowing the new drug candidate to 

advance to phase II.47 

1.3.Targeting NPM1 modulation 

Direct targeting of the NPM1 structure represents a highly efficient mechanism for 

modulating NPM1 levels or its interactions with other proteins. However, the number of 

molecules, and of small molecules among them, that interact directly with NPM1 is scarce 

and none of them have reached clinical development for the treatment of AML.48,49 

Nevertheless, this strategy has shown promise for further development and represents 

today an opportunity to validate NPM1 as a therapeutic target.  

To date different approaches have been contemplated to target NPM1 

modulation.35,50 For instance, targeting the oligomerization of NPM1 could be an 

interesting mechanism. By inhibiting the formation of the stable pentamer, the protein 

can be destabilized, leading to its degradation. Alternatively, preventing oligomerization 

could result in an alteration of the major functions of the NPM1 pentameric unit, such as 

protein-protein interactions of the oligomer. Another potential option is to influence the 

folding of NPM1, specifically the aberrant C-terminal domain of NPM1 C+. In this scenario, 

stabilization of the unfolded terminus could result in the relocation of the protein to the 

nucleus, thereby preventing the protein from engaging in undesirable interactions within 

the cytoplasm. So far, different molecules have been identified as modulators of NPM1 

through one of the above-mentioned mechanisms (Figure 5).  
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Figure 5. Chemical structure of compounds targeting NPM1 modulation. 

Within this group of small molecules is (+)-avrainvillamide (Figure 5). This natural 

product is able to form a thioether bond with Cys275 present in the C-terminal domain of 

NPM1.51,52 In vitro experiments show a stronger binding to the C-terminus of NPM1 C+, 

probably due to the unfolded structure that makes Cys275 more available. The interaction 

of (+)-avrainvillamide with the protein has been extensively studied and it is also known 

to be able to partially relocate the aberrant protein to the nucleus, acting like a substitute 

of the NoLS. Moreover, the natural product has shown efficacy in the nanomolar range in 

several AML cell lines with both NPM1 wt and NPM1 C+ (NB4, HL-60, MV4-11, OCI-AML3, 

MOLM13).53 
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Another natural product believed to act on NPM1 is deguelin (Figure 5). The 

compound has shown the ability to downregulate NPM1 C+ protein levels and induce 

apoptosis in OCI-AML3 cells (IC50 = 1.49 µM) without affecting NPM1 wt expression 

levels.54 Although several studies indicate deguelin is a protein kinase inhibitor and have 

related its apoptotic effect to this interaction,55 its mechanism in NPM1mut AML remains 

unclear, since the compound is able to induce cell differentiation in in vitro and in vivo 

models with NPM1 C+.56  

In addition to these natural products, some synthetic compounds that interact with 

NPM1 are also known. One of the first of them is NSC348884 (Figure 5), identified by 

virtual screening using a pharmacophore model developed by analyzing the hydrophobic 

surface of NPM1, which allows its oligomerization.57 In the initial assessments, the 

compound showed good efficacy (IC50 = 1-10 µM) in various skin (Colo 16 and SRB-12) and 

gastric (MKN-28 and SNU-484) cancer cell lines. In the case of in vitro AML models, it 

exhibited heightened efficacy in cells expressing NPM1 C+ (OCI-AML3). Since then, the 

interaction of NSC348884 with NPM1 has been extensively investigated, and it was 

postulated that the compound acts on NPM1 by inhibiting its oligomerization, resulting in 

elevated levels of p53 and apoptosis.58 However, recent studies have challenged this 

mechanism, indicating that the apoptotic effect of NSC348884 is not mediated by 

inhibiting NPM1 oligomerization, but appears to affect cell surface adhesion.59 

Nevertheless, the compound is still in preclinical development and further studies are 

needed to definitely elucidate its mechanism. 

Another noteworthy compound is YTR107 (Figure 5), which has also demonstrated 

its capacity to impede NPM1 oligomerization.60,61 It is a radiosensitizing compound that 

interferes with DNA damage repair mechanisms, sensitizing different tumor cell lines, 

mostly related to colon or lung cancer, to radiation. Due to its promising results, the 

development of new YTR107 analogues with enhanced activity is underway.62,63 Some of 

them have been able to reduce cell growth to 50% in the micromolar range in different in 

vitro cancer models, including several leukemia cell lines (CCRF-CEM, HL-60, K564, MOLT-

4, RPMI-8226, SR).  

Recently, compounds reported as C1 and C3 (Figure 5) were identified as stabilizers 

of the C-terminus of NPM1 C+, in a high-throughput screening using differential scanning 

fluorimetry.64 Both compounds were found to restore the nucleolar localization of the 

mutant protein, thereby enabling partial recovery of NPM1 normal functions. However, 

no efficacy assays have been conducted for the treatment of AML with these compounds. 

Consequently, further studies are necessary to assess their therapeutic potential.    

A borderline small molecule with promising results is the synthetic pseudopeptide 

NucAnt N6L (N6L, Figure 5),65 a pro-apoptotic compound able to exert antiproliferative 

activity and to inhibit tumor growth also in vivo, that has already completed phase I/II 

clinical trials for different solid tumors (2012-000939-42). Surface plasmon resonance 

assays with full-length NPM1 showed a strong interaction of the pseudopeptide with the 
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protein (KD of 1 nM) and further studies revealed that N6L interacts with the N-terminus 

of NPM1 interfering with pentamer formation. In the same work, the authors established 

that this alteration by N6L results in the activation of p53 apoptotic pathway, leading to 

cell death. Interestingly, the cytotoxicity observed in in vitro models of AML with NPM1 

wt is significantly higher than in NPM1 mutation carriers, which exhibited striking 

resistance to treatment with the pseudopeptide.  

In addition to small molecules, other types of compounds have been identified as 

NPM1 modulators. These include the aptamer 1A1 RNA,66 which inhibits oligomerization 

by interacting with the IDR region adjacent to the N-terminal domain, and the peptide 

Rev37-47,67,68 which interferes with NPM1 protein-protein interactions. 

The results shown by the molecules described to date support the potential of direct 

modulation of NPM1 for the treatment of AML, with a particular focus on NPM1mut AML. 

Hence, this approach merits further research to advance the cure of the disease. In this 

regard, previous work carried out in our group allowed us to identify UCM-13369 as a 

novel NPM1 modulator from a microbiota-inspired library (see Section 1.4.). 

1.4.Cancer-stem-cell phenotype-guided identification of the microbiota-inspired 

compound UCM-13369 as a novel NPM1 inhibitor with therapeutic potential for AML 69 

The microbiota is a dynamic system of more than 100 trillion micro-organism in our 

bodies. They form a complex ecosystem composed of a myriad of different species, such 

as protozoa, fungi, virus and bacteria, which can influence numerous physiological 

processes including digestion, metabolism, cognitive development and immune 

system.70,71 It is estimated that they make up more than 22 million microbial genes, 

exceeding human ones. With these genes, collectively called microbiome, the microbiota 

can synthesize numerous enzymes with versatile capabilities to ferment a variety of 

compounds indigestible by human enzymes. As a result, a battery of metabolites is 

produced with a wide spectrum of bioactivities (modulation of energy metabolism, 

nutrition absorption, regulation of microbiota composition, etc.) that play an important 

role in health and disease.72-74  

Under healthy conditions, these micro-organisms establish a symbiotic relationship 

with the host. However, when an imbalance of the microbiota occurs due to external 

changes, it can lead to deregulation of body functions and disease. So far, this dysbiosis 

has been related to neurodegenerative diseases, diabetes, heart pathologies, immune 

diseases or cancer.75-80 For this reason, several therapies involving “healthy” microbiota 

metabolites have recently been implemented.81,82 For instance, the administration of 6-

formylindolo[3,2-b]carbazole (Ficz), a tryptophan metabolite, has proven therapeutic 

potential for different diseases, like endometritis or skin cancer.83-85 

After considering the importance of microbiota metabolites in health and disease, 

our research group proposed that they may represent an unexplored chemical space of 
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small organic molecules in the search for initial hits towards the identification of novel 

drug candidates. To this end, the structures of identified small-molecule metabolites were 

analyzed and the repertoire of organocatalytic reactions was explored to generate a set 

of microbiota-inspired compounds that combine metabolite structural diversity with 

synthetic accessibility. Thus, based on privileged scaffolds (PrSc) found in the metabolites 

selected in Figure 6A and asymmetric amino catalytic reactions starting with a small group 

of aldehydes and nitroderivatives (Figure 6B), new chemotypes were synthesized 

containing a PrSC-based central core linked to the common PrSc p-methoxyphenyl as well 

as to a drug-like moiety that could favor good pharmacokinetic properties. In the designed 

molecules I-XIII (Figure 6C), the central cores are piperidin-2-one, piperidine, tetrahydro-

1H-carbazole, chromane, and dihydropyrido[2,3-b]pyrazine. These systems are inspired 

on the metabolites 3-amino-2-piperidone, pipecolic acid, methyl 3-carbazolecarboxylate, 

equol, folic acid, trimethylpyrazine and γ-carboxyethylhydroxychroman (γ-CEHC) related 

to vitamin E, shown in Figure 6A. Organocatalysis was applied as a key methodology to 

obtain the new chemotypes with high structural complexity in a straightforward and 

stereocontrolled manner. Thus, the central cores were constructed in a single step and 

with high diastereoselectivities by reaction between an α,β-unsaturated aldehyde, a 

nitrocompound and/or a second aldehyde, promoted by diphenylprolinol trimethylsilyl 

ether catalyst (Figure 6C). Further transformation of the aldehyde and the nitro groups 

allowed to obtain compounds I-XIII that contain the drug-like moiety 

(cyclopropylmethyl)amine and an amino group. 
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Figure 6. Design of the new chemotypes inspired on human microbiota metabolites. (A) Selected 
small-molecule metabolites produced by the microbiota. (B) Synthetic approach via asymmetric 
aminocatalysis to generate microbiota-inspired molecules I-XIII. (C) Overview of the synthetic 
strategy based on the reaction between an α,β-unsaturated aldehyde, a nitrocompound and/or a 
second aldehyde. PrSc: privileged scaffold. Untapered lines represent the relative stereochemistry.  

A 

B 
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Once the microbiota-inspired compounds were synthesized, their potential in cancer 

cellular models was explored with the ultimate goal to identify novel antitumor drug 

candidates. A phenotypic strategy was used, where the tested compounds are evaluated 

without prior knowledge of the target protein on which they act, so that new therapeutic 

targets can subsequently be identified.86,87 Compounds I-XIII were screened in a cancer-

stem-cell (CSC) phenotype assay that represents an advantageous opportunity, since 

existing therapies against these cells remain deficient, as most of them are directed to 

target biomarkers that are expressed not only by CSC, triggering unfortunate effects on 

cancer patients.88-90 Notably, elimination of CSC in leukemia remains a major challenge, 

as their ineffective eradication is a primary contributing factor to relapse following 

remission.91 

Hence, the cytotoxic effect of the new compounds in breast (MCF-7) and colon (HCT-

116) tumor cell lines was determined using MTT assays. The formation of MCF-7-derived 

mamospheres and HCT-116-derived colonospheres in the presence of a non-cytotoxic 

concentration of the compounds was then assessed using bright field microscopy. The 

compound UCM-1336992 (Figure 7A) was able to completely inhibit the formation of 

tumorspheres, a characteristic growth in CSC, without affecting the viability of 

differentiated tumor cells. In addition, the cytotoxicity of the compound was evaluated 

against IMR90 fibroblasts as control normal cells. These results showed that UCM-13369 

induced low levels of cytotoxicity in tumor cells (96% and 70% cell viability at 5 µM), 

complete inhibition of tumorsphere formation and no toxicity in fibroblasts (94% cell 

viability at 5 µM) (Figure 7B).  
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Figure 7. (A) Structure of compound UCM-13369. (B) Concentration-response curve of UCM-13369 
in MCF-7, HCT-116 and IMR90 cells. 

With the aim to decipher the molecular targets of UCM-13369, proteomic 

experiments were carried out. Considering that AML is one of the most paradigmatic 

diseases with critical involvement of CSC and that among the AML stem population, 

CD34+/CD38- are the only ones capable of inducing leukemia in vivo, these cells were used 

to identify the target proteins of UCM-13369. Thus, 1D-nano LC ESI-MS/MS proteomic 

analysis was performed in CD34+ cells before and after UCM-13369 treatment. The results 

showed multiple differentially expressed proteins; only those that disappeared 

A B 
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completely after treatment with the compound and whose concentration could be 

quantified in untreated samples were considered. According to this profile, 340 proteins, 

including targets related with stemness and cancer, were identified (Figure 8A). Among 

them, NPM1 especially attracted our attention, for its AML relevance mentioned in the 

previous sections. Western blot (WB) revealed reduced levels of NPM1 upon treatment 

with UCM-13369 in MOLM13 cells expressing NPM1 wt (Figure 8B), which validated the 

proteomic results indicating NPM1 as a target protein of the compound.  

                         
Figure 8. NPM1 protein is a molecular target of UCM-13369. (A) Venn diagram (Venny 2.1) of 
proteomic analysis of CD34+ cells with and without UCM-13369 treatment. (B) WB showed down-
expression of NPM1 with UCM-13369 treatment (10 µM) in MOLM13 cells at 24 and 48 h. 
Densitometry values: reduction of 5% and 44%, respectively.  

To support that the inhibitory capacity of UCM-13369 observed in CSC is mediated 

by NPM1, the compound was tested in MOLM13 and OCI-AML3 cell lines, as in vitro AML 

models bearing NPM1 wt and mutant (NPM1 C+) protein, respectively. The concentration-

response curves obtained in the WST-1 assays (Figure 9A) indicated that the compound 

exhibits cytotoxicity against both cell lines in the micromolar range, showing higher 

efficacy in NPM1 C+ expressing cells (OCI-AML3: IC50 = 7.26 μM, MOLM13: IC50 = 10.89 

μM, Figure 9A). 

Considering the inhibitory capacity that UCM-13369 showed in AML cell lines, the 

therapeutic potential was assessed in primary cells from AML patients. Healthy donors 

and AML patients were subjected to a surgical procedure to extract bone marrow from 

their rear pelvic bone and whole mononuclear cells were isolated through Ficoll 

centrifugation. Two ex vivo models were used from AML patients and healthy donors: 

CD34+ liquid hematopoietic stem cell (HSC) culture as a short-term model and colony-

forming unit-erythroid (CFU-E) as a mid-term model. UCM-13369 induced decrease 

viability in AML patient cells, while exhibiting lower cytotoxicity in healthy donor cells 

(HSC: IC50 of 1.88 μM and 6.40 μM, Figure 9B; CFU-E: IC50 of 0.30 μM and 1.73 μM, Figure 

9C; values for AML patients and healthy donors, respectively), providing a therapeutic 

window opportunity for the compound. Moreover, the compound demonstrated superior 

efficacy in AML patients harboring the NPM1 mutation (IC50 = 1.73 μM) than in those 

lacking it (IC50 = 3.77 μM) (Figure 9D).  
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Additionally, flow cytometry experiments showed that the inhibition of NPM1 by 

UCM-13369 correlates with the increase in apoptosis observed in treated primary CD34+ 

cells upon staining with Annexin V (Figure 9E). 

Together, our results confirm that CSC death induced by NPM1 inhibition represents 

a promising therapeutic opportunity for targeted treatment of NPM1mut AML, a high-

mortality disease. 
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Figure 9. UCM-13369 has efficacy against AML cell lines and AML patient cells. (A) Concentration-
response curves of UCM-13369 in AML cell lines MOLM13 (NPM1 wt) and OCI-AML3 (NPM1 C+). 
(B) Concentration-response curves of UCM-13369 in short-term cultures of primary HSCs from 
bone marrow mononuclear fraction from healthy donors and AML patients. (C) Concentration-
response curves of UCM-13369 in colony formation unit (CFU) assays performed with primary HSCs 
bone marrow mononuclear fraction from healthy donors and AML patients. (D) Concentration-
response curves of primary HSCs with samples from AML patients with NPM1 wt vs. NPM1 C+. (E) 
Dot plot of a representative sample from flow cytometry analysis using CD34-PE/AnnexinV-FITC 
staining of short-term cultures of primary HSCs from AML patients performed with primary HSCs 
from bone marrow mononuclear fraction with and without treatment. 
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2. OBJECTIVES 

NPM1 stands out as a particularly relevant protein in AML, a hematological disease 

with a high mortality rate. However, the number of small molecules described that 

interact directly with NPM1 is scarce and there are no NPM1 modulators currently used 

in clinical practice. The promising results previously obtained in our research group for 

the novel microbiota-inspired small molecule UCM-13369 support the therapeutic 

potential of the new synthetic NPM1 inhibitor.  

In this work, we aim to advance a drug candidate as a novel NPM1-targeted therapy 

for AML, which is critical for the future of patients, to improve their dramatically low 

survival rate. Toward this end, we will continue preclinical studies of UCM-13369, 

including extensive pharmacological characterization and in vivo efficacy assessment. If 

unsuccessful, we will undertake further optimization to develop new NPM1 modulators 

with the ultimate goal of identifying a drug candidate for AML treatment.
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3. RESULTS AND DISCUSSION 

3.1.Characterization of UCM-13369 as a direct NPM1 modulator 

Once UCM-13369 (Figure 10) was identified as a modulator of NPM1 by differential 

proteomics and WB and having demonstrated its therapeutic potential in an ex vivo AML 

model, we considered it necessary to carry out an extensive pharmacological 

characterization of the compound. Specifically, it was important to define whether the 

observed effects were the result of a direct interaction between the compound and the 

NPM1 protein, or the effects of an alteration in the protein signaling pathway. 

 

Figure 10. Compound UCM-13369 previously identified as a modulator of NPM1. 

3.1.1.Study of the binding interaction 

To further support NPM1 as a molecular target of UCM-13369, our first approach 

was to design a fluorescent probe that would allow us to visualize by confocal microscopy 

the intracellular colocalization of the compound and the protein. Thus, we synthesized 

probe UCM-13369-SulfoCy5 (1, Figure 11), containing the fluorophore sulfocyanine-5 

(SulfoCy5). This water-soluble fluorescent dye is well suited for biological assays due to its 

high photostability and strong emission around 670-690 nm, which minimizes the 

background autofluorescence of the biological matrix.  

Probe 1 was obtained from compound 2, a UCM-13369 derivative, in which the 

cyclopropyl group was replaced by an alkyne to perform a click chemistry reaction with 

the fluorophore SulfoCy5 (Figure 11, see Section 5.1.3. for details).  
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Figure 11. Fluorescent probe UCM-13369-SulfoCy5 (1) used for confocal microscopy studies. 

Synthesized probe 1 was used in confocal microscopy studies supervised by Dr. 

Miguel Gallardo at the Centro Nacional de Investigaciones Oncológicas (CNIO, Madrid). 

OCI-AML3 cells were treated with the probe, emitting in red, and incubated with Alexa-

Fluor-488-conjugated NPM1 primary antibody, in green (Figure 12). The visualization of 

their overlap indicated colocalization of the compound with the protein. 

 
Figure 12. Confocal microscopy images with staining of NPM1 (Alexa-Fluor-488, green), UCM-
13369-SulfoCy5 (red) and nuclei (DAPI, blue) in OCI-AML3 cells. 

To confirm a direct interaction between UCM-13369 and NPM1 and to shed light on 

the binding domain of the protein, isothermal titration calorimetry (ITC) assays were 

performed, in collaboration with Prof. Irene Díaz-Moreno at the Centro de Investigaciones 

Científicas de la Cartuja (cicCartuja, Sevilla). For this purpose, pure protein samples of the 

pentameric N-terminal domain of NPM1 (1-130 amino acids) and the C-terminal domains 

of NPM1 wt and mutant NPM1 C+ were used. The experiments (Figure 13) revealed that 

   UCM-13369-SulfoCy5 NPM1 
UCM-13369-SulfoCy5 

NPM1 
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the interaction between NPM1 and UCM-13369 occurs mainly through the C-terminus of 

the protein, showing the N-terminus a much lower binding affinity (KD NPM1 N-term ca. 100 

μM, KD NPM1 wt C-term = 37 μM; Table 3). Importantly, the C-terminal domain of NPM1 C+ 

exhibited a two-fold higher affinity than the wt terminus (KD NPM1 C+ = 15 µM vs. KD NPM1 wt = 

37 µM; Table 3), which is in agreement with the activity results obtained for UCM-13369 

in OCI-AML3 (NPM1 C+) and MOLM13 (NPM1 wt) cell lines (OCI-AML3: IC50 = 7.26 μM, 

MOLM13: IC50 = 10.89 μM, respectively; Figure 9A). Additionally, the assays showed a 

binding stoichiometry approximately equal to 1 (n = 1.3, Table 3), indicating that one 

molecule of the compound interacts with one protein monomer, also in the case of the 

N-terminal domain, that was studied in its pentameric form (n = 7.7, Table 3). Altogether, 

ITC data suggest that the new NPM1 inhibitor UCM-13369 binds specifically to the C-

terminus of the protein. 

 
Figure 13. ITC thermograms and binding isotherms of the interaction of UCM-13369 with the N-
terminus of NPM1 (NPM1 N-term), the C-terminus of NPM1 wt (NPM1 wt C-term) and the C-
terminus of NPM1 C+ (NPM1 C+ C-term).  

 

Table 3. ITC-derived thermodynamic parameters of UCM-13369-NPM1 interaction: Gibbs free 
energy (∆G), enthalpy (∆H), entropic term (-T∆S), equilibrium dissociation constant (KD), and 
binding stoichiometry (n). 

Protein variant 
KD 

(µM) 
∆G 

(kcal·mol-1) 
∆H 

(kcal·mol-1) 
-T∆S 

(kcal·mol-1) 
n 

NPM1 N-term 100 -5.4 -2.2 -3.2 7.7 

NPM1 wt C-term 37 -6.0 -1.8 -4.2 1.3 

NPM1 C+ C-term 15 -6.6 -2.0 -4.6 1.3 

Errors: 0.1-0.2 kcal·mol-1 for ∆G, 0.3-0.5 kcal·mol-1 for ∆H and -T∆S, 0.2 for n, 10-20% for KD. Protein 
concentration of the NPM1 N-terminus construct is referred to the pentamer, while those of the C-terminus 
correspond to the monomer. 

 

35



Results and discussion 

 

Once the NPM1 binding domain for UCM-13369 was identified, ab initio docking 

studies were performed using HADDOCK software (in collaboration with Prof. Irene Díaz-

Moreno) to identify possible binding sites. The structure corresponding to the putative C-

terminus of the wt protein characterized by NMR was retrieved from the PDB (2LLH). The 

refined docking yielded ten possible binding sites (clusters 1-10, Figure 14) through the 

surface of the C-terminal domain of the protein, suggesting that UCM-13369 explores this 

surface stochastically. Among them, cluster 3 (shown in inset iv, Figure 14) exhibited the 

lowest desolvation energy and harbored the second largest buried surface area of all 

docking clusters analyzed. Notably, this cluster matched with the previously reported 

binding site of the small-molecule NPM1 ligands C1 and C3 (see Section 1.3.).64 

 

Figure 14. Visualization of UCM-13369 binding interfaces to NPM1 wt C-terminal domain. The 
centroids of UCM-13369 in the four lowest energy structures of each of the ten clusters are plotted 
as balls colored according to the HADDOCK score, as indicated in the color legend. The structure of 
UCM-13369 of the top-ranked structure of each cluster (1-10) is represented in the insets i-v. 

Additionally, we carried out saturation transfer difference nuclear magnetic 

resonance (STD-NMR) experiments supervised by Prof. Angeles Canales at Universidad 

Complutense de Madrid (UCM), to help elucidate the epitope of UCM-13369. Two spectra 

were acquired: off-resonance, used as reference; and on-resonance, where the 

interaction is recorded (Figure 15). The off-resonance spectrum was registered setting the 

irradiation frequency at a value far from any ligand or protein signal, whereas the on-

resonance spectrum was obtained by selectively irradiating with a radiofrequency pulse 

affecting only the protein. According to the Nuclear Overhauser Effect (NOE), saturation 

is transferred from the protein to the ligand through intermolecular interactions, which 

results in a decrease in the signal of those protons in the ligand interacting with the 

protein. The decrease in the signal is directly proportional to the degree of interaction and 

can be quantified by subtracting the on-resonance spectrum from the off-resonance one, 

resulting in the STD spectrum. Hence, STD signals show the part of the molecule most 

buried in the protein.  
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Figure 15. Schematic representation of an STD experiment. Signals in the difference spectrum 
indicate an interaction between the protons of the small molecule and the protein. 

The STD-NMR experiment of UCM-13369 was acquired using commercially available 

full-length NPM1 wt in the presence of a ten-fold excess of the compound relative to the 

protein (300 vs. 30 µM). As shown in Figure 16, clear STD signals were detected for UCM-

13369, pointing out that the protein recognizes the compound. The STD spectrum displays 

signals that belong to two aromatic rings of the molecule, indicating that these systems 

are involved in the recognition. The highest values correspond to the protons of the 

aromatic ring of the tetrahydrocarbazole scaffold (H5-H8, Figure 16). Interestingly, these 

results are in agreement with the docking prediction since in the lower energy structures, 

corresponding to clusters 1-3 (Figure 14), the aromatic system of the tetrahydrocarbazole 

core is buried on the surface of NPM1 C-terminal domain.  

Following structural studies, future work should aim to unravel the interaction of 

UCM-13369 with the disordered C-terminal domain of NPM1 C+ in order to explain the 

higher binding that the compound exhibits towards it.  
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Figure 16. STD (black), on-resonance (magenta) and off-resonance (cyan) NMR spectra of UCM-
13369 in the presence of NPM1 wt protein. The intensity of the interaction of the protons is 
indicated by the color gradient.  

3.1.2.Unraveling the molecular mechanism  

For a deeper understanding of the effect of UCM-13369 in AML cells, we studied the 

impact of the compound in the genes and the expression levels of NPM1 wt and NPM1 C+ 

pathway components, such as the positive regulation of oncoprotein c-Myc and the 

negative regulation of tumor suppressor FBXW7. These experiments were carried out 

under the supervision of Dr. Miguel Gallardo (CNIO). Thus, OCI-AML3 cells were incubated 

with the compound (10 µM) for 24 and 48 h (DMSO-treated cells as controls), then genes 

and protein levels were assessed by quantitative polymerase chain reaction (qPCR) and 

WB, respectively, revealing reduced levels for NPM1 and c-Myc, while FBXW7 was found 

to be upregulated in both cell lines (Figure 17).  
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Figure 17. (A) Dot plot showing decreased NPM1 expression with UCM-13369 treatment (10 μM) 
in OCI-AML3 cells. (B) WB showing decreased NPM1 and c-Myc expression and increased FBXW7 
expression with UCM-13369 treatment (10 μM) in OCI-AML3 cells at 24 and 48 h. Densitometry 
values for NPM1: reduction of 50% and 70%, respectively. 

To further elucidate the mechanism of action of UCM-13369, we studied the 

influence of the compound on the subcellular location of the protein by confocal 

microscopy, using AlexaFluor-647-conjugated NPM1 primary antibody emitting in red and 

DAPI staining for nuclei. As mentioned, OCI-AML3 cells are characterized by the primary 

location of NPM1 C+ in the cytoplasm, whereas in MOLM3 cells NPM1 wt is mainly located 

in the nucleus and nucleolus (Figure 18A). After incubation of OCI-AML3 cell lines with 

UCM-13369 (10 µM), we visualized that NPM1, in red, disappeared from the cytoplasm 

(Figure 18A). Hence, the compound was able to restore the nucleolar location phenotype 

of the protein, similar to the phenotype observed in MOLM13 control cells. The scatter 

dot plots in Figure 18B show the nucleus/cytoplasm distribution of the protein in 

MOLM13 and treated and untreated OCI-AML3 cells. Importantly, the new NPM1 

inhibitor was able to reverse the aberrant location of the protein, which is characteristic 

of the mutation and critical for the maintenance of the AML disorder. 
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Figure 18. (A) Confocal microscopy images with NPM1 (Alexa-Fluor-647, red) and nuclei (DAPI, 
blue) staining in MOLM13, OCI-AML3, and UCM-13369-treated OCI-AML3 cells (10 µM). (B) Scatter 

R
e

la
ti

ve
 e

xp
re

ss
io

n
 N

P
M

1
Cntrl UCM-13369

(@ 10 µM)

1.5

1.0

0.5

0.0

***

cntrl 24h 48h

UCM-13369
(@ 10 µM)

NPM1

FBXW7

c-Myc

β-actin

A B 

A 

B 

39



Results and discussion 

 

dot plot of NPM1 nucleus/cytoplasm ratio in MOLM13, OCI-AML3, and UCM-13369-treated OCI-
AML3 cells. 

3.1.3.Efficacy in an AML animal model 

Based on the encouraging results obtained with UCM-13369 in AML patient cells (see 

Section 1.4.), we decided to further evaluate its therapeutic potential in vivo. The efficacy 

was tested in immunodeficient mice injected with OCI-AML3-ffLuc-GFP cells as an 

NPM1mut AML animal model, in collaboration with Dr. Gallardo. As shown in Figure 19A, 

the UCM-13369-treated group (50 mg/kg) showed a reduction of tumor infiltration 

compared to untreated group at end point, sustaining the efficacy of the compound 

against malignant cells. However, this effect did not result in an increase in survival, as no 

difference was observed between treated and untreated animals (Figure 19B). Analysis of 

the mice bone marrow using hematoxylin-eosin (H&E) staining revealed less tumor cell 

infiltration in treated mice, further supporting the efficacy of the compound for the 

treatment of AML (Figure 19C). Although caspase-3 pathology analysis of treated mice 

revealed the absence of toxicity in bone marrow and liver, some caspase-3 cleavage was 

observed in the kidney, pointing to some toxicity in this organ (Figure 19D).  

Concentration−response viability assay in human renal proximal tubule epithelial 

cells (HRPTEpiC)93,94 was performed and revealed toxicity (IC50 = 3.63 µM vs. OCI-AML3: 

IC50 = 7.26 μM, MOLM13: IC50 = 10.89 μM, Figure 19E), suggesting that renal toxicity could 

be one of the probable causes of lower-than-expected survival of treated AML animals.  

The observed toxicity precludes further preclinical studies with the compound UCM-

13369. However, the therapeutic evaluation both ex vivo in primary cells from AML 

patients and in vivo in the AML mouse model, together with the validation of NPM1 as a 

molecular target of the compound, support the potential of the tetrahydrocarbazole 

scaffold as worthy of further optimization. Therefore, we undertook a medicinal 

chemistry program around UCM-13369 aimed at overcoming toxicity issues observed in 

vivo and developing an optimized NPM1 inhibitor, in terms of activity, toxicity and 

pharmacokinetic profile, as a drug candidate for the treatment of NPM1 AML. 
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Figure 19. UCM-13369 shows efficacy against AML cells in vivo. (A) Bioluminescence images 
acquired using an in vivo imaging system (IVIS) of NSG mice after injection of OCI-AML3 cell line 
with and without UCM-13369 treatment (50 mg/kg). (B) Kaplan-Meir survival curve showed no 
significant differences between NSG mice injected with OCI-AML3 cells, with and without UCM-
13369 treatment (50 mg/kg). (C) Microscopy analysis of the OCI-AML3 infiltration by H&E staining 
slides of bone marrow samples from NSG mice with paired time points after engraftment with and 
without UCM-13369 treatment (50 mg/kg). (D) IHC analysis of apoptotic cells in a representative 
kidney sample from OCI-AML3 xenograft mice treated with DMSO (vehicle, top) vs. UCM-13369 
treated mice (50 mg/kg, bottom): H&E (left) and cleaved caspase-3 (right). (E) Concentration-
response curve of UCM-13369 in human renal proximal tubule epithelial cells (HRPTEpiC) showed 
toxicity in kidney cells. 
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3.2.Medicinal chemistry program: synthesis and biological evaluation of structural 

analogues of UCM-13369 

This section has been suppressed in this version due to confidentiality. 

  

3.3.Pharmacological characterization in vitro of selected compounds 

This section has been suppressed in this version due to confidentiality.  

 

3.4.Therapeutic potential of candidates UCM-19282 and UCM-19286 

This section has been suppressed in this version due to confidentiality.  
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4. CONCLUSIONS 

This section has been suppressed in this version due to confidentiality.  
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5. EXPERIMENTAL SECTION 

This section has been suppressed in this version due to confidentiality.  
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