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Abstract 

Duchenne muscular dystrophy is a fatal disease with no cure, caused by lack of the 
cytoskeletal protein dystrophin. Upregulation of utrophin, a dystrophin paralogue, offers a 
potential therapy independent of mutation type. The failure of first-in-class utrophin modulator 
ezutromid/SMT C1100 in Phase II clinical trials necessitates development of compounds with 
better efficacy, physicochemical and ADME properties and/or complementary mechanisms. 
We have discovered and performed a preliminary optimisation of a novel class of utrophin 
modulators using an improved phenotypic screen, where reporter expression is derived from 
the full genomic context of the utrophin promoter. We further demonstrate through target 
deconvolution studies, including expression analysis and chemical proteomics, that this 
compound series operates via a novel mechanism of action, distinct from that of ezutromid. 

Keywords Duchenne muscular dystrophy, utrophin, phenotypic drug discovery, mechanism 
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Introduction 

Duchenne muscular dystrophy (DMD) is an X-linked progressive muscle-wasting disease 
caused by a lack of the cytoskeletal protein dystrophin. There is currently no disease modifying 
treatment for all patients, although various promising approaches (e.g. exon skipping, 
readthrough of stop codons and gene therapy) are being developed and are starting to be 
approved for clinical use in certain patient cohorts [1]. Oral small molecules have been 
developed to compensate for the missing dystrophin by replacing it with its autosomal 
paralogue utrophin [2]. This therapy would be applicable to all patients regardless of their 
dystrophin mutation and would be systemically bioavailable.  

The first-in-class utrophin modulator, ezutromid (formerly SMT C1100), was developed using 
a high throughput cell-based phenotypic screen [3]. The screening cell line consisted of 



immortalized murine DMD disease model (mdx) myoblasts transfected with 8.4 kb of the 
human utrophin A promoter upstream of firefly luciferase (H2K-mdx utrnA-luc, Figure 1a) [4]. 
Evaluation of ezutromid in a Phase II clinical trial in DMD patients revealed encouraging signs 
of on-target activity, including reduced muscle fibre damage and increased levels of utrophin, 
at the trial midpoint [2]. However, ezutromid is susceptible to CYP-mediated metabolism [5] 
and rapid clearance in patients [6], and its therapeutic benefits were not sustained through to 
the end of the trial, leading to discontinuation of its clinical development. Therefore, utrophin 
modulators with improved efficacy, physicochemical and ADME properties and/or 
complementary mechanisms of action are now required. Here we describe a novel class of 
small molecule utrophin modulators, discovered in a new screening cell line, that operate via 
a previously undescribed mode of action, as proven by expression analysis and 
chemoproteomics. 

 

Results and Discussion 

A cell-based reporter system which exploits the full utrophin promoter in its endogenous 
genomic context and encompassing all known utrophin isoforms and regulatory elements was 
developed by knock-in of firefly luciferase into one UTRN exon 7 of a dystrophin-null mouse 
(LUmdx; mdx,utrluc/+, Figure 1b, procedure described in the Experimental Methods). 7000 
drug-like small molecules from our in house compound collection were screened in 
immortalised myoblasts from the LUmdx mouse. After counterscreening for firefly luciferase 
assay interference [7,8] to ensure genuine activation of the utrophin promoter, this screen 
gave rise to several novel hit series’ of utrophin modulators.  

Interestingly, one of these compounds, an unusual heteroaryl acyl hydrazide denoted 
OX01914 (1, Figure 1f), demonstrated activity in the new LUmdx reporter cell line, but not the 
original H2K-mdx utrnA-luc screening cell line [4] (Figure 1c), with the activity confirmed to be 
independent of luciferase interference (Supplementary Figure 1a-b). This finding suggested 
that OX01914 may operate via a mechanism of action which is distinct from that of ezutromid, 
which we recently reported to be mediated by the antagonism of the aryl hydrocarbon receptor 
[9]. 

The ability of OX01914 to upregulate utrophin mRNA in LUmdx and H2K mdx myoblasts was 
confirmed by qPCR, with a 2-fold increase observed at the highest dose in LUmdx (Figures 
1d and 2). Next, upregulation of utrophin expression by OX01914 was investigated in human 
DMD muscle cells at the protein level. Excitingly, OX01914 treatment led to a statistically 
significant 3-fold increase in utrophin protein expression (Figure 1e), far in excess of the 1.5 
fold increase along the membrane required to see a beneficial effect [2]. On the basis of these 
encouraging results in mdx and DMD muscle cells, the physicochemical/ADME properties of 
OX01914 were assessed to guide compound optimisation. OX01914 demonstrated good 
aqueous solubility and permeability, however, was rapidly metabolised by mouse hepatocytes 
(T1/2 3 min) – a profile that was also sustained in human hepatocytes (T1/2 28 min, Figure 1g). 



 

Figure 1 Schematic of firefly luciferase reporter gene assay phenotypic screens for utrophin 
gene upregulation: a) H2K-mdx utrnA-luc cell line, b) LUmdx cell line; c) OX01914 (1) activates 
luciferase in the LUmdx cell line but not in H2K-mdx utrnA-luc line, N = 3, representative graph 
shown; d) OX01914 increases utrophin mRNA levels in LUmdx myoblasts, n = 2, see also 
Figure 2; e) OX01914 increases utrophin protein levels by approximately 3-fold, N = 2; f) 
structure of OX01914 and areas of interest for structure-activity relationships; g) luciferase 
inhibition, physicochemical and ADME properties of OX01914. Solubility: aqueous 
thermodynamic solubility, Caco2 permeability efflux ratio (ER) and apical to basolateral (A→B) 
transport, mHep T1/2: half-life in mouse hepatocytes and hHep T1/2: half-life in human 
hepatocytes. 

 

Chemistry  

As part of the hit confirmation process, and to establish a synthetic route to further analogues, 
resynthesis of OX01914 was undertaken (Route A, Scheme 1, synthesis of analogues using 
Route A detailed in Scheme S1). In an initial Suzuki reaction using an excess of 2,4,6-
trichloropyrimidine 2, selective monosubstitution to afford 3 was achieved in good yield (82%). 
The second Suzuki coupling to form disubstituted chlorides 4 was also high yielding (61-76%), 
apart from some analogues bearing a free OH group (36 and 42% for 4k and 4r, respectively). 



Symmetrical analogues were synthesised with 2 equivalents of boronic acid. DABCO-
mediated displacement of the 2-chloro substituent yielded nitriles 5 in mostly moderate to good 
yields (52-91%), barring once more analogues bearing a free OH group (50% and 46% for 5k 
and 5r, respectively). Methanolysis of nitriles 5 provided the methyl esters 6 and treatment 
with hydrazine resulted in the desired hyrazides 7 in moderate to good yields (44-96%). 

Scheme 1. Routes employed towards synthesis of hit compound OX01914 and analogues 



 

Reagents and conditions: i) R1-arylboronic acid (1 eq), Pd(OAc)2, PPh3, Na2CO3, DME/H2O, 
85 °C, 24 h; ii) R2-arylboronic acid, Pd(OAc)2, PPh3, Na2CO3, DME/H2O, 85 °C, 24 h; iii) KCN, 
DABCO, DMSO/H2O, 80 °C, 1-3 h; iv) AcCl, MeOH, 65 °C, 2-3 h; v) NH2NH2ꞏH2O, 
PhMe/EtOH, rt, 24 h; vi) Phenylboronic acid (1 or 2.5 eq), Pd(PPh3)4, 2 M K2CO3, PhMe, 95 
°C, 24 h; vii) arylboronic acid, Pd(OAc)2, PPh3, Na2CO3, DME/H2O, 85 °C, 24 h; viii) PhOH, 



CsCO3, MeCN, rt, 60 h; ix) Oxone®, CH3CN/PhMe/H2O, 60 °C, 3 d; x) KCN, DMSO, rt, 24 h; 
xi) MeONa, MeOH/PhCH3, 10 oC to rt, 3 h; xii) ClCOCOOMe, pyridine, 0 °C, 1 h; xiii) PtO2, H2, 
EtOH, rt, 3 h; xiv) POCl3, PhNMe2, 100 °C, 3 h; xv) cyclohex-1-en-1-ylboronic acid, Pd(PPh3)4, 
2 M K2CO3, PhMe, 80 °C, 3 h; xvi) H2, Pd/C (10% wt), EtOAc, rt, 3 h. 

OX01914 analogues bearing a free phenol could act as important key intermediates for further 
functionalisation. However, synthetic Route A provided phenol analogues such as 7k (Scheme 
1) with low overall yields (6%, full synthesis details described in the Supporting Information). 
Use of the O-benzyl protecting group significantly improved the Suzuki coupling yield, however 
the subsequent displacement with cyanide led to a mixture of unidentified products (data not 
shown). An alternative strategy was therefore pursued, replacing the 2-chloro substituent with 
a 2-thiomethyl group 8 to be further oxidised (11) and displaced with cyanide 12 (Route B, 
Scheme 1). Employing a N-Boc-protecting group on the hydrazide allowed functionalisation at 
the phenolic OH without competing nucleophilic reaction of the hydrazide (Scheme S2). 
Though longer, this synthetic sequence allowed the synthesis of key intermediate N-Boc-7k 
on a 3 gram scale in 37% yield over 8 steps. This route was also used to synthesise OPh 
analogue 14c for the investigation of substituent effect on the pyrimidine ring. OMe analogue 
14d was the adventitious product of nitrile methanolysis during the synthesis of 14c, arising 
from displacement of the phenoxy group with methanol. Adopting milder conditions with 
MeONa allowed access to the desired OPh analogue 14c. 

In addition, a shorter synthesis (Route C, Scheme 1) was investigated to access cyclohexyl 
analogue 22 in 6 steps. First, 3-phenylisoxazol-5-amine 16 was treated with methyl oxalyl 
chloride and the product cyclised to 4-hydroxypyrimidine 18. POCl3 displacement of the 
hydroxy group with chloride allowed for a palladium coupling with cyclohexene to give 20. 
Olefin 20 was then hydrogenated and treated with hydrazine hydrate to provide the cyclohexyl 
analogue 22. Advantageously, this route could accelerate SAR development on one aryl ring 
at a time. 

 

Structure-activity relationships around OX01914 

Seeking to establish the minimum structural moieties required for activity (Figure 1f), we 
investigated (i) a small range of head group replacements (Table 1), (ii) alterations of the 
pyrimidine core (Table 2), (iii) the role of the substituents on the 4,6-positions of the pyrimidine 
ring (Table 3) and (iv) the influence of regiochemistry on the phenyl rings (Table 4).  

Leveraging chloride intermediate 4a from Route A to OX01914 allowed for rapid synthesis of 
head group variants including hydrazine analogue 23 and methylene linked hydrazide 
analogue 25 (Table 1, Scheme S3). Meanwhile, the methyl ester intermediate 6a allowed 
facile synthesis of amide 26, carboxylic acid 27 and a hydroxamic acid analogue 28 (Table 1, 
Scheme S3). Finally, imide analogue 30 was synthesised from 6a in three steps: reduction to 
an alcohol (29, Scheme S3), Dess-Martin periodinane-mediated oxidation to an aldehyde then 
reaction with hydrazine. 

Intriguingly, these alterations on the head group were not tolerated, with hydrazine analogue 
23, methylene linked analogue 25, methyl ester intermediate 6a and imide analogue 30 all 
inactive in the LUmdx reporter gene assay when tested at concentrations up to 100 M. Even 
more subtle alterations including to amide, carboxylic acid and hydroxamic acid moieties led 
to inactive analogues (Table 1). 



Table 1. Preliminary structure – activity relationships on the head group, N (biological 
replicates) ≥2, n (technical replicates) =3, IA = inactive. 

 

 

 

 

 

 

 

 

 

 

To investigate the SAR of the core scaffold, pyridine analogues 33 and 40, as well as 
regioisomeric pyrimidine 34 were synthesised from the respective 4,6-dichloro-2-carboxylate 
esters in two steps: Suzuki coupling followed by treatment with hydrazine hydrate (Scheme 
S4). Triazine analogue 38 was synthesised from 2,4,6-trichlorotriazine in a similar sequence 
to the OX01914 analogues in Scheme S1 (Scheme S4). 

However, alterations to the structure of OX01914 led to a loss of activity, except in the case 
of triazine analogue 38, which was found to give comparable or somewhat improved activity 
compared to the original hit 1 (Table 2). In this study we continued to focus on optimisation of 
the pyrimidine core. The large effect on activity of relatively subtle structural alterations was 
interesting to note, for example, the introduction of a methyl substituent at the 5 position of the 
pyrimidine ring which led to inactive analogue 14b. As such, 5-methylated pyrimidine acyl 
hydrazides can be usefully employed as negative controls in assay development and target 
deconvolution studies. 

Table 2. Preliminary structure – activity relationships on the core, N ≥ 1 (biological replicate), 
n=3 (technical replicates), IA = inactive. 

 

 

# R EC50 ± SEM 
(μM) 

1 CONHNH2 20.5 ± 1.79 
23 NHNH2 IA 
25 CH2CONHNH2 IA 
6a COOMe IA 
26 CONH2 IA 
27 COOH IA 
28 CONHOH IA 
30 CH=NNH2 IA 



 

 

 

 

 

 

 

 

 

 

 

Next, recognising the desirability of steering away from flat polyaromatic molecules [10] we 
investigated introducing more 3D structure, by replacing one or both aromatic substituents 
with methyl substituents, oxygen-linkers and a cyclohexyl substituent (Table 3, synthesis 
described in Scheme 1). All of these modifications led to inactive analogues. 

Table 3. Preliminary structure – activity relationships on the substituents, N ≥2 (biological 
replicates), n=3 (technical replicates), IA = inactive. 

 

 
# R1 R2 EC50 ± SEM 

(μM) 

1 Ph Ph 20.5 ± 1.79 
41* H H IA 
42* Me Me IA 
14c OPh Ph IA 
14d OMe Ph IA 
22 cyclohexyl Ph IA 

*Obtained commercially 
 

Table 4. Investigation of phenyl ring regiochemistry to determine the optimal position for 
substitution on hit compound OX01914. N =1 (biological replicate), n=3 (technical replicates). 
IA = inactive, R2 indicates goodness of fit where only technical replicates were performed. 

 

# X Y Z Scaffold EC50 ± SEM 
(μM) 

1 N N CH A 20.5 ± 1.79 
33 N CH CH A IA 
34 N CH N A IA 
38 N N N A 8.98* 
40 - - - B IA 

14b N N C-Me A IA 

* R2 = 0.91 (goodness of fit where only technical replicates 
were performed) 



 

 

# R EC50 ± SEM 
(μM) 

R2 

1 Ph 20.5 ± 1.79 
7b 2-F 11.0 0.94
7c 3-F >10 0.88
7d 4-F 12.8 0.96
7e 2-OMe IA 
7f 3-OMe 9.22 0.56
7g 4-OMe 7.14 0.95
7h 2-CF3 IA 
7i 3-CF3 IA 
7j 4-CF3 >10 0.95

 
Finally, several analogues bearing substituted phenyl rings (Table 4, 7b-7j) were synthesised 
to delineate the effect of peripheral regiochemistry on activity. Symmetrical analogues were 
chosen for this investigation due to their facile synthesis (Route A). Small substituents like 
fluorine maintained activity regardless of regiochemistry, while meta- and para-methoxy 
groups were also tolerated. Interestingly, ortho- and meta-CF3 substitution both led to loss of 
activity, while the para position tolerated the widest range of substituents.  

 

Mechanism of action studies 

To confirm that OX01914 (1) upregulates utrophin expression via a mechanism distinct from 
that of the AhR antagonist ezutromid, qPCR of utrophin and AhR was undertaken in H2K mdx 
myoblasts (Figure 2). Both ezutromid (3 µM) and OX01914 (30 µM) significantly increased 
utrophin mRNA levels compared to DMSO control (1.7 and 1.6 fold respectively). However, 
while ezutromid increased AhR mRNA levels approximately 2 fold, consistent with AhR 
antagonism and in accordance with previous reports [11], OX01914 treatment did not result 
in any significant difference in AhR expression. This result supports the hypothesis that 
ezutromid and OX01914 upregulate utrophin through different mechanisms. 

Utrophin AhR 

*** 
*** 

** 



Figure 2. Both ezutromid (3 µM) and OX01914 (30 µM) upregulate utrophin mRNA expression 
in H2K mdx myoblasts, but only ezutromid upregulates AhR expression (N biological replicates 
= 2, n = 3 technical replicates). ** and *** indicate p-values of <0.005 and <0.0005 respectively. 

Target identification can greatly assist lead optimisation by enabling structure activity 
relationship (SAR) studies to be conducted more efficiently and rationally [12,13]. 
Furthermore, identification of on- and off-targets can allow optimisation to reduce side effects, 
increase efficacy and find new applications for the compounds. Here, a chemical proteomics 
strategy using cell-permeable photoaffinity-labelled clickable probes [14] was employed to 
identify proteins targeted by the OX01914 chemotype.  

Use of a photoaffinity label can allow identification of even weakly bound proteins, by enabling 
UV-mediated covalent binding of the probe to its protein target [15]. A trifluoromethylphenyl 
diazirine (TPD) was selected as the photoaffinity label, with its placement ‘nested’ within the 
structure of OX01914 to minimise structural perturbation [16]. Substitution of the diazirine in 
the para position was informed by the SAR for the series (Table 5). Synthesis of 
trifluoromethylphenyl diazirines from the corresponding ketones is well-established [16] and 
was performed over 4 steps for the synthesis of diazirine-labelled probes 63-65 (Scheme S6). 
N-Boc-protection was employed for the installation of the acyl hydrazine after diazirine 
synthesis as without it hydrazine was found to reduce the diazirine ring back to the diaziridine.  

Gratifyingly, photoaffinity probe 63 was found to have good activity (Table 5, EC50 = 7.22 ± 
0.72 µM) in the utrophin promoter reporter gene assay.  

Table 5. Structure – activity relationships for the synthesis of photoaffinity click probes, N ≥2 
biological replicates, n=3 technical replicates, IA = inactive. 

 
# R1 R2 R3 EC50 ± SEM (µM) 

1 H H H 20.5 ± 1.79 
7k OH H H 1.57 ± 0.24 
7l OMe H H 2.28 ± 0.09 
7m OEt H H 2.71 ± 0.30 
7n OnPr H H 5.62 ± 0.09 
7o OnBu H H IA 
7p OPh H H IA 
7q nPr H H 4.54 ± 0.57 
7r CH2OH H H 1.90 ± 0.34 
7t CH2OMe H H 4.65 ± 0.50 
7s OCH2CH2OMe H H 8.95 ± 1.02 
7u OCH2CH2OBn H H IA 
49 OCH2CH2OCH2CH2NHAc H H 12.7 ± 1.57 
50 OCH2CH2OCH2C≡CH H H 14.9 ± 1.17 
63 H H 7.22 ± 0.72 



64 OCH2CH2OCH2C≡CH H 20.0 ± 2.29 

65 OCH2CH2OCH2C≡CH Me IA 

 

A click handle was desired for attachment of a purification tag such as biotin, and an alkyne 
was chosen for use in the well-precedented biorthogonal copper-catalysed azide-alkyne 
cycloaddition (CuAAC) reaction [17]. A polyethylene glycol (PEG) chain linker was also 
desired to improve accessibility of the alkyne for efficient CuAAC [18]. Different functionalities 
were introduced to see how steric effects and hydrophilic/hydrophobic groups were tolerated 
(Table 5). Initially the length of an n-alkyloxy chain was increased systematically from methoxy 
to n-butoxy (7l-7o) and it was compared to its para-hydroxy substituted counterpart 7k. 
Compounds 7q-7t were then prepared to see how the presence of oxygen and its position 
affects the activity. Additionally, compounds 7p, and 7u were prepared to explore steric 
effects.  

In the alkoxy-substituted series (7l-7o) activity is maintained until the n-propoxy analogue 7n, 
though somewhat diminished, but the bulkier n-butoxy and phenoxy (7o and 7p, respectively) 
were both inactive. Interestingly, the ethylene glycol analogue 7s, was active (EC50 ~ 9uM), 
suggesting the incorporation of a polar atom within the chain is favourable for activity, when 
the length of the chain is increased. 

Compounds 7k and 7r bearing a hydroxy group gave promising results with the lowest EC50 
values (1.57 μM and 1.90 μM, respectively) and the methoxymethyl variant 7t gave an EC50 
of 4.65 μM. These results show that the position of the oxygen atom along the chain can be 
changed with no loss in activity. Synthesis of PEG-chain variants 49 and the alkyne variant 50 
proceeded smoothly from intermediate N-Boc-7k via an etherification reaction with the 
respective mesylated alcohols [19–21] and subsequent N-Boc-deprotection (Scheme S5). 
Importantly, 49 and 50 were both active in the low micromolar range (EC50s of 12.7 and 14.9 
μM, respectively). 

Ultimately, combination of the PEG alkyne and diazirine photoaffinity groups in dual-tagged 
probe 64 (Figure 3a) resulted in activity (EC50 = 20.0 ± 2.29 µM, Table 5) comparable to that 
of OX01914. Noting the inactivity of 5-methylpyrimidine analogues of OX01914 such as 14b, 
dual-tagged probe 65 (Figure 3a, Table 5) was also synthesised to serve as a negative control 
(synthesis of both probes reported in Scheme S6).  

With both active and negative control probes in hand, their protein-interaction profiles were 
assessed with gel-based labelling experiments using live dystrophic mouse myoblasts. Both 
probes 64 and 65 (6.25 – 50 μM), were treated alongside DMSO vehicle for 2 h. After 
irradiation (365 nm) and cell lysis, the probe-labelled lysate was subjected to a CuAAC-
mediated click reaction with TAMRA-azide, then SDS-PAGE. In-gel fluorescence showed 
dose-dependent labelling of proteins (Figure 3b), with no labelling apparent in the vehicle 
control. 



 

Figure 3. Target identification via chemical proteomics for the OX01914 chemotype. a) 
Structures of active 64 and inactive 65 photoaffinity-labelled clickable probes of OX01914; b) 
In-gel fluorescence of active and inactive probe-labelled H2K mdx proteome; c) Volcano plot 
of proteins enriched by active probe 64 in the presence and absence of competitor OX01914, 
top hits in red; d) Volcano plot of proteins enriched by active probe 64 compared to inactive 
probe 65, top hits in red. 
 
Protein target identification was next performed in live human DMD myoblasts using the two 
probes (30 μM). In addition, control samples were pre-treated with an excess concentration of 
the unmodified compound OX01914 (50 μM) to occupy the target binding sites and help 
distinguish non-specifically binding proteins. Probe-labelled proteins were clicked to azide-
biotin, then enriched using streptavidin beads. Enriched proteins underwent on-bead tryptic 
digest and the peptides analysed by nano liquid chromatography-tandem mass spectrometry 
(nanoLC-MS/MS). Evaluation of proteins enriched by active probe 64 but displaced in the 
presence of the parent compound OX01914 delivered a shortlist of potential OX01914 targets 
(red proteins, Figure 3c). Meanwhile, proteins enriched by the active probe 64 but not the 
structurally similar inactive probe 65 are likely to mediate the therapeutic effects of the 
OX01914 chemotype (Figure 3d, full list of proteins identified available in Supplementary 
Information). As anticipated, unlike as was previously seen for ezutromid-based photoaffinity 
probes [9], the aryl hydrocarbon receptor was not detected by these acyl hydrazide probes, 
supporting the hypothesis that this series of compounds operates via a distinct mechanism of 



action to that of ezutromid. Interestingly, ATP5F1 (subunit b of mitochondrial ATP synthase) 
was identified as a target by the active probe 64 against both inactive and competitor controls. 
Oxidative metabolism and ATP synthesis are known to be severely compromised in DMD 
pathology [22–25], while induction of slower oxidative muscle phenotypes through small 
molecule regulation of oxidative respiration and metabolism have been shown in preclinical 
trials to upregulate utrophin and mitigate dystrophic pathology [26–28]. A protein network 
database search [29,30] suggested that ATP5F1 expression and activity are not mediated by 
AhR; the effects of targeting ATP5F1 on mitochondrial function and utrophin regulation in DMD 
cells will form the basis of future studies. 
 
Conclusions 
A cell-based phenotypic reporter gene assay exploiting the full utrophin promoter was 
developed by knock-in of firefly luciferase into one utrophin exon 7 allele in a dystrophin-null 
mouse (LUmdx). Screening of compounds in an immortalised myoblast LUmdx cell line led to 
discovery of a novel class of utrophin modulators based on the original hit molecule 4,6-
diphenylpyrimidine-2-carbohydrazide (OX01914, 1). OX01914 was further found to upregulate 
utrophin mRNA in LUmdx myoblasts and protein in human DMD myoblasts. The inactivity of 
OX01914 in the H2K-mdx utrnA-luc phenotypic screen in which ezutromid was discovered, 
along with its null effect on AhR-mediated gene expression indicate that this class of 
compounds operate via a distinct mechanism of action.  
Synthesis of 43 analogues with systematic variations of the head group, core and peripheral 
substituents led to a fuller understanding of the structure-activity relationship of OX01914. 
While the majority of alterations diminished activity, many para-substituents on the phenyl 
rings led to more potent analogues. The SAR of the series inspired the design and synthesis 
of active and inactive cell-permeable photoaffinity probes to deconvolute the protein targets of 
OX01914. Identification of probe-binding proteins in live human DMD myoblasts by LC-MS/MS 
confirmed that AhR is not a target of OX01914, while highlighting ATP5F1 as a target to be 
further explored. Taken together, these findings reveal 4,6-diphenylpyrimidine-2-
carbohydrazides as novel utrophin modulators worthy of further investigation for the treatment 
of Duchenne muscular dystrophy. 
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Abbreviations 
A→B – apical to basolateral transport 
ADME – absorption, distribution, metabolism, and excretion 



AhR – aryl hydrocarbon receptor 
CuAAC – copper-catalysed azide-alkyne cycloaddition  
DMD – Duchenne muscular dystrophy 
ER – efflux ratio 
hHep – human hepatocytes 
IA – inactive, where EC50 > 100 µM 
LC-MS/MS – liquid chromatography-tandem mass spectrometry 
mHep – mouse hepatocytes 
PEG – polyethylene glycol 
SAR – structure-activity relationship 
SDS-PAGE – sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEM – standard error of the mean 
TAMRA – tetramethylrhodamine 
TPD – trifluoromethylphenyl diazirine 
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