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Abstract

Chromosome-containing micronuclei are a hallmark of aggressive cancers. Micronuclei frequently 

undergo irreversible collapse, exposing their enclosed chromatin to the cytosol. Micronuclear 

rupture catalyzes chromosomal rearrangements, epigenetic abnormalities, and inflammation, yet 

mechanisms safeguarding micronuclear integrity are poorly understood. In this study, we found 

that mitochondria-derived reactive oxygen species (ROS) disrupt micronuclei by promoting a 

noncanonical function of charged multivesicular body protein 7 (CHMP7), a scaffolding protein 

for the membrane repair complex known as endosomal sorting complex required for transport III 

(ESCRT-III). ROS retained CHMP7 in micronuclei while disrupting its interaction with other 

ESCRT-III components. ROS-induced cysteine oxidation stimulated CHMP7 oligomerization 

and binding to the nuclear membrane protein LEMD2, disrupting micronuclear envelopes. 

Furthermore, this ROS-CHMP7 pathological axis engendered chromosome shattering known 

to result from micronuclear rupture. It also mediated micronuclear disintegrity under hypoxic 

conditions, linking tumor hypoxia with downstream processes driving cancer progression.

INTRODUCTION: Chromosomal instability, a hallmark of aggressive cancers, is characterized 

by the presence of micronuclei, which are cytosolic rupture-prone structures that contain entire 

chromosomes or chromosome arms. The irreversible collapse of micronuclear envelopes is a 

central event in tumor progression. Micronuclear collapse exposes the encapsulated DNA to 

the cytosol, catalyzing chromosomal rearrangements and epigenetic alterations that drive tumor 

heterogeneity as well as therapy resistance. Micronuclear rupture also activates inflammatory 

signaling pathways that reshape the tumor immune microenvironment, promoting metastasis. 

Despite its importance, the underlying mechanisms of micronuclear collapse are unclear.

RATIONALE: Maintaining the integrity of the nuclear membrane is essential for cellular 

functions and organismal viability. It is unclear what cellular safeguards are compromised in 

micronuclei that lead to the breakdown of nuclear membrane integrity. We posited that inherent 

dissimilarities between micronuclei and primary nuclei might explain their respective differences 

in membrane stability. For instance, micronuclei are 5- to 20-fold smaller than the primary 

nucleus. Secondly, they possess abnormal nuclear envelopes, as evidenced by aberrant nuclear 

pore function and reduced lamin B1 levels. In addition, once ruptured, micronuclear envelopes are 

seldom repaired.

RESULTS: In this study, we integrated prior observations with our findings that micronuclear 

envelope rupture occurs because of the aberrant interaction between micronuclei and 

mitochondria, a process that is mediated by reactive oxygen species (ROS). Indeed, ruptured 
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micronuclei were more likely to be intermixed with the mitochondrial network compared with 

intact ones, and manipulation of ROS levels correspondingly altered the rates of micronuclear 

rupture. Subsequent proteomic analysis and genetic manipulations led us to the observation 

that ROS interfere with micronuclear integrity by disrupting the normal activity of the nuclear 

membrane repair complex known as the endosomal sorting complex required for transport III 

(ESCRT-III). Increases in ROS levels led to the micronuclear accumulation of the ESCRT-III 

scaffolding protein, charged multi-vesicular body protein 7 (CHMP7), promoting a noncanonical 

function. ROS inhibited the export of CHMP7, leading to its persistence in the micronucleus 

and aberrant binding to its inner nuclear membrane partner LEM domain nuclear envelope 

protein 2 (LEMD2). ROS-induced cysteine oxidation catalyzed CHMP7 aggregation and reduced 

its interaction with its canonical binding partners in the ESCRT-III complex. The binding of 

CHMP7 aggregates to LEMD2 promoted micronuclear membrane deformation and collapse. This 

effect was further exacerbated by ROS-dependent recruitment of the autophagy-related protein 

p62, which mediated the degradation of canonical ESCRT-III members, limiting any chances 

of subsequent membrane repair. Lastly, we found that this mechanism is relevant to human 

tumors. Elevated levels of ROS and aberrant CHMP7 function led to complex chromosomal 

rearrangements, or chromothripsis, known to arise from micronuclear rupture. Furthermore, ROS 

generated under hypoxia induced micronuclear rupture in a CHMP7-dependent manner. In line 

with these findings, we observed a significant increase in micronuclear rupture along with CHMP7 

accumulation in hypoxic regions of human head and neck cancer as well as in ovarian tumors.

CONCLUSION: Our results have uncovered a pathological interaction between micronuclei 

and mitochondria that underlies micronuclear rupture. By implicating ROS as regulators of 

micronuclear integrity, this work provides a mechanistic link between ROS-inducing conditions 

(such as free-radical generation and hypoxia) and downstream processes known to arise from the 

presence of micronuclei, including chromosomal rearrangements, epigenetic dysregulation, and 

tumor-promoting inflammation. ■

Mechanisms of micronuclear rupture.
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The proximity of mitochondria to micronuclei drives micronuclear membrane rupture through 

mitochondria-derived reactive oxygen species (ROS). ROS inhibit micronuclear export, leading 

to the excessive accumulation of CHMP7, a scaffolding protein associated with the nuclear 

membrane repair complex ESCRT-III. ROS-dependent cysteine oxidation promotes CHMP7 self-

aggregation and its aberrant binding to the membrane protein LEMD2, causing micronuclear 

collapse. [Figure created with BioRender.com]

Mammalian cells have evolved robust mechanisms to safeguard the integrity of the nuclear 

envelope (1–4). Yet multiple physiological and pathological processes lead to nuclear 

envelope rupture, necessitating rapid repair. The endosomal sorting complex required for 

transport III (ESCRT-III) complex is a key player in mediating nuclear envelope repair, and 

it assembles through binding to LEM domain nuclear envelope protein 2 (LEMD2) and 

charged multivesicular body protein 7 (CHMP7) scaffolds at the nuclear membrane rupture 

sites (5, 6). Although membrane repair of the primary nucleus has been studied extensively, 

less is known about the mechanisms that regulate the integrity of chromosome-containing 

micronuclei. Micronuclei are a hallmark of cancer cells with chromosomal instability (CIN) 

(7), a feature that is associated with poor prognosis, therapeutic resistance, and distant 

metastasis (8–12).

Micronuclei result from mitotic errors during chromosome segregation (13, 14), and 

they are characterized by an aberrant nuclear envelope with reduced lamin B content 

(15). Unlike the primary nucleus, micronuclear envelope rupture is typically irreversible, 

thus exposing the enclosed chromatin to the cytoplasm (16). Micronuclear rupture has 

been shown to catalyze complex genomic rearrangements such as chromothripsis (17) 

and long-lasting epigenetic abnormalities (18, 19) that facilitate tumor evolution. In 

addition, ruptured micronuclei are a major source of cytosolic double-stranded DNA, 

which activates the cyclic GMP-AMP synthase and stimulator of interferon genes (cGAS-

STING) innate immune pathway. Under normal circumstances, cGAS-STING activation 

mediates proinflammatory signaling that can exert antitumor activity; however, chronic 

activation of this pathway in chromosomally unstable tumor cells has also been shown to 

engender tumor-promoting inflammation, leading to metastatic progression. The irreversible 

nature of micronuclear collapse invokes inherent defects in membrane integrity and repair 

mechanisms in micronuclei that are distinct from primary nuclei (16). Recent studies have 

identified invasion of the endoplasmic reticulum membrane into micronuclear membranes, 

defective nuclear pore complex formation, and weakened micronuclear lamina as features 

that distinguish micronuclei from primary nuclei (15, 16, 20). Yet, the precise mechanisms 

underlying micronuclear rupture and deficiency at repair remain poorly understood (12, 15, 

16, 21–23).

Mitochondria-derived ROS promoted micronuclear collapse

Working in HeLa cells, we observed a significant spatial overlap between micronuclei and 

the mitochondria (Fig. 1, A and B, and fig. S1). In addition, micronuclei that made extensive 

and prolonged contact with the mitochondrial network were more likely to rupture compared 

with those further away (Fig. 1, A to E, and fig. S1). An unbiased proteomic analysis 
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of primary nuclei and micronuclei revealed enrichment of mitochondria-related proteins in 

micronuclei (Fig. 1F and table S1). We hypothesized that proximity to mitochondria exposes 

micronuclei to reactive oxygen species (ROS), impacting micronuclear envelope integrity. 

Electron leakage from complexes I and III of the electron transport chain (ETC) constitutes 

the major source of mitochondria-derived ROS (24, 25). To test the involvement of ROS in 

rupture, we assessed the integrity of micronuclei in a panel of seven cell lines (table S2) after 

the addition of hydrogen peroxide (H2O2) or treatment with oligomycin or VLX600, known 

disruptors of the mitochondrial ETC (26, 27). Micronuclear integrity was assessed using 

multiple orthogonal approaches. The presence of lamin B1, lamin A (20), acetylated histone 

H3 at lysine 9 (H3K9Ac), or red fluorescent protein (RFP) fused to a nuclear localization 

sequence (NLS) denoted intact micronuclei. Conversely, their absence, or the presence 

of cGAS (28), which is rapidly recruited after loss of micronuclear membrane integrity, 

indicated ruptured micronuclei (Fig. 1G; fig. S2, A to S; and fig. S3, A and B). ROS levels 

for each of the treatment conditions were measured in cell lysates with a luminescence-

based assay (fig. S3C). Induction of ROS by direct addition of H2O2 or disruption of the 

mitochondrial ETC led to a significant increase in the proportion of ruptured micronuclei 

with limited or no effect on the total number of micronuclei (Fig. 1, H to K, and fig. S3, D to 

G). Conversely, treatment of thyroid-immortalized NTHY Ori 3.1 (NTHY), osteosarcoma 

(U2OS), or cervical carcinoma (HeLa) cells with the cellular ROS-scavenger N-acetyl 

cysteine (NAC) (29, 30), the mitochondrial ROS-scavenger MitoQuinone (MitoQ) (31), 

or catalase (32) uniformly reduced the incidence of micronuclear rupture (Fig. 1, L to N, 

and fig. S3H). Whereas ruptured micronuclei were more likely to be near mitochondria, 

the same was not true for peroxisomes (fig. S4, A and B), another source of cellular ROS 

(25). Catalase limits ROS leakage outside of peroxisomes (33, 34). Accordingly, inducing 

peroxisomal ROS through fatty acid addition did not enhance micronuclear rupture in the 

presence of catalase (35, 36), whereas suppression of peroxisomal ROS production through 

inhibition of acylCoA oxidase 1 (ACOX1) did not reduce rupture (fig. S4, C to I). Thus, 

mitochondria-derived ROS were shown to be an important contributor to micronuclear 

rupture.

Micronuclear rupture through an ESCRT-III-independent function of CHMP7

We then asked if ROS disrupt the function of the ESCRT-III nuclear membrane repair 

complex, which is known to localize to micronuclei (22) (Fig. 2A). Prior reports have 

suggested that overzealous function of the ESCRT-III is a potential mechanism for inducing 

micronuclear rupture (21). We generated HeLa cells stably expressing a doxycycline-

inducible Cas9 and single-guide RNA against CHMP7, the scaffolding protein of the 

complex, as well as charged multivesicular protein 2a (CHMP2A) and 4b (CHMP4B), 

two essential ESCRT-III subunits (Fig. S5A) (37). Inducible knockout (KO) of CHMP7 
completely abolished ROS-induced micronuclear rupture (Fig. 2B). However, KO of either 

CHMP2A or CHMP4B had no impact on this process (Fig. 2B and fig. S5, B to M). 

Furthermore, in untreated or vehicle-treated conditions, depletion of CHMP7 alone reduced 

the basal incidence of ruptured micronuclei (fig. S6, A to D). Moreover, treatment of 

CHMP7-KO cells with NAC did not reduce micronuclear rupture further (Fig. 2C and fig. 

S6, E and F). Constitutive expression of CRISPR-resistant [bearing a nonsense mutation in 
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the protospacer adjacent motif (PAM) sequence, hereafter PAM*], CHMP7 fully restored 

ROS-induced micronuclear rupture in CHMP7-KO cells, along with the protective effect 

of NAC treatment on micronuclei (Fig. 2, D and E). Thus, we found that CHMP7 protein 

mediates ROS-induced micronuclear rupture independently from its canonical ESCRT-III 

function.

ROS promoted micronuclear CHMP7 accumulation

Using high-resolution imaging of CHMP7-green fluorescent protein (GFP)–expressing 

HeLa cells, we observed that ROS promote CHMP7 accumulation mostly in lamin B–

positive (lamin B+) (i.e., intact) micronuclei (Fig. 2, F and G). Similar results were 

obtained by staining for endogenous CHMP7 in thyroid cancer cells (fig. S6, G to J). 

This observation was corroborated by live-cell imaging, whereby CHMP7 localization to 

micronuclei preceded the loss of micronuclear compartmentalization (fig. S7). Conversely, 

treatment with NAC reduced micronuclear CHMP7 accumulation (Fig. 2H). The export of 

CHMP7 from the nucleus depends on the nuclear export receptor, the exportin XPO1, and 

the latter’s recognition of the nuclear export sequence (NES) on CHMP7 (5). ROS can 

inhibit nuclear export through O-linked N-acetylglucosamine ligation (O-Glc-NACylation) 

of nucleoporins (Nup), thus increasing their binding to XPO1 and limiting its mobility, 

which is critical to its export function (38). This led us to ask whether ROS disrupt 

CHMP7 export from the micronucleus through inhibition of XPO1-dependent export. 

Indeed, inducing ROS increased O-Glc-NAC signal at the nuclear membranes (fig S8, A to 

C). We then performed liquid chromatography–mass spectrometry (LC-MS) on micronuclei 

purified (39, 40) from cells that had been treated with H2O or H2O2 and found a relative 

enrichment of XPO1 in micronuclei under elevated ROS conditions (fig. S8, D and E, and 

table S3). Furthermore, in cells transiently expressing XPO1 fused to a yellow fluorescent 

protein (YFP) under oxidative conditions, we observed an accumulation of XPO1 at the 

micronuclear envelope before rupture, suggesting increased aberrant binding that interferes 

with its export function (fig. S8, F to J).

We next treated HeLa and U2OS cells with a pan-nuclear export inhibitor, leptomycin 

B (LMB), or the XPO1-specific inhibitor selinexor. Treatment with either drug led to 

a significant increase in micronuclear rupture, abolished the ability of ROS to further 

increase rupture frequency, and completely prevented NAC-induced stabilization of the 

micronuclear envelope (Fig. 2 I and fig. S8, K to L). Conditional KO of CHMP7—but 

not CHMP4B—abolished the effect of selinexor on micronuclear rupture (Fig. 2J). Next, 

we expressed PAM* CHMP7 with either a mutated or truncated nuclear export sequence 

(NES* and ΔNES, respectively) (21) in cells bearing a conditional CHMP7 KO (Fig. 2K). 

Expression of either mutant led to constitutive accumulation of CHMP7 in micronuclei and 

induced a ROS- and ESCRT-III–independent increase in micronuclear rupture, abolishing 

the membrane stabilizing effect of NAC (Fig. 2, L and M, and fig. S9, A to F). We thus 

showed that failing to export CHMP7 mediates ROS-dependent increase in micronuclear 

rupture.
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CHMP7 induced rupture through aggregation and binding with LEMD2

Given the dispensability of ESCRT-III function for ROS-induced micronuclear rupture, we 

sought to understand how CHMP7, a protein without any known membrane remodeling 

function on its own, collapses micronuclei. Using high-resolution microscopy and three-

dimensional (3D) reconstruction, we found that CHMP7+ micronuclei are characterized by 

an increased nuclear lamina deformation, suggesting binding to lamina components (Fig. 

3, A and B). To identify putative ROS-dependent CHMP7 binding partners in micronuclei, 

we immunoprecipitated CHMP7 from micronuclei purified from cells treated with H2O2 or 

NAC and performed LC-MS on the pulldown (Fig. 3, C and D, and table S4). ROS led to 

a shift in CHMP7 binding: Under NAC conditions, CHMP7 bound the ESCRT-III repair 

complex subunits, CHMP2A and CHMP4B, a finding we confirmed by immunoblot on 

CHMP7 pulled down from whole-cell lysates (Fig. 3D and fig. S10, A and B). Conversely, 

under elevated ROS conditions, CHMP7 was more likely to bind LEMD2, an inner nuclear 

membrane structural protein, as confirmed by LEMD2 reciprocal pull down (Fig. 3D and 

fig. S10, B and C).

We thus hypothesized that ROS-dependent CHMP7-LEMD2 interaction induced 

micronuclear envelope deformation and collapse (Fig. 3E and fig. S10D). To test this, we 

generated inducible LEMD2 KO in HeLa iCas9 cells. LEMD2 depletion led to protection 

from ROS-induced micronuclear rupture and fully rescued micronuclear integrity to levels 

seen with NAC treatment (Fig. 3, F to H, and fig. S10, E to G). Moreover, micronuclear 

deformation was reduced under both CHMP7 KO and LEMD2 KO conditions, and we 

confirmed these findings with atomic force microscopy images of purified micronuclei 

(fig. S10, H to J). We then rescued inducible LEMD2 KO with PAM* LEMD2 or with a 

truncated version of LEMD2 that lacks the CHMP7 binding domain (CBD, referred to as 

ΔCter LEMD2) (Fig. 3I) (41, 42). Complementation of LEMD2 KO with ΔCter LEMD2 

led to restoration in micronuclear envelope integrity, ROS-insensitivity, and overall reduced 

CHMP7 retention in micronuclei (Fig. 3, J and K, and fig. S11A). This result suggests that 

micronuclear retention of CHMP7 is partially dependent on export inhibition as well as on 

its concentration through binding to LEMD2. Furthermore, micronuclei in ΔCter LEMD2–

expressing cells were also resistant to nuclear export inhibition or overexpression of 

CHMP7 NES*, which accumulated in micronuclei and would normally promote significant 

micronuclear envelope collapse (Fig. 3, J and K, compared with Fig. 2, K to M, and fig. 

S11B). Thus, we found that the accumulation of CHMP7 in micronuclei is necessary but 

not sufficient to induce rupture and that CHMP7-LEMD2 binding is required. Accordingly, 

complementation of CHMP7 KOs with LEMD2-binding domain (LBD)–deficient mutants 

[referred to as ΔCter and ΔNter CHMP7 (41)] abolished ROS-dependent micronuclear 

rupture and membrane deformation (Fig. 3, L and M, and fig. S11, C and D).

CHMP7-dependent micronuclear rupture was inhibited by cyclin-dependent 

kinase 1

Our CHMP7-IP analysis revealed that in addition to ESCRT-III components, NAC treatment 

promotes CHMP7–cyclin dependent kinase 1 (CDK1) interaction (Fig. 3D and table 
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S4). CDK1-mediated phosphorylation of CHMP7 is known to impact its interaction with 

LEMD2 (42). Phosphorylation of serine 3 (S3) and serine 441 (S441) on CHMP7 impedes 

its binding to LEMD2 in the context of its canonical ESCRT-III function (42) (fig. S12A). 

To test whether ROS affect CHMP7 phosphorylation, we conducted a phosphoproteomic 

analysis of CHMP7 after immunoprecipitating the protein from cells treated with either 

H2O2 or NAC. Increased ROS levels led to a significant reduction in CHMP7-S3 

phosphorylation (fig. S12, B to E). We noted a significantly reduced CDK1 activity in 

micronuclei compared with primary nuclei as evidenced by reduced phosphorylation of 

retinoblastoma protein (pRb) staining in the former (fig. S12, F to I). We then used a 

CDK1-specific inhibitor, Ro3306, at two different concentrations (1 μM and 10 μM) to 

evaluate the impact of CDK1 activity on micronuclear rupture. Only the high-dose inhibition 

led to a cell-cycle arrest; however, at 1-μM doses, Ro3306 still led to a significant reduction 

of pRb in micronuclei (fig. S12, L to O). In line with this finding, pharmacologic inhibition 

of CDK1 at either concentration led to a significant increase in micronuclear rupture (fig. 

S13 A and B). The effect of the CDK1 inhibitor was fully rescued upon treatment with NAC 

and further exacerbated upon nuclear export inhibition with selinexor (fig. S13, C and D), 

suggesting that preventing CHMP7-S3 and -S441 phosphorylation enhances its binding to 

LEMD2 rather than its accumulation in micronuclei. As such, treatment with Ro3306 did 

not promote CHMP7 accumulation in micronuclei (fig. S13, E and F).

To complement our pharmacological findings, we expressed CHMP7 protein containing 

phosphorylation-resistant mutants in either serine residues (e.g., S3A CHMP7 and S441A 

CHMP7) or in both residues (P*CHMP7) in otherwise CHMP7 KO cells (fig. S13G) (in the 

mutants, we indicated the location of the original amino acid residue and the residue with 

which we substituted it; for example, S3A indicates that serine at position 3 was replaced 

with alanine). Expression of any of these mutants led to an increase in micronuclear rupture, 

which was rescued upon NAC treatment (fig. S13, H and I), mirroring our pharmacological 

findings. Collectively, these results supported the notion that phosphorylation-mediated 

disruption of CHMP7-LEMD2 binding is a secondary mechanism through which ROS 

exacerbate micronuclear rupture and that this mechanism is dependent on the accumulation 

of CHMP7 in micronuclei. CHMP7 phosphoproteomic analysis revealed additional and 

reciprocal ROS-dependent phosphorylation sites in CHMP7 (e.g., S410, S417, and S429), 

some of which were putative targets of kinases in the nuclear factor κB (NF-κB) pathway, 

invoking a potential regulatory role (fig. S12, C and D) (43).

ROS promoted CHMP7 oligomerization and cysteine oxidation

The physical deformation of CHMP7+ micronuclei was reminiscent of a potential 

underlying mechanism that involved CHMP7 aggregation (Fig. 3, A and E). H2O2 reacts 

with thiols (−SH) to form disulfides (−S–S) (fig. S14) (30, 44). We hypothesized that 

mitochondria-derived H2O2 reacts with the thiol moieties of one or more of the five 

cysteinyl residues of CHMP7 to form oligomers that interact with LEMD2, thus deforming 

micronuclei. To test this, we first asked whether the presence of H2O2 could perturb CHMP7 

dynamics in micronuclei-localized aggregates. Our analysis of fluorescence recovery after 

photobleaching in live cells expressing CHMP7-GFP showed that when cells were exposed 

to H2O2, micronuclear CHMP7 aggregates experienced less protein exchange between 
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diffusible and bound CHMP7, indicating an enhanced binding strength and longevity (fig. 

S14, A to C).

Next, we analyzed the impact of H2O2 treatment on the higher-order structure of purified 

recombinant CHMP7 by using nonreducing gel electrophoresis. The addition of H2O2 

to monomeric CHMP7 resulted in two major modifications within 30 s of the reaction: 

the formation of a slower-migrating form of CHMP7 (CHMP7′) and the formation of 

CHMP7 tetramers. As the reaction proceeded, CHMP7’ and the CHMP7 tetramers were 

consumed to form higher oligomers that dominated the reaction by 8 min (Fig. 3, N and 

O, and fig. S14D). These high–molecular weight isoforms were abolished upon treatment 

with the reducing agent dithiothreitol (DTT), indicating that the oligomers were stabilized 

by intermolecular disulfide bonds (Fig. 3N). It is also likely that CHMP7’ contained an 

intramolecular disulfide bond that facilitated intermolecular thiol-disulfide exchange to form 

the various oligomers (fig. S14E). These reactions are nonspecific and sequence-independent 

and can thus happen between CHMP7 and other proteins with cysteinyl residues. Thus, the 

presence of several cysteinyl residues in LEMD2, together with the absence of such residues 

in both CHMP2A and CHMP4B, might provide an explanation for the shift in CHMP7 

binding partners observed upon ROS increase (Fig. 3D). Our findings do not preclude 

the possibility of additional ROS-mediated aggregation mechanisms, such as the activation 

of transglutaminase 3 (TGM3) (45–47); our proteomic analysis of micronuclei identified 

TGM3 among the CHMP7-binding partners, yet its interaction remained unaltered by ROS.

To test whether CHMP7’s cysteinyl residues participate in ROS-induced micronuclear 

rupture, we generated a CHMP7 mutant in which all CHMP7 cysteines (C187, C191, 

C265, C273, and C355) were substituted with serine residues (CHMP7 Cys*) (Fig. 3P). 

Expression of this mutant in CHMP7-KO cells abolished the effect of ROS and NAC on 

micronuclear rupture (Fig. 3, Q and R). Taken together, these observations supported the 

hypothesis that cysteinyl residues belonging to CHMP7 react with mitochondrially derived 

H2O2 to form disulfide-bonded oligomers that associate with LEMD2 to further destabilize 

micronuclear membranes (fig. S14F). This interaction seemed to occur through a distinct 

mechanism separate from the physiological CHMP7-LEMD2 binding (48), hereafter termed 

“pathological interaction.”

Defective membrane repair in micronuclei

Another important distinction between micronuclei and primary nuclei is the efficiency by 

which membranes are repaired upon rupture. Live-cell imaging of micronuclei revealed 

only a single repair event out of 187 micronuclei that were tracked with five independent 

markers of micronuclear rupture (fig. S15A). Although ESCRT-III-mediated repair is more 

effective in primary nuclei (1, 49), recent evidence from Martin et al. (50) suggests 

that selective ROS-mediated recruitment of the autophagy factor and ubiquitin-binding 

protein p62 (encoded by SQSTM1) to micronuclei inhibits normal ESCRT-III function, 

hampering any chances of repair. In line with this evidence, H2O2 reduced the cellular 

levels of the ESCRT-III proteins, especially of CHMP2A, but this effect was rescued upon 

p62 depletion (fig. S15, B to D). Similarly, p62 loss increased CHMP7+ micronuclei. 

However, pathologic ROS-mediated CHMP7 accumulation in micronuclei was independent 
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of p62 (fig. S15, E to G), suggesting that the impact of p62 on CHMP7 levels is 

likely through its ESCRT-III–related functions. Thus, micronuclei in cancer cells may 

suffer from increased rupture through ROS-dependent CHMP7-LEMD2 binding coupled to 

reduced repair through p62-mediated inhibition of canonical ESCRT-III function, potentially 

explaining the irreversibility of micronuclear collapse (fig. S15H).

ROS promoted micronuclei-dependent chromosome shattering

A consequence of micronuclear rupture is extensive DNA damage that leads to the 

shattering of the enclosed chromosomes (14, 51, 52). These chromosomal fragments 

are subsequently repaired in an error-prone manner leading to complex chromosomal 

rearrangements, also known as chromothripsis (17, 52–54). To determine whether ROS 

promotes chromosome shattering as an intermediate step in chromothripsis, we used 

a doxycycline and auxin (DOX/IAA)–inducible Y chromosome mis-segregation system 

established in otherwise chromosomally stable DLD-1 colorectal cancer cells to generate 

chromosome-specific micronuclei (52, 53). As expected, treatment with ROS promoted 

the rupture of Y chromosome–containing micronuclei, whereas rupture was reduced by 

exposure to NAC (fig. S16, A and B). Upon DOX/IAA treatment, up to ~20% of mitotic 

spreads analyzed by DNA fluorescence in situ hybridization contained visibly shattered Y 

chromosomes (fig. S16, C and D). Chromosome shattering was significantly suppressed by 

treatment with NAC or small interfering RNA–mediated depletion of CHMP7 (fig. S16D). 

Thus, suppression of basal ROS or loss of CHMP7 prevented chromosome shattering due to 

micronuclear rupture.

Hypoxia-derived ROS promoted micronuclear collapse

Tumor hypoxia is a common cause of ROS in cancer. Hypoxia is typically associated with 

reduced availability of oxygen, which is substituted at its binding sites at the mitochondrial 

ETC complex IV by nitric oxide, blocking electron transport. The resulting increased 

leakage of electrons from complexes I and III is responsible for the production of ROS, 

as previously explained (55). We asked whether hypoxia regulates micronuclear integrity 

through ROS. Indeed, culture of U2OS and HeLa cells in 1% O2 led to a significant increase 

in micronuclear rupture compared with that occurring in cells grown under atmospheric 

conditions (Fig. 4A and fig. S17A). HeLa cells grown under hypoxic conditions exhibited 

increased localization of CHMP7-GFP in micronuclei (fig. S17B). Treatment of cells 

grown under hypoxic conditions in the presence of NAC led to a significant rescue of 

micronuclear rupture (fig. S17C), supporting the notion that increased micronuclear rupture 

in response to hypoxia is driven by ROS. To link hypoxia mechanistically to CHMP7-

mediated micronuclei disruption, we performed conditional KO of CHMP7 and LEMD2 
in cells grown in hypoxia and observed a complete restoration of micronuclear integrity 

under hypoxic conditions to levels that were even lower than those seen in cells grown 

under normoxic conditions (Fig. 4B). As expected, hypoxia-induced micronuclear rupture 

was restored upon addition of PAM* CHMP7 and PAM* LEMD2 in otherwise CHMP7 
KO and LEMD2 KO cells, respectively (Fig. 4B). Expression of CHMP7 NES* in CHMP7 
KO cells led to a significant increase in micronuclear rupture under normoxic conditions 
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and abolished any additional impact of hypoxia (Fig. 4B). Thus, we showed that hypoxia-

induced micronuclear rupture is mediated by CHMP7.

Hypoxia was associated with micronuclear rupture in human cancers

To examine the impact of hypoxia on micronuclear integrity in human tumors, we analyzed 

two independent cohorts of human high-grade serous ovarian cancer (HGSOC) and human 

papillomavirus-induced (HPV+) head and neck squamous cell carcinoma (HNSCC). In 

the HGSOC cohort (18), we investigated whether the propensity for micronuclear rupture 

correlated with proximity to the tumor core, given the established relationship between 

increased hypoxia and distance from the tumor edge (56). Indeed, we observed a distance-

dependent increase in micronuclear rupture away from the tumor edge as evidenced by 

increased cGAS staining in micronuclei (Fig. 4, C and D, and fig. S17, D and E). In the 

HNSCC tumor cohort, hypoxia was radiographically inferred from 18F-fluoromisonidazole 

positron emission tomography imaging, and the tumors were stratified as either normoxic 

or hypoxic (57). Not only did hypoxic tumors display more CHMP7+ micronuclei, but they 

also exhibited a three- to fourfold increase in micronuclear rupture when compared with 

their normoxic counterparts (Fig. 4, E and H, and fig. S17F) further supporting the notion 

that tumor hypoxia is associated with increased micronuclear rupture in human cancers.

Discussion

Our data suggest that the physical proximity of mitochondria to micronuclei exposes the 

micronuclei to elevated ROS levels. This prevents CHMP7 export from micronuclei while 

promoting the formation of higher-order CHMP7 structures that associate with LEMD2, 

disrupting micronuclear envelopes. These ROS-dependent defects in nuclear architecture 

are likely to be conserved across micronuclei and primary nuclei. Yet, the difference in 

size and curvature and reduced lamin protein levels (16, 20), as well as defective nuclear 

pore complexes in micronuclei (15), might predispose the latter to rupture at lower ROS 

thresholds compared with primary nuclei.

We thus show that mitochondrial ROS disrupt micronuclear integrity through multiple 

concerted means. These include (i) inducing aberrant CHMP7 localization in micronuclei; 

(ii) promoting the pathological interaction of CHMP7 and LEMD2; (iii) promoting 

physiological CHMP7-LEMD2 binding through reduction in CDK1-mediated CHMP7 

phosphorylation; (iv) inducing higher order structures of CHMP7 through, among other 

possible mechanisms, cysteine oxidation; and (v) reducing micronuclear membrane repair 

through recruitment of p62 and subsequent degradation of ESCRT-III. As shown by Martin 

et al. (50), ROS promote p62 activity through cysteine oxidation and polymerization, a 

mechanism analogous to what we demonstrated for CHMP7.

Lastly, our data provide an important mechanistic link between tumor hypoxia and key 

processes that drive cancer progression, such as pro-tumor inflammation, chromosomal 

abnormalities, and epigenetic alterations (17, 18, 58, 59). How hypoxia leads to these 

abnormalities had been poorly understood. Given the well-established role of micronuclear 

rupture in all of these processes (14, 18, 19, 59), our work suggests that micronuclear 
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rupture induced by hypoxia might be a key mechanism by which hypoxia can drive tumor 

progression (25). Perhaps targeting pathologic processes spurred by ruptured micronuclei 

might represent a therapeutic goal in tumors characterized by extensive hypoxia.

Methods summary

The experiments were performed with publicly available cell lines. The inducible KOs 

were generated with CRISPR-Cas9 technology: HeLa cells expressing inducible Cas9, 

selected guide RNAs, and Cas9-resistant mutants were generated with lentiviral transduction 

and antibiotic selection. HeLa cells expressing NLS-RFP, CHMP7-GFP, cGAS-GFP, 

LEMD2-mCherry, and H2B-iRFP were generated with lentiviral transduction followed by 

antibiotic selection and fluorescence activated cell sorting. Micronuclei were purified from 

CHMP7-GFP–expressing HeLa cells as previously described (39) and further processed for 

CHMP7 immunoprecipitation by using anti-GFP antibody bound to magnetic G–protein 

coupled beads (for identification of CHMP7-binding partners through proteomics), or 

for total proteomics. Whole-cell lysates of HeLa cells expressing CHMP7-GFP were 

processed for CHMP7 immunoprecipitation by using GFP-trap agarose beads for CHMP7 

phosphoproteomics and for immunoblot analysis of CHMP7-binding partners. Cell-cycle 

analysis was performed through flow cytometry by using 4′,6-diamidino-2-phenylindole 

(DAPI) content to discriminate between the cell-cycle phases, and in vitro polymerization 

experiments were performed by using commercially available recombinant CHMP7. 

Imaging was performed with commercially available microscopes, antibodies, and dyes; all 

drugs and pharmacological treatments are also commercially available. Plasmids and DNA 

sequences, when not commercially available, are provided in the supplementary materials. 

Image analysis was performed on ImageJ or on Imaris, and statistical analysis was carried 

out in GraphPad Prism. Sketches were generated with Biorender. com. For more a detailed 

explanation of experimental procedures, analysis, and custom macros, see the supplementary 

materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Mitochondrial ROS are the cause of micronuclear rupture.
(A) Representative fluorescence (“fluo,” top) and reconstructed 3D (“rec,” bottom) 

images of HeLa cells; yellow indicates nuclear integrity marker (NLS-RFP), magenta 

indicates mitochondria, and blue indicates DNA (Hoechst 33342). Scale bars, 6 μm. MN, 

micronucleus. (B) Sixty images (A) from three biological replicates analyzed with Imaris. 

Mitochondria and intact (NLS-RFP+) and ruptured (NLS-RFP−) micronuclei (MNi) and 

primary nuclei (PN) relative volume overlap. Unpaired Student’s t test, Welch’s correction. 

(C) Representative images of HeLa cells; yellow indicates NLS-RFP, blue indicates H2B-
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iRFP, and green indicates mitochondria. Scale bar, 3 μm. (D) Thirty total time lapses 

(C) from three biological replicates analyzed as in (B). Intact (gray) and ruptured (red) 

MNi-mitochondria relative volume overlap over time (MVO%, percentage of maximum 

volume overlap). For intact MNi, time 0 indicates imaging end. Mean ± SEM. (E) MNi in 

(D) divided in two populations by the median of MVO%. Log-rank (Mantel-Cox) test (P = 

0.0093) and Gehan-Breslow-Wilcoxon test (P = 0.0095). (F) Proteins from MNi enriched 

for rupture (cGAS-GFP+) versus proteins from PN of MDA-MB-231 cells (see materials 

and methods and table S1). KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway 

analysis of MNi-enriched proteins (magenta indicates mitochondria-specific processes; 

green indicates nonexclusive mitochondria-involving processes). (G) Intact (top, lamin B+) 

and ruptured (bottom, lamin B−) MNi in NTHY cells. Scale bar, 3 μm; inset, 1 μm. (H) 

VLX600 and oligomycin targets. (I to N) Quantification of ruptured MNi (G) after ROS 

modulation. Minimum of three biological replicates, mean ± SD, unpaired Student’s t test. 

f.c. indicates averages of fold change. (I) Ruptured MNi after 24-hour VLX600 treatment; 

n = 300 MNi. (J) Ruptured MNi after 4-hour oligomycin treatment; n = 300 MNi. P 
values: NTHY, 0.0271; U2OS, 0.0388; HeLa, 0.0047. (K) Ruptured MNi after 4-hour H2O2 

treatment; n = 100 MNi. P values: NTHY, 0.0002; U2OS, 0.0229; HeLa, 0.0124. (L) 

Ruptured MNi after 24-hour NAC treatment; n = 100 MNi. P values: NTHY, 0.0490; U2OS, 

0.0029; HeLa, 0.0104. (M) Ruptured MNi after 24-hour MitoQ (mitoquinone mesylate) 

treatment; n = 100 MNi. P values: NTHY, 0.0002; U2OS, 0.0094; HeLa, 0.0152. (N) 

Ruptured MNi after 4-hour catalase treatment; n = 100 MNi. P values: NTHY, 0.0036; 

U2OS, 0.0006; HeLa, 0.0009.
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Fig. 2. ROS cause rupture through an ESCRT-III–independent CHMP7 role.
(A) CHMP7 moieties diffusing in the nucleus are exported by XPO1. Upon PN rupture 

(left), CHMP7 saturates XPO1 and binds its partner LEMD2. This nucleates the ESCRT-

III complex, which repairs the hole (right), then XPO1 exports all the moieties. (B to 

E) Ruptured MNi in HeLa expressing doxycycline (dox, 1 μg/ml, treated for 72 hours)–

inducible Cas9 (iCas9) and indicated guide RNAs (gRNAs) with or without PAM* 

CHMP7 wild type (WT), treated with H2O2 or NAC. (B) P values for H2O versus 

H2O2: WTdox−, 0.0024; WTdox, 0.005; gCHMP7dox−, 0.001; gCHMP2Adox, 0.0036; 
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gCHMP4Bdox−, 0.0122; gCHMP4Bdox, 0.0034. (C) P values for H2O versus NAC: 

WTdox−, 0.0006;WTdox, 0.0031; gCHMP7dox−, 0.0066; gCHMP7H2O dox− versus dox, 

0.0133. (D) P values for H2O versus H2O2: gCHMP7dox−, 0.0026; CHMP7 WTdox−, 

0.0109; CHMP7 WTdox, 0.0011. (E) P values for H2O versus NAC: gCHMP7dox−, 0.0188; 

CHMP7 WTdox−, 0.0086; CHMP7 WTdox, 0.0009. (F) CHMP7+ and CHMP7− intact 

and ruptured MNi in HeLa. Scale bar, 2 μm. (G and H) CHMP7+MNi in (F) treated with 

H2O2 or NAC. (G) P = 0.0053. (H) P values: lamin B+, 0.0463; lamin B−, 0.0442. (I) 

Ruptured MNi treated for 24 hours with selinexor, NAC, or both. P values for NTHY: 

control (CTR) versus NAC, 0.0232; NAC versus both, 0.0101. P values for U2OS: CTR 

versus NAC, 0.0359; NAC versus both, 0.0074. P values for HeLa: CTR versus NAC, 

0.0021; NAC versus both, 0.0002. (J) Ruptured MNi in HeLa as in (B) to (E) treated as 

in (I). P values: gCHMP7dox− CTR versus NAC, 0.0172; gCHMP7dox− NAC versus both, 

0.0014; CHMP7 WTdox− CTR versus NAC, 0.0008; CHMP7 WTdox− NAC versus both, 

0.0007; CHMP7 WTdox CTR versus NAC, 0.0006; CHMP7 WTdox NAC versus both, 

<0.0001; gCHMP4Bdox− CTR versus NAC, 0.0226; gCHMP4Bdox− NAC versus both, 

0.001; gCHMP4Bdox CTR versus NAC, 0.0279; gCHMP4Bdox NAC versus both, 0.0172. 

(K) Export-deficient CHMP7 mutants. (L and M) Ruptured MNi in HeLa CHMP7 KO 

with (K) treated with H2O2 or NAC. (L) P values for H2O versus H2O2: WTdox−, 0.0004; 

WTdox, 0.0013; ΔNESdox−, 0.0008; NES*dox−, 0.0193 (M) P values for H2O versus NAC: 

WTdox−, 0.0019; WTdox, 0.0005; ΔNESdox−, 0.0039; NES*dox−, 0.0049. For (B) to (M), 

n = 100 MNi, three biological replicates, mean ± SD, unpaired Student’s t test.
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Fig. 3. CHMP7 induces rupture through its binding with LEMD2 and aggregation.
(A) Representative CHMP7 (red) + and − MNi. Blue, DAPI; green, lamin B1. Scale bar, 0.5 

μm. (B) Analysis of (A) with Imaris (see materials and methods) for the average of vertexes 

mean curvature distribution. n = 15 MNi, three biological replicates, Mann-Whitney test. 

(C) Experimental flow of CHMP7 binding partners detection through LC-MS on CHMP7 

immunoprecipitated from extracted MNi (39). (D) Results of (C), three biological replicates. 

(E) Mitochondrial ROS inhibit XPO1-mediated export of CHMP7, which accumulates in 

the MNi, oligomerizes and binds LEMD2, pulling it and the lamina until rupture. (F and 
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G) Ruptured MNi in HeLa expressing iCas9 and a guide for LEMD2 treated with H2O2 or 

NAC. (H) Ruptured MNi in HeLa LEMD2 KO with or without PAM* LEMD2 WT treated 

with selinexor, NAC, or both. (I) CHMP7- and LEMD2-binding–deficient mutants. (J and 

K) Ruptured MNi in HeLa as shown in (F) and (G) expressing the mutants shown in (I) 

or with ΔCter LEMD2 together with over-expression of CHMP7 NES*, treated with H2O2 

or NAC. (L and M) Ruptured MNi in HeLa iCas9 gCHMP7 expressing the mutants shown 

in (I) treated with H2O2 or NAC. (N) (Top) Gel electrophoresis of recombinant CHMP7 

reacting with 10 μM H2O2 for the indicated times. (Bottom) Image shows 32-min reactions 

as in (top) mixed with 0.13 M DTT to reduce disulfide bonds, showing monomeric CHMP7. 

(O) Quantification of CHMP7 monomers, tetramers, and high–molecular weight oligomers 

from three biological replicates of experiments conducted as in (N). (P) Cysteine-deficient 

CHMP7 mutant. (Q and R) Ruptured MNi in HeLa iCas9 gCHMP7 expressing the mutant 

shown in (P) and treated with H2O2 or NAC. For (F) to (R), n = 100 MNi, three biological 

replicates. Mean ± SD, unpaired Student’s t test.
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Fig. 4. Hypoxia-derived ROS induce micronuclear collapse.
(A) Ruptured MNi in HeLa under hypoxia for the designated times. (B) Ruptured MNi in 

HeLa iCas9 and depleted and/or complemented with the indicated proteins while cultured 

in atmospheric or 1% O2 for 24 hours. For (A) and (B), n = 100 MNi, three biological 

replicates, mean ±SD, unpaired Student’s t test. (C) Representative images of a high-grade 

serous ovarian cancer (HGSOC) stained for DAPI (blue) and cGAS (red). Scale bar, 5 mm. 

(Left) Zoomed sections of the tumor edge and of the tumor core, presumably more hypoxic. 

Scale bar, 20 μm. (Right) Zoomed images of single micronucleated cells from the tumor 
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core. Scale bar, 5 μm. (D) cGAS+ MNi in six regions of interest (ROI) from 16 different 

tumors as shown in (E), divided in function of the average ROI distance from the tumor 

edge. ROI >0.6 mm from the tumor edge are labeled as “tumor core,” and ROI <0.6 mm are 

labeled “tumor edge.” Unpaired Student’s t test, mean ± SD. (E) Images of HPV+ head and 

neck normoxic or hypoxic cancers stained for CHMP7 (red). Scale bar, 20 μm. (Inset) Single 

micronucleated cell from a hypoxic tumor. Scale bar, 7 μm. (F) CHMP7+ MNi in five ROI 

from each tumor as shown in (E). Significance was calculated by pulling the data together 

and comparing normoxic versus hypoxic tumors with unpaired Student’s t test. The same 

result is confirmed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparisons test. Mean ± SD. (G) Images of HPV+ head and neck cancers stained for cGAS 

(red). Scale bar, 20 μm. (Inset) Single micronucleated cell from a hypoxic tumor. Scale 

bar, 7 μm. (H) cGAS+ MNi in five ROI from each tumor as shown in (G). Significance 

was calculated by pulling the data together and comparing normoxic versus hypoxic tumors 

with unpaired Student’s t test. The same statistical result is obtained by one-way ANOVA 

followed by Tukey’s multiple comparisons test. Mean ± SD.
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