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Abstract

Downregulation and mutations of the nuclear-architecture proteins Lamin A and C cause 

misshapen nuclei and altered chromatin organization associated with cancer and laminopathies, 

including the premature-aging disease Hutchinson-Gilford progeria syndrome (HGPS). Here, we 

identified the small molecule “Remodelin” that improved nuclear architecture, chromatin 

organization and fitness of both human Lamin A/C depleted cells and HGPS-derived patient cells, 

and decreased markers of DNA damage in these cells. Using a combination of chemical, cellular 

and genetic approaches, we identified the acetyl-transferase protein NAT10 as the target of 

Remodelin that mediated nuclear shape rescue in laminopathic cells via microtubule 

reorganization. These findings provide insights into how NAT10 affects nuclear architecture, and 

suggest alternative strategies for treating laminopathies and aging.

Mutations in LMNA, which encodes Lamin A and C, cause pathologies known as 

laminopathies (1), including the accelerated-aging disease Hutchinson-Gilford progeria 

syndrome (HGPS) (2, 3). Deregulation of A-type lamins expression or localization also 

occurs in various cancers (4-6). Lamin A/C depletion or LMNA mutations cause enlarged, 

misshapen nuclei and altered chromatin organization (7). While some of these pathologies 

might reflect cell fragility, many likely result from downstream effects on chromatin 

structure, gene expression, DNA replication or DNA repair. Improving nuclear architecture 

of laminopathic cells can ameliorate defects in chromatin structure and other processes, thus 

improving some disease phenotypes (8, 9).
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Lamin A/C depletion by small interfering RNA (siRNA) transfection (siLMNA) caused 

nuclear-shape defects (Fig. 1A, B, S1A, B), global chromatin relaxation and increased 

nuclear area (Fig. S1C, D). We therefore reasoned that modulating chromatin organization 

by lysine acetyltransferase (KAT) or lysine deacetylase (KDAC) inhibition might improve 

nuclear architecture defects of siLMNA cells. Compound screening identified the KAT 

inhibitor 4-(4-chlorophenyl)-2-(2-cyclopentylidenehydrazinyl)thiazole (1) (Fig. 1C) that 

restored nuclear circularity and global chromatin compaction in siLMNA cells (Fig. 1D, E, 

S1E-G). Although molecule 1 was identified in Saccharomyces cerevisiae as a GCN5 

(General control of amino acid synthesis protein 5-like 2) network inhibitor (10), nuclear 

shape rescue was GCN5 independent, because the benchmark GCN5 inhibitor MB-3 had no 

effect on nuclear circularity. Complete nuclear-shape rescue occurred within 12 hours of 

treatment (Fig. 1F), independently of mitosis (Fig. S2A and Movie S1) and without 

markedly affecting the cell cycle (Fig. S2B, C). Moreover, compound 1 improved the 

nuclear morphology of several cancer cell lines displaying reduced Lamin A/C expression 

(Fig. S2D, E), indicating that its effects were not specific to siRNA-mediated Lamin A/C 

depletion.

To identify putative targets of 1, we synthesized a “clickable” cell-active analog 2 and used 

inactive molecule 3 as a negative control (Fig. 1G, H). We then employed “click-chemistry” 

to retrieve and validate drug-associated proteins. The alkyne “click” moiety selectively 

reacts with an azide group upon copper exposure, allowing tagging of the “clickable” 

molecules in cells (Fig. 1I). First, we used a biotinylated derivative of 2 (Fig. S3A), 

retrieved associated proteins with streptavidin beads, and identified several protein species 

whose staining intensities were reduced by an excess of competitor 1 (Fig. S2B). These 

proteins were then identified by mass spectrometry LC-MS/MS (Fig. S2C). N-

acetyltransferase 10 (NAT10) was the only KAT protein identified, thus being the only 

likely relevant target of 1. NAT10 was previously linked with the SUN1 nuclear envelope 

protein (11), whose depletion rescues nuclear shape in LMNA KO cells (8), and NAT10 

KAT activity has been demonstrated towards microtubules and histones (12).

Pre-incubating clickable molecules with live cells followed by click pull-down identified 

NAT10 as a specific target of 2 in vivo (Fig. 1J), thereby establishing our protocol as a 

framework for identifying specific partners without photo-crosslinking agents (13). In 

parallel, we visualized sub-cellular localizations of clickable molecules by fluorescence 

microscopy (14) (Fig. 1K). This revealed that 2 specifically accumulated in nucleoli and also 

localized at the nuclear periphery and in the cytoplasm (Fig. 1K and Fig. S4A). 

Corroborating the binding studies, this distribution overlapped with that of NAT10, and 

moreover, NAT10 depletion (Fig. S4B) led to a marked reduction of molecule 2 in the 

nucleolus (Fig. 1K) without changes in nucleolar architecture (Fig. S4C reveals that NAT10 

localization was not affected by treatment with 1 or siLMNA). Furthermore, we established 

direct physical interaction between 1 and NAT10 using circular dichroism spectroscopy 

(Fig. S4D). Because molecule 1 was rapidly degraded upon light or air exposure, we 

explored its structural derivatives for their ability to rescue nuclear shape of siLMNA cells 

(Fig. S5A). The most potent and stable analog identified (4; Fig. S5B) was named 

“Remodelin” based on its ability to remodel nuclear architecture of siLMNA cells (Fig. 1L).
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Consistent with a model in which Remodelin impacts on siLMNA cells through NAT10 

targeting, we found that NAT10 depletion (Fig. 2A) corrected the aberrant nuclear 

morphology of siLMNA cells (Fig. 2B). Because 1, the analog of Remodelin, is a KAT 

inhibitor, we assessed whether Remodelin affected NAT10 KAT activity. Aligning human 

NAT10 with the 3D structure of its bacterial homolog in complex with acetyl-CoA (15) led 

us to mutate conserved glycine-641 to glutamate (G641E), predicted to impair acetyl-CoA 

binding (Fig. 2C, D, S6A). Indeed, this mutation blocked NAT10 activity (Fig. 2E, S6B). 

Moreover, wild-type NAT10 activity was inhibited by Remodelin or clickable molecule 2, 

establishing Remodelin as a bona fide NAT10 inhibitor. Complementation assays with 

siRNA-resistant wild-type (NAT10 WT) or G641E mutant NAT10 (NAT10 MUT) (Fig. 

S6C, D) showed that rescue of nuclear circularity in siLMNA cells required NAT10 

catalytic function (Fig. 2F). Thus, inactivating NAT10 KAT activity by mutation or by 

Remodelin restores normal nuclear morphology in siLMNA cells.

We next investigated the effects of Remodelin on cells derived from LMNA-mutated HGPS 

patients (AG11498 and AG06297). HGPS cells accumulate Progerin, a permanently 

farnesylated, truncated form of Lamin A, leading to nuclear membrane folding and nuclear 

blebbing (Fig. 3A) that contribute to the premature-aging phenotypes of HGPS patients. 

Remodelin significantly reduced the prevalence of misshapen nuclei in HGPS cells (Fig. 3B) 

as well as in primary MRC5 fibroblasts aged in culture (Fig. S7A, B), which also 

accumulate Progerin upon extended passaging (16). By contrast, Remodelin had no effect on 

non-laminopathic Werner syndrome cells (Fig. S7C, D). Farnesyltransferase inhibitors 

(FTIs) prevent accumulation of farnesylated Progerin at the nuclear membrane, thus 

reducing HGPS nuclear blebbing (17). Unlike FTIs, however, Remodelin did not trigger pre-

Lamin A accumulation (Fig. S8A), indicating that Remodelin is not an FTI. Remodelin and 

FTI did not act synergistically on nuclear shape improvement, however, suggesting that they 

impact on a common pathway (Fig. S8B, C). Unlike Remodelin, FTI did not improve 

nuclear morphology in siLMNA cells. Furthermore, although FTI improves HGPS nuclear 

shape, it had the opposite effect on Progerin-negative cells, (Fig S8B, C) probably by 

causing accumulation of unprocessed Lamin A and B and centrosome separation defects 

(18-20). By contrast, Remodelin prevented FTI-induced nuclear shape defects in normal 

fibroblasts and U2OS cells (Fig. S8B-D). The proportion of misshapen nuclei in HGPS cells 

was similarly decreased by Remodelin treatment or NAT10 depletion (Fig. 3C and Fig. 

S9A), implying that NAT10 inhibition by Remodelin mediates nuclear shape normalization 

in HGPS cells.

While nuclear shape improvement is not always associated with overall amelioration of 

HGPS cell phenotypes (21), Remodelin improved global HGPS-cell fitness as observed by 

decreased steady-state levels of the DNA double-strand break markers γH2AX and 

autophosphorylated ATM, decreased DNA damage signaling (Fig. 3D, S9B-D), improved 

chromatin and nucleolar organization (assessed by histone H3K9me3 and NAT10 staining), 

and decreased SUN1 accumulation at the nuclear envelope (Fig. S9E-G). Blocking DNA 

damage signaling by inhibiting the apical DNA-damage response kinases ATM and ATR 

decreased γH2AX (Fig. 3E, F). However, unlike Remodelin - which improved DNA 

replication (Fig. S9H), enhanced cell proliferation capacity (Fig. 3G) and decreased 
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senescence (Fig. 3H; note other KAT inhibitors did not decrease senescence, Fig. S9I) - 

inhibiting ATM and ATR decreased proliferation and induced senescence (Fig. 3G, H). 

Similar effects were observed upon p53-pathway inhibition (Fig. S9I). Thus, Remodelin 

appears to reduce the amount of DNA damage in HGPS cells, while damage is still present 

but no longer signaled properly upon ATM/ATR inhibition, leading to cell growth arrest and 

senescence. Moreover, Remodelin conferred long-term benefits to HGPS cells, as seen by it 

decreasing senescence even after several weeks of treatment (Fig. 3I).

NAT10 localizes mainly in the nucleolus, which has a known role in maintaining nuclear 

shape (22, 23). For example, depleting the nucleolar protein NPM1 changes microtubule 

stability (24) and affects nuclear shape via connections between the cytoskeleton and 

nuclear envelope. Because tubulin is a known NAT10 substrate, we examined the 

microtubule network and observed network reorganization upon Remodelin treatment, 

NAT10 depletion, or mutational inactivation of NAT10 (Fig. 4A). In accord with there 

being a functional link between microtubule reorganization and nuclear shape rescue by 

NAT10 inhibition, the microtubule destabilizing drugs nocodazole and colchicine also 

rescued the nuclear shape defects of siLMNA cells (Fig. 4B) and HGPS cells (Fig. S10A), 

while latrunculin A, an actin polymerization inhibitor, increased nuclear distortion. 

Remodelin effects were not linked to Golgi apparatus fragmentation or tubulin 

depolymerization because, in contrast to nocodazole or colchicine, Remodelin did not affect 

Golgi apparatus integrity or tubulin polymer assembly (Fig. 4C and D), and did not cause 

cells to accumulate in mitosis.

To gain insight into how NAT10 modifies microtubule organization, we analysed 

microtubule regrowth dynamics. While initial microtubule regrowth (nucleation phase) 

appeared normal after NAT10 inhibition in siLMNA cells (Fig. 4E t=5 min) and HGPS cells 

(Fig. S10C), microtubule anchorage to centrosomes was affected by Remodelin in both 

siLMNA cells (Fig. 4E) and HGPS cells (Fig. S10B), or by the NAT10 G641E mutation 

(Fig. 4E t=15 min), indicating that NAT10 KAT activity promotes microtubule anchorage. 

These results suggest that inhibiting NAT10 KAT activity in laminopathic cells reduces 

microtubule anchorage, thereby releasing an external force on the nuclear envelope, thus 

contributing to nuclear shape rescue and global enhancement of cellular fitness (Fig. S11). 

This is in line with studies showing that releasing microtubule forces on the nucleus by 

growing them on a “soft” substrate normalizes the nuclear shape of laminopathic cells (25), 

and helps explain why Remodelin, like other microtubule reorganizing agents (26), corrects 

FTI-induced nuclear shape defects in non-progeric cells (Fig. S8).

Here, we have shown that the small molecule Remodelin improves nuclear shape and fitness 

of both progeric and Lamin A/C depleted cells via inhibiting NAT10. While these effects 

appear to be connected to NAT10 organizing the microtubule network, we cannot rule out 

that inhibiting additional nuclear functions of NAT10, related to chromatin, might also 

contribute to global improvement of cellular fitness. Small molecule inhibitors of NAT10 

may thus provide additional ways to study laminopathy-associated processes with spatial 

and temporal resolution, as well as opportunities for alleviating dystrophic and premature-

ageing diseases.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A small molecule restores nuclear shape in Lamin A/C depleted cells and targets the 
acetyltransferase NAT10
A) Lamin A/C depletion (siLMNA) in U2OS cells compared to negative control (siCT). B) 
Nuclear shape observed by DAPI staining. C) Molecular structure of 4-(4-chlorophenyl)-2-

(2-cyclopentylidenehydrazinyl)thiazole (1). D) Nuclear shape rescue observed by DAPI 

staining after treatment with 1. E) Quantification of nuclear circularity in non-treated (NT) 

cells or cells treated with the indicated compounds (means of three independent experiments 

with n>212 ± s.d.). F) Live imaging pictures of nuclear shape rescue in GFP-H2B 
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expressing U2OS cells transfected with siLMNA and treated with 1. G) Molecular structure 

of clickable analogue 2 and clickable inactive control molecule 3. H) Quantification of 

U2OS nuclear circularity (means of three independent experiments with n>224 ± s.d.) I) 
Principle of click-chemistry strategy for small molecule tagging. J) Pull-down of clickable 

molecules 2 and 3 pre-incubated in U2OS cells and analysis of bound proteins. K) 
Representative high-resolution microscopy pictures of NAT10 (red) and fluorescently 

labeled 2 (green) in control or NAT10 depleted cells (siNAT10). Scale bars: 10 μm. L) 
Molecular structure of Remodelin (4), a stable and more potent analog of 1.
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Figure 2. Inhibiting NAT10 activity by Remodelin mediates nuclear shape rescue of LMNA 
depleted cells
A) NAT10 and Lamin A/C depletion in U2OS cells. B) Nuclear shape visualized by DAPI 

staining (left) and quantification of nuclear circularity (right; means of three independent 

experiments with n>267 ± s.d.). Scale bar: 20 μm. C) Representation of NAT10 with its 

known domains. The G641E mutation identified in D) is indicated in dark blue and 

asterisked. D) Modelled 3D structure of human NAT10 residues 10-917 showing the acetyl-

CoA binding site (left) and disruption of Ac-CoA binding by NAT10 G641E mutation 

(right) visualized with Swiss-Prot PDB Viewer. E) In vitro acetylation assay showing the 

activity of NAT10 towards tubulin. F) Quantification of nuclear circularity (left) in cells 

stably expressing siRNA-resistant FLAG-NAT10 WT or FLAG-NAT10 G641E (NAT10 

MUT; means of three independent experiments with n>198 ± s.d.) and nuclear shape 

visualized by DAPI staining (right). Scale bar: 20 μm.
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Figure 3. Remodelin targets NAT10 to improve nuclear shape and fitness of HGPS cells
A) Representative immunofluorescence (IF) pictures of Lamin A/C in HGPS cell lines 

compared to matched normal fibroblasts at the same population doubling. Scale bar: 10 μm. 

B) Quantification of misshapen nuclei upon Remodelin treatment (means of three 

independent experiments with n>213 ± s.e.m.). C) Lamin A/C staining in HGPS AG11498 

cells (left) and quantification of misshapen nuclei (right; means of three independent 

experiments with n>176 ± s.e.m.). Scale bar: 50 μm. D) Western blotting analysis of γH2AX 

after Remodelin or FTI treatment. E) Immunofluorescence analysis of γH2AX staining upon 

Remodelin or ATM/ATR inhibition (ATM/ATRi). F) Quantification of γH2AX positive 
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cells observed by IF (means of three independent experiments with n>127 ± s.e.m.). G) 
HGPS proliferation upon Remodelin or ATM/ATR-inhibitor treatment (means of nine 

replicates ± s.e.m). H) Quantification of senescence-associated β-galactosidase positive cells 

(means of three independent experiments with n>257 ± s.e.m.). I) Quantification of 

senescence-associated β-galactosidase positive cells in HGPS AG11498 after 8 days of 

Remodelin treatment at population doubling 12 (PDL 12) and after several weeks of 

Remodelin treatment and 12 cell divisions (PDL 24) (means of two independent 

experiments with n>298 ± s.d.).
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Figure 4. Inhibiting NAT10 acetyltransferase activity modifies microtubule organisation to 
rescue nuclear shape defects
A) Microtubule network visualisation by inverted IF pictures of α-tubulin. B) Nuclear shape 

visualisation after treating cells with microtubule or actin cytoskeleton disrupting agents. C) 
Visualisation of nuclear shape (DAPI, blue) and Golgi (anti-Giantin, green) integrity in 

siLMNA cells. D) Fractionation of polymerized (P) and soluble (S) tubulin upon Remodelin 

or nocodazole (Nocod.) treatment. E) Microtubule regrowth in cells transfected with 

siNAT10 and expressing the indicated siRNA-resistant constructs. α-tubulin IF staining 

Larrieu et al. Page 12

Science. Author manuscript; available in PMC 2014 November 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(left) shows nucleation phase: t=5 min and microtubule anchorage (t=15 min). Right: 

quantification of cells with indicated patterns (means of three independent experiments with 

n>103 ± s.e.m.).
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