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21 One sentence summary: Intercellular DNA transfer via migrasome-mediated chromocytosis
22 propagates genome instability and drives cancer genome evolution.

23
24  Abstract

25  Genome instability drives tumor evolution through incremental mutations and catastrophic events
26  such as chromothripsis. Despite significant advances, the diversity and underlying mechanisms of
27  genome instability remain insufficiently understood. Here, we identify a previously unrecognized
28  form of genome instability termed "chromocytosis", in which chromosome bridge breakage during
29  mitosis causes permanent loss of chromatin fragments from daughter cells. These extracellular
30  fragments could be transferred into neighboring cells via migrasomes and compromise the genome
31  integrity of the recipient cells. This intercellular chromatin transfer is conserved across cell types
32 and observed in vivo in mouse tumor models and multiple human cancers. Disruption of
33 migrasome formation attenuates chromocytosis and its genomic consequences. Our work
34  establishes chromocytosis, the migrasome-mediated intercellular transfer of chromatin fragments,
35  as apotent mechanism for propagating genomic instability and driving tumor evolution.
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36 Introduction

37  Genome instability is a critical driver of human tumor evolution and shapes the complex genomic
38  landscape of cancer cells (/-4). Traditionally, tumor evolution has been viewed as the gradual
39  accumulation of mutations (5), where a multitude of simple errors during DNA replication
40  culminate in a large, intricate, and chaotic genome (6, 7). These mutations can occur throughout
41  the genome due to various factors, including genetic alterations that stimulate or disrupt cell cycle
42 checkpoints, thereby promoting further genome instability and facilitating tumor growth (7, 7, §).
43 However, recent pan-cancer genome-wide analyses have revealed the complex nature of many
44 human tumor genomes, marked by localized large-scale rearrangements on one or several
45  chromosomes (9-117). These rearrangements lead to aneuploidy and are frequently attributed to
46  singular catastrophic events, such as kataegis during chromosome breakage-fusion-bridge (BFB)
47  cycles (12) and chromothripsis in micronuclei (/3, /4). These events promote the rapid evolution
48  and complexity of cancer genome (/5-17).

49 Chromosome bridges, a major form of genome instability, often result from DNA replication
50  stress, telomere fusion, or DNA damage during cell division (/8-20). As a cell enters mitosis with
51  dicentric chromosomes, centromeres are pulled in opposite directions, forming a bridge between
52 the chromosomes. TRF2 (telomeric repeat-binding factor 2), a component of shelterin complex,
53  plays a crucial role in maintaining telomere integrity and preventing chromosomal fusions.
54  Deficiency of TRF2 exacerbates telomere fusion and breakage, thereby promoting the formation
55  of chromosome bridges (27, 22). The bridge can persist until the centrosomes are sufficiently
56  separated, leading to double-strand breaks. These breaks initiate the BFB cycle, which drives
57  further rearrangements and results in the formation of micronucleus and chromothripsis (23-25).
58  Defects in nuclear envelope assembly, along with the nuclear distortions in micronuclei or
59  chromosome bridges, have been linked to chromothripsis (26-28). The impact of chromosome
60  bridge breakage, as a localized DNA damage event, and its influence on cell fate remain to be
61  elucidated.

62 Intercellular transfer of materials plays a crucial role in cell-to-cell communication, tissue
63  homeostasis, and disease progression, including cancer (29). It can be achieved through
64  extracellular vesicles (EVs), tunneling nanotubes (TNTs), and migrasomes. EVs, including
65  exosomes and microvesicles, facilitate intercellular communication by mediating the exchange of
66  proteins, RNAs, and metabolites (30). Tunneling nanotubes (TNTs) create direct cytoplasmic
67  continuity between cells to selectively ferry vesicles and organelles (37). In nervous system, TNTs
68  mediate the movement of a-synuclein aggregates mainly from neurons to microglia and
69  mitochondria preferentially from microglia to stressed neurons, coupling pathologic protein
70  aggregate clearance with metabolic rescue (32). Migrasomes, a new type of extracellular vesicular
71 organelle (33), could regulate mitochondrial homeostasis via mitocytosis (34), in addition to RNA
72 and proteins transfer (35, 36). However, the role of migrasomes in genome instability remains
73 unexplored. Regarding to DNA, horizontal gene transfer allows bacteria to acquire new genetic
74  material from other bacteria and enables adaptive evolution (37). Meanwhile, eukaryotic cells
75  could obtain foreign DNA passively through viral infections. However, whether DNA could be
76  transferred between human cells remains unexplored.

77 In this study, we identify chromocytosis, a process in which chromosome bridge breakage
78  leads to loss of chromatin fragments that are captured by migrasomes and horizontally transferred
79  to neighboring cells, thereby propagating genome instability.

80



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/34ygg931. This version posted November 20, 2025. The copyright holder for this preprint (which was not certified
by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0

81  Results
82  Breakage of chromosome bridges causes chromocytosis

83  The prevailing model suggests that the breakage of chromosome bridges typically leads to a binary
84  outcome, resulting in the loss or gain of DNA fragments from the involved chromosomes (74, 38).
85  These imbalanced chromosomes are subsequently segregated into the two daughter cells. To
86  further elucidate this process, TRF2-DN (dominant-negative TRF2) was inducibly expressed in
87  human retinal pigmented epithelial (RPE-1) cells with p53 knockout to efficiently generate
88  chromosome bridges (Fig. 1, A to C), marked by GFP-tagged BAF (barrier-to-autointegration
89  factor) in conjunction with RFP-tagged histone 2B (RFP-H2B) to label chromosomal DNA. We
90 used extensive time-lapse imaging to monitor the dynamics and fate of chromosome bridges.
91  During cell division, chromosome bridges could persist into interphase and stretched due to cell
92 migration. The majority of the bridges underwent simple breakage and retraction of the chromatin
93 back to the cell bodies (Fig. 1D, top panels and movie S1). Surprisingly, some bridges failed to
94  retract all their DNA after breakage, leaving a fragment of chromatin outside of the daughter cells
95  (Fig. 1D, bottom panels and movie S2). This results in the permanent loss of genetic material from
96  the daughter cells. We termed this phenomenon "chromocytosis", a previously unrecognized form
97  of genome instability (Fig. 1E).

98 Among the observed bridges, about 10% of them underwent chromocytosis (Fig. 1F).

99  Furthermore, compared to the bridges with simple breakage, chromocytotic bridges showed
100  significantly greater extension in size (from 219.50 + 6.83 um to 396.40 + 10.42 um on average,
101 Fig. 1G) and longer lifetime, the time from mitosis to bridge breakage (from 7.11 £ 0.36 hto 11.64
102 £ 0.44 h on average) (Fig. 1H). In addition to TRF2-DN, low-dose ICRF-193, a topoisomerase 11
103 inhibitor, was used to induce chromosome bridges by interfering with chromosome decatenation
104 during mitosis (39) (fig. STA). In contrast to DMSO treatment, ICRF-193 triggered chromocytosis
105 in ~18% chromosome bridges (fig. S1, B and C, movie S3 and S4). The chromocytotic bridges
106  under this condition also exhibited longer lengths and lifetimes (fig. S1, D and E).

107 Because cell adhesion is essential for cytokinesis and chromatin dynamics (40, 41), we
108 investigated whether cell adhesion is required for chromocytosis by growing cells on plates coated
109  with or without fibronectin (FN). Compared to the uncoated control, cells on FN-coated plate
110 showed more chromosome bridges after TRF2-DN induction, possibly due to increased survival
111 (Fig. 11). More importantly, the frequency of chromocytosis nearly doubled (Fig. 1J), suggesting
112 that cell adhesion could promote chromocytosis. Therefore, the subsequent experiments were
113 performed under conditions with FN coating.

114 In addition, we examined the role of cell motility and mechanical forces in chromocytosis, as
115  they could stretch a bridge across its length for breakage (42). Consistent with previous report (42),
116  treatment of ML7, an inhibitor of myosin activation, markedly reduced the length and increased
117  the lifetime of chromosome bridges (fig. S2, A and B). Accordingly, the rate of chromocytosis was
118 dropped from 26.57 + 2.14% to 5.46 = 0.72% (fig. S2C). These results were confirmed by the
119  treatment of Latrunculin A (Lat-A), an actin assembly inhibitor (fig. S2, D to F). Lat-A appeared
120 to suppress chromocytosis more strongly than ML7. Together, these data establish a critical role
121 for actomyosin contractility and cell motility in chromosome bridge breakage and chromocytosis.

122

123 Migrasomes are required for chromocytosis
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124 During cell migration, membrane-bound organelles called migrasomes could form on the tips or
125 intersections of the retraction fibers (33), participating in various intercellular biological functions
126 (43, 44). When a chromosome bridge was generated, a thread of retraction fiber marked by RFP-
127 ~ TSPAN4 was always stretched with it, surrounded by bundles of shorter retraction fibers (fig.
128 S3A). Once vesicular migrasomes started to grow, the chromosome bridge became fragmented but
129 still wrapped by RFP-TSPAN4 (fig. S3B). The chromatin fragments from bridge breakage
130 appeared to shrink along within the retraction fiber and were encapsulated in migrasomes (fig.
131 S3C, movie S5). In addition to human RPE-1 cells, chromocytosis in mouse fibroblast L929 cells
132 also triggered the encapsulation of chromatin fragments in migrasomes (fig. S3, D and E, and
133 movie S6). Correlative light and electron microscopy (CLEM) confirmed that DNA fibers were
134 encapsulated in bubbled structures with 1-3 um in length (Fig. 2A, fig. S3F, and movie S7 to S9),
135 likely migrasomes.

136 The involvement of migrasomes in chromocytosis was confirmed by genetic ablation of
137 migrasome components. Knocking out TSPAN4 (TSPAN4 KO) using CRISPR/Cas9 (fig. S4, A to
138 () significantly reduced the number of migrasomes (Fig. 2B and fig. S4D), as previously reported
139 (45, 46). Intriguingly, the rate of chromocytosis dropped from ~29% in wild type (WT) to ~9% in
140  TSPAN4 KO (Fig. 2C, fig. S4E), although the length and lifetime of chromosome bridges showed
141 no difference between WT and TSPAN KO (Fig. 2, D and E). Similarly, when TSPAN7, another
142 migrasome component gene was knocked out (fig. S4, F to H), the number of migrasome and
143 chromocytosis was significantly reduced (fig. S4, I to K), whereas the bridge length and lifetime
144 were unaltered (fig. S4, L and M). These results suggested that migrasomes play crucial roles
145 during chromocytosis.

146 To obtain direct biochemical evidence that migrasomes encapsulate chromocytotic DNA, we

147  purified migrasomes through density gradient centrifugation as reported (47) (Fig. 2F).

148 Migrasomes from DMSO treated cells showed dim soluble GFP-BAF signal and negative DNA

149  staining. In contrast, migrasome from DOX-induced chromocytotic cells exhibited strong GFP-

150  BAF and DNA signals (Fig. 2G). There was 7-fold (1.93 £ 0.35% versus 14.98 +2.08% on average)
151  increase in DNA positive migrasomes (Fig. 2H). Next-generation sequencing of the chromocytotic

152 DNA revealed that DNA peaks could be mapped to almost all chromosomes, and chromosome 10

153 showed the highest value followed by chromosomes 13, 20 and 21 (fig. S5, A and B). The lengths

154  of DNA fragments demonstrated a normal distribution, ranging from 10 Kb to 1 Mb with a peak

155 at 100 Kb (Fig. 2I). Surprisingly, the DNA peaks reproducibly showed biased clustering at

156  centromeric regions (Fig. 2J and fig. S5, B and C), although the chromosome bridges were induced

157 by telomere fusion. Our data indicate that chromosome bridges break preferentially at centromeric

158  regions. The mechanism underlying this site-specific fragility warrants future investigation.

159  Together, our imaging and biochemical purification establish migrasomes as the direct carriers of
160  extracellular chromocytotic DNA.

161 Beyond chromocytosis, migrasomes also mediate mitocytosis of damaged mitochondria (34).
162 To investigate whether these two processes have crosstalk, mitochondria in migrasomes were
163 examined using mito-tracker in RPE-1 cells with inducible TRF2-DN (fig. S6A). Compared to the
164  control, chromocytosis did not alter the overall migrasome number and the number of
165  mitochondria positive (mito+) migrasomes (fig. S6, B and C), although it significantly increased
166  the number of DNA positive (DNA+) migrasomes (fig. S6D). Meanwhile, carbonyl cyanide 3-
167  chlorophenylhydrazone (CCCP), an inhibitor of oxidative phosphorylation (34), was used to
168 induce mitocytosis (fig. S6E), which indeed increased mito+ migrasomes (fig. S6F). However, the
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169  overall migrasome number and DNA+ migrasomes were not significantly affected (fig. S6, G and
170 H). These findings demonstrate that chromocytosis and mitocytosis are two independent processes.

171
172 Intercellular transfer of chromocytotic DNA causes genome instability

173 To explore the physiological function of chromocytosis, we tracked the fate of the extracellular
174 chromocytotic DNA using time-lapse imaging. Most fragments stayed at the site of chromosomal
175  breakage for tens of hours, while a subset could be engulfed by neighboring cells (Fig. 3A and
176  movie S10). Intriguingly, a granddaughter of the cell undergoing chromocytosis could retrace its
177  path on its retraction fibers to phagocytose the chromocytotic DNA (fig. S7A and movie S11). We
178  termed this new type of chromocytosis-mediated phagocytosis “chromocytophagy” (Fig. 3B).
179  Importantly, chromocytophagy achieved the intercellular DNA transfer. CLEM imaging of the
180  chromocytophagic DNA in the recipient cell revealed collapsed membrane structures surrounding
181  the DNA fragments (Fig. 3C and movie S12), suggesting possible degradation by lysosomes as
182 previously described (33). To further confirm the intercellular DNA transfer, we designed a co-
183 culturing assay in which recipient cells were marked by GFP-BAF and the donor cells with
184  inducible TRF2-DN were labeled with RFP-BAF. Dual-colour imaging after 48 hours
185  chromosome bridge induction identified RFP-BAF signals in GFP-BAF cells, either in cytosol or
186 nucleus (Fig. 3D). Compared to the DMSO control, chromocytosis induced nearly 7-fold increase
187  of GFP cells with RFP signal (Fig. 3E). We observed that chromocytotic DNA persisted in
188 recipient cells and was transmitted through multiple cell divisions (fig. S7, B and C, and movie
189 S13). Notably, the division of cells post chromocytosis (fig. S7A) or chromocytophagy (fig. S7B)
190  indicated that chromocytosis per se might not necessarily cause cell cycle arrest or cell death in
191  either donor or recipient cells.

192 Next, we monitored the genome integrity of the recipient cells to investigate the long-term
193 effect of chromocytosis. In the recipient cells alone (GFP-BAF only) or the co-culture without
194  chromocytosis induction (Mix + DMSO), the basal level of micronuclei (MN) and chromosome
195  bridges remained at about 1% over a 7-day period. However, the co-culture with chromocytophagy
196  (Mix + DOX) showed a steady increase in genome instability (from 0.82 + 0.28% at day 1 to 6.83
197  £0.35% at day 7) and the percentage of cells with GFP-BAF foci (Fig. 3F and fig. S8, A and B),
198 indicating that intercellular DNA transfer directly compromises genome integrity in the recipient
199 cells. To further validate this hypothesis, migrasomes were purified from RFP-BAF cells without
200 TRF2-DN induction (normal migrasomes) or with induction (chromocytotic migrasomes), and
201 incubated with the GFP-BAF recipient cells. Compared to the mock (PBS buffer) treatment,
202  incubation of normal migrasomes showed almost no effect, whereas the treatment of
203  chromocytotic migrasomes increased genome instability from 1.60 £+ 0.20% to 7.97 + 0.23% on
204  average (Fig. 3G and fig. S8, C and D). Accordingly, recipient cells and the chromocytotic DNA
205  in them exhibited higher levels of DNA damage evidenced by Serine 139 phosphorylation in
206  Histone 2A (y-H2AX) (Fig. 3H and fig. S8E). Together, these findings demonstrated that
207  intercellular transfer of chromocytotic DNA results in genome instability in the recipient cells.
208  Thus, chromocytosis serves not only as a mechanism for genetic loss in donor cells but also as a
209  conduit for genotoxic stress in the recipient population.

210

211 Chromocytosis occurs in mouse tumor model and human cancers
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212 Chromocytosis induces genome instability which plays an important role in tumor growth. To
213 investigate the pathological role of chromocytosis in vivo, we employed the mouse 4T1 breast
214 cancer model. First, the TRF2-DN induction cassette was introduced into the 4T1 cells (fig. S9A).
215 Chromocytosis was observed after chromosome bridge breakage (fig. S9B, and movie S14).
216  Meanwhile, TSPAN4 was knocked out in WT (fig. S9, C to E), followed by introduction of TRF2-
217 DN. Then, subcutaneous injection of 4T1 WT or TSPAN KO cells with or without TRF2-DN was
218 performed in BALB/c nude mice (n=6 for each group). Oral administration of DOX (20 mg/kg)
219 was conducted every two days for all four groups at day 8 when tumor size reached ~100 mm?
220  (Fig. 4A). DOX administration itself did not cause tumor growth defect (fig. SOF). Tumor growth
221  including size and weight was closely monitored (Fig. 4, B to D). In WT background, TRF2 DN
222 induction reduced tumor growth, suggesting a negative role of chromosome bridges in
223 proliferation. Consistent with previous report (48), TSPAN4 KO reduced tumor growth.
224 Intriguingly, the TRF2-DN-induced growth defect was almost completely abolished by TSPAN4
225 KO, suggesting that growth defect caused by genome instability including chromocytosis might
226 depend on migrasomes. To assess whether chromocytosis occur in tumor microenvironment,
227  histological analysis was performed on tumor tissue sections stained with WGA (wheat germ
228  agglutinin) for migrasomes/membrane(49) and Hoechst for DNA. Events of chromocytosis,
229 extracellular DNA wrapped by WGA staining, were almost exclusively detected in samples with
230  TRF2-DN expression. In contrast, nearly none chromocytosis events were detected in TSPAN4
231 KO samples (Fig. 4, E and F, and fig. S9G). These in vivo results confirmed the importance of
232 migrasomes in chromocytosis.

233 Furthermore, we extended the analysis to human cancer samples to explore the clinical
234 relevance of chromocytosis. A total of 96 samples covering 16 different peritumoral tissues and
235 cancer types and stages were subject to DNA and WGA staining before imaging (fig. SOH). Across
236 these cancer types, chromocytosis events were identified most in ESCC (esophageal squamous
237  cell carcinoma) and Lymphoma (Fig. 4G), followed by bladder cancer. However, chromocytosis
238 events were hardly observed in skin, brain and ovary cancers (Fig. 4H). Notably, chromocytosis
239 events did not correlate with tumor stage or grade (fig. S9, I and J), indicating that chromocytosis
240  might be a sporadic or recurrent event during tumorigenesis or tumor growth. Altogether, these
241  data provided direct evidence that chromocytosis could occur in mouse tumor models and clinical
242 samples of human cancers.

243 Many factors could contribute to the varied frequencies of chromocytosis among cancer types
244 (Fig. 4H). One of them might be cell motility, as chromocytosis requires cell migration (fig. S2, C
245  and F). This raised the question whether chromocytosis occurs in non-migratory tumor cells. To
246  address this, non-migratory HeLa (human cervical cancer) cells were examined. Chromosome
247  bridges induced by TRF2-DN in HeLa cells showed three types of morphology which we classified
248 as dumbbell, semi-, and full bridge (fig. S10A). Dumbbell bridges dominated in HeLa cells (fig.
249 S10B), whereas majority in RPE-1 cells were full bridges (fig. S10C). More importantly, retraction
250  fibers, migrasomes and chromocytosis were hardly observed in HeLa cells. In most cases,
251  chromosome bridges persisted between the daughter cells as dumbbells without breakage, likely
252 due in part to short distance and lack of actomyosin force. The persistent bridges might undergo
253 breakage due to mitosis followed by micronucleation but without chromocytosis (fig. S10D, and
254 movie S15). Therefore, cell migration could serve as a valuable indicator to assess chromocytosis
255 in different cancers.

256
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257  Discussion

258  Genome instability is a hallmark of cancer, yet how it propagates across cell populations remains
259  incompletely understood. Here, we identify chromocytosis, a migrasome-mediated process that
260  enables the horizontal transfer of chromatin fragments following mitotic bridge breakage. This
261  process may promote tumor heterogeneity by disseminating genomic rearrangements among cell
262 populations, complementing other mechanisms of rapid genome reorganization such as
263 chromothripsis and kataegis (12, 50). Beyond corrupting neighboring cancer cells, chromocytosis
264  could also serve as a "genetic sabotage" mechanism, destabilizing the genomes of surrounding
265  normal stromal or immune cells, thereby fostering a permissive microenvironment for tumor
266  expansion.

267 The process of chromocytosis is mechanistically linked to migrasome biogenesis. Genetic
268  disruption of TSPAN4 or TSPAN?7, proteins essential for migrasome formation (46), substantially
269  reduced the frequency of chromocytosis. The finding that chromocytotic DNA is enriched in
270  centromeric regions suggests a non-random pattern of chromosome bridge fragmentation. This
271  establishes a new cargo category for migrasomes, which were previously known to transfer RNA,
272 proteins, and organelles (34, 57). Chromocytosis functions independently of mitocytosis (34),
273 indicating specificity in the cargo selection of migrasomes. The detection of chromocytosis in
274 human cancer samples, particularly in ESCC and lymphoma, underscores its clinical relevance.
275 Beyond its role in intercellular communication, a functional implication of chromocytosis is its
276  potential role as a source of cell-free DNA (cfDNA). The prevailing models attribute cfDNA
277  primarily to apoptosis or necrosis (30). Our data indicate that chromocytosis can occur in the
278  absence of observable cell death, providing an alternative, cell death-independent origin for
279 cfDNA.

280 Our discovery of chromocytosis opens several new avenues of inquiry. First, the molecular
281  mechanisms governing the packaging of chromatin into migrasomes are completely unknown.
282 Second, given the potent immunostimulatory nature of cytosolic DNA, it will be critical to
283 determine whether chromocytotic DNA activates innate immune pathways such as cGAS-STING
284  (52). Therapeutically, our data raise the possibility that inhibiting migrasome formation could
285  modulate genome instability. Finally, it is valuable to explore whether chromocytosis occurs in
286  other contexts of genome instability such as micronucleation (26), DNA damage (53), or the
287  processing of extrachromosomal DNA (ecDNA) (54, 55) and what physiological or pathological
288  roles it might play in these scenarios.

289 In summary, chromocytosis represents a migrasome-facilitated route for chromatin transfer
290  that may promote tumor evolution through both cell-autonomous and microenvironmental
291  mechanisms. Its independence from cell death further broadens the potential sources of cfDNA.
292 Understanding the regulation and consequences of chromocytosis could open new avenues for
293 limiting tumor heterogeneity and refining cfDNA-based diagnostics.

294
295

296  Materials and Methods
297  Cell culture

298  HelLa, HEK293FT, L1929 and 4T1 cell lines were maintained in Dulbecco's Modified Eagle
299  Medium (DMEM). hTERT RPE-1 cells were cultured in DMEM/Nutrient Mixture F-12 medium.
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300  All cell lines were maintained in complete medium supplemented with 10% fetal bovine serum
301 (FBS) and 1% penicillin/streptomycin (Gibco) at 37°C in a humidified atmosphere with 5% COx.
302 Mycoplasma contamination was regularly monitored. All cell lines used in this study are listed in
303  Table S1.

304
305 DNA construction

306 TRF2-DN (dominant-negative) and TSPAN4 were amplified from cDNA, then cloned into
307 pDONR223 using BP Clonase (Thermo Fisher Scientific, Cat. #11791019) to generate pENTR223
308  entry vectors. pPENTR223-TRF2-DN was recombined into pCW57.1-V5-DEST via LR Clonase 11
309  Enzyme (Thermo Fisher Scientific, Cat. #11791019) to generate TetON-TRF2-DN expression
310  vector. pENTR223-TSPAN4 was recombined into pLVpuro-DEST-CMV-RFP to generate
311 pLVpuro-DEST-CMV-RFP-TSPAN4 via LR Clonase II Enzyme. H2B-BFP was introduced into
312 the pLenti-CMV-neoR via Ascl and Pacl restriction sites. pLenti-NeoR-EGFP-BAF and RFP-H2B
313 vectors were kindly provided by David Pellman (Harvard Medical School/HHMI). All DNA
314  constructs used in this study were confirmed by Sanger sequencing, and listed in Table S2.

315 To construct dual sgRNA expression vectors for the CRISPR-Cas9 system, PCR-amplified
316  fragments, containing sgRNA sequences flanked by the dual HI and U6 promoters, were cloned
317  into the pLenti-CRISPRv2-2xScaffold vector (a modified version of pLenti-CRISPRv2) via Esp31
318  (type II DNA endonuclease) recognition sites. The sgRNA target sequences for the genes of
319  interest in this study are listed in Table S3.

320
321  Virus packaging and stable cell line generation

322 Lentiviral particles were generated by co-transfecting HEK293FT cells with 1.5 pg of ps-PAX2,
323 1.2 pg of pMD2.G, and 2.4 pg of target viral vector using Lipofectamine 2000 (Invitrogen, Cat.
324  #11668019) according to the manufacturer’s instructions. After an overnight incubation, the
325  medium was replaced with 3 mL of fresh medium. The supernatant was collected at 48 and 72
326  hours post-transfection and filtered through a 0.45 um syringe filter. The collected supernatant,
327  containing lentiviral particles, was used for the infection of target cells. Prior to infection, the viral
328  supernatant was supplemented with polybrene (6 pg/mL) to enhance transduction efficiency. The
329  cells were incubated with the viral supernatant overnight to allow for infection.

330 RPE-1 TP53-/- cells stably expressing TetOn-TRF2-DN-V5, GFP-BAF, RFP-BAF, or RFP-
331  TSPAN4 were selected with 750 pg/mL neomycin (G418) for two weeks or 10 pg/mL puromycin
332 for a week, L929 cells co-expressing GFP-BAF and RFP-TSPAN4 were selected with 5 pg/mL
333  puromycin, and 4T1 cells stably expressing GFP-BAF were selected with 5 pg/mL puromycin for
334  a week. Cells were sorted by fluorescence-activated cell sorting (FACS) using a FACS Aria I1I
335 (BD). The list of chemicals used in this study is provided in Table S4.

336
337  CRISPR-Cas9 knockout in hTERT RPE-1 and 4T1 cells

338 To knock out genes, RPE-1 TP53-/- and 4T1 cells were transfected with pSpCas9-T2A-GFP-
339 2xsgRNA using Lipo8000 (Beyotime, Cat. #C0533). Upon transfection, cells were grown in an
340  antibiotic-free medium for 48 hours, followed by single-cell sorting by FACS Aria III (BD). Single
341  cells were screened for the desired deletion by PCR using primers flanking the targeted exon
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342 regions. All sgRNAs were carefully designed and selected based on predicted low off-target
343 activity using the CRISPOR tool (http://crispor.tefor.net).

344 To further obtain and validate the knockout clones, genomic DNA of the expanded clones
345  was extracted using a Genomic DNA purification Kit (Thermo Fisher Scientific, Cat. #K0512) for
346 PCR. PCR products were resolved on an agarose gel and purified using PCR gel purification kit
347  (Thermo Fisher Scientific, Cat. #K0701). For TSPAN4 knockout, genotypic analysis was carried
348 out with the ICE tool (https://ice.editco.bio/#/). For TSPAN7 knockout, PCR product was cloned
349 into pMDI19-T vector (Takara, Cat. #D102A) by TA cloning according to the manufacturer’s
350  instructions. A total of 17 clones were selected for sequencing and subsequent sequence analysis
351 to verify the targeted genetic modifications. The primers used for TSPAN4 and TSPAN7
352 amplification are listed in Table S3.

353
354  Western blot

355  To assess protein levels, cells and migrasomes were lysed with 80 uL of ice-cold RIPA lysis buffer,
356  supplemented with 1.0 uM PMSF (Sangon Biotech, Cat. #A610425-0005) and 1x protease
357  inhibitor cocktail (MCE, Cat. #HY-K0010), and incubated on ice for 30 min. The lysates were
358  then centrifuged at 20,000 g for 30 min at 4°C. An equal volume of 4x SDS sample buffer (1/3 of
359  the total lysate volume) was added to the supernatant. The samples were boiled for 10 min at 95°C
360  and immediately subjected to SDS-PAGE gels at 150 V for 75 min. The separated proteins were
361  then transferred to a nitrocellulose (NC) membrane at 100 V for 80 min using a transfer apparatus.
362  The NC membrane was blocked with 5% (w/v) non-fat milk dissolved in 1x TBST buffer for 1
363 hour at room temperature. Subsequently, the membrane was incubated with primary antibodies
364  overnight at 4°C on an orbital shaker. After incubation, the membrane was washed three times
365  with 1x TBST buffer or 10 min each at room temperature. The membrane was then incubated with
366  secondary antibodies for 1 h at room temperature with gentle agitation. After removal of the
367  secondary antibody, the NC membrane was washed with 1x TBST buffer for 5 min for three times.
368  Images were acquired using an ECL detection kit (Beyotime, Cat. #P0018FS) or LICOR Odyssey
369  Imaging System (LiCOR, USA).

370 The following primary antibodies were used for western blot analyses at the indicated dilution:
371  Rabbit anti-V5 (1:5000, Abcam, Cat. #ab27671), Mouse anti-GAPDH (1:10000, Abcam, Cat.
372 #ab9485). Secondary antibodies used are as follows: HRP-conjugated goat anti-mouse IgG
373 (Sangon Biotech, Cat. #D110087), HRP-conjugated goat anti-rabbit IgG (Sangon Biotech, Cat.
374  #D110058), donkey-anti-rabbit IRDye 680RD (1:10000, LI-OCR, Cat. #926-68073), donkey-anti-
375  mouse IRDye 800CW (1:10000, LI-OCR, Cat. #926-32212).

376
377 Immunofluorescence

378  Cells grown on coverslips were fixed with 4% paraformaldehyde (PFA) for 10 min at room
379  temperature after indicated treatments. After fixation, cells were washed three times with 1x PBS
380  buffer for 5 min at room temperature. Permeabilization was then performed using 1% PBS buffer
381  with 0.5% Triton X-100 at room temperature for 5 min, followed by blocking with 3% BSA in 1x
382 PBS buffer for 1 hour. Cells were incubated with primary antibodies overnight at 4°C. Alexa Fluor
383 488 or 647-conjugated secondary antibodies (Invitrogen) were applied for 1 h at room temperature.
384  The following primary antibody was used for immunofluorescence at the indicated dilution: Rabbit
385  anti-H2AX p-S139 (1:400, Cell Signaling Technologies, Cat. #2577L).
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386  Purification of migrasomes

387  Migrasome isolation was performed by iodixanol-sucrose density gradient centrifugation using an
388  Optiprep kit (Sigma-Aldrich, Cat. #LYSISO1). The assay was performed as previously described
389 (47). Briefly, TetOn-TRF2-DN RPE-1 cells stably expressing H2B-BFP GFP-BAF and RFP-
390  TSPAN4 were grown in 80x 150 mm dishes precoated with fibronectin (10 pg/mL) in full DMEM
391  medium with 2 pg/mL doxycycline for 48 hours. The growth medium was disposed of and cells
392 were washed to remove other extracellular vesicles in the medium. Cells were trypsinized and
393 collected in 50 mL tubes. All subsequent manipulations were performed at 4°C. Cells and large
394 debris were removed by centrifugation at 1000 g for 10 min followed by 4000 g for 20 min. Crude
395  migrasomes were then collected as the pellet by centrifugation at 18,000 g for 30 min. Migrasome
396  fractionation was performed by density gradient centrifugation, using Optiprep as the density
397  medium. The crude migrasome sample was prepared by resuspending the pellet with 400 pL 1%
398  extraction buffer mixed with 400 pL 10% Optiprep. First, a step gradient was built starting with
399 50% (500 pL), followed by 40% (500 pL), 35% (500 pL), 30% (500 pL), 25% (500 uL), 20% (500
400 L), 15% (500 pL), 10% (500 pL), 5% (500 pL) and crude migrasomes (5%, 800 uL). Second, the
401  prepared gradient was centrifuged at 150,000 g for 4 hours at 4°C in an MLS-50 rotor (Beckman).
402 Third, samples were collected from top to bottom (500 pL per fraction). Each fraction was mixed
403 with the same volume of 1x PBS buffer (500 puL) and centrifuged at 20,000 g for 30 min to collect
404  the pellet. The pellet was washed with 1x PBS buffer and centrifuged again at 20,000 g for 30 min.
405  Commercial kits used in this study are listed in Table S5.

406
407  Wheat germ agglutinin (WGA) staining

408  For migrasome staining, culture dishes were pre-coated with 10 pg/mL fibronectin prior to cell
409  seeding. After overnight incubation, cells were stained with 1 pg/mL WGA (Thermo Fisher Cat.
410  #W7024) for 30 min and imaged for analysis.

411
412 Animal experiments

413  Four-week-old female BALB/c nude mice, obtained from GemPharmatech Co., Ltd. China, were
414  maintained in a controlled environment with a 12-hour light/dark cycle, constant temperature, and
415 ad libitum access to food and water. After a 1-week acclimation period, the mice were randomly
416  assigned to experimental groups. For the in vivo tumor model, the mice were anesthetized with
417  isoflurane. Then, 4T1 TetON-TRF2-DN or TSPAN4 KO TetON-TRF2-DN cells (1x10° cells per
418  mouse) were subcutaneously injected into the mammary glands of each mouse. Tumor growth was
419  monitored by measuring the tumor length (L) and width (W) using slide calipers every other day,
420  and tumor volume was calculated using the formula: tumor volume (mm?) = 0.5 x L x W2, Once
421  the tumor volume reached approximately 100 mm?, doxycycline (20 mg/kg) was administered
422 orally every other day to induce the expression of TRF2-DN. After 20 days, mice were euthanized,
423 tumor weights were recorded, and tumors were harvested for subsequent analyses. All animal
424  procedures were conducted in accordance with the guidelines approved by the Institutional Animal
425  Care and Use Committee of Shenzhen Bay Laboratory (Approval No. AEDL202201).

426
427  Immunohistochemistry (IHC)
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428  For IHC staining, the tumor samples were fixed in 4% PFA and embedded in paraffin, and 8-pm
429  thick sections were stained with WGA at room temperature for 2 hours, followed by staining with
430  Hoechst and examined with a microscope.

431 Esophageal carcinoma and lymph node metastatic carcinoma tissue chip (DMO65EsO1),
432 multi-organ tumor and marginal tissue combination chip (X096Mc01) were purchased from
433 Bioaitech Co., Ltd. (Xi’an, China). The study using the tissue microarray was approved by the Life
434 Sciences Ethics Committee of Yaxiang Biotechnology Co., Ltd. (Changsha, China). The Ethics
435  report is available online at yxswll.ccrl.cn. The query code is BSIHAQTVB7C3EK. This process
436 had fully informed consent of the patients. The tissue chip was stained with WGA staining and
437  imaged.

438
439 Quantification and statistical analysis

440  Data are presented as the mean + standard deviation (SD). Statistical significance between two
441  groups was assessed using an unpaired Student’s t-test. For comparisons involving more than two
442 groups, one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test
443 was employed. Two-way ANOVA was used for in vivo tumor growth analysis, accounting for
444 both treatment conditions and TSPAN4 alterations. All statistical analyses and graph generation
445  were performed using GraphPad Prism 8 software. The software used in this study is shown in
446 Table S6.

447
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Fig. 1. The breakage of chromosome bridges triggers chromocytosis.

(A) Schematic of chromosome bridge formation induced by TRF2-DN expression. TRF2-DN
expression disrupted telomere capping, causing chromosome end fusion (red). Spindle tension
during late mitosis stretched the fused dicentric chromosomes, forming bridges.

(B) Western blot analysis of TRF2-DN-V5 expression in RPE-1 cells with or without DOX
treatment.

(C) Quantification of chromosome bridge formation over time following TRF2-DN induction.
Chromosome bridges were visualized using GFP-BAF. Data are presented as mean + SD, n=4
independent experiments, N>50 for each experiment; The p value is calculated by two-way
ANOVA with Tukey’s multiple comparisons test.

(D) Time-lapse imaging of chromosome bridge (top panels, see movie S1) and chromocytosis
(bottom panels, see movie S2) in DOX-treated RPE-1 TetON-TRF2-DN TP53-/- cells. GFP-BAF
and RFP-H2B were stably expressed and imaged at 20-min intervals. Metaphase was referred to
as time "00:00" in hh:mm format due to its round morphology. White arrowheads indicate cell
bodies, with insets highlighting extracellular chromatin fragments. Scale bar, 40 um (original),
10 um (inset).

(E) Schematic representation of chromsome bridge breakage and chromocytosis for panel D.

(F) Quantification of chromocytosis frequency after TRF2-DN induction. Data are presented as
mean + SD, n=7 independent experiments, N>50 for each experiment; The p value is calculated
by two-tailed unpaired Student’s #-test.

(G-H) Quantification of chromosome bridge length (G) and duration/lifetime (H) during simple
bridge breakage and chromocytosis. Data are presented as mean = SD, N>200; The p values are
calculated by two-tailed unpaired Student’s #-test.

(I) Quantification of chromosome bridge formation in RPE-1 cells treated with DMSO or DOX
for 84 hours, with or without fibronectin (FN) coating. Data are presented as mean + SD, n>3
independent experiments, N>50 for each experiment; The p values are from two-way ANOVA
with Tukey’s multiple comparisons test.

(J) Quantification of chromocytosis in (I), presented as mean = SD, n=6 independent
experiments, N>50 per experiment; The p values from two-tailed unpaired Student’s #-test are
labeled for interested pairs.
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637  Fig. 2. Migrasomes are required for chromocytosis.

638  (A) Representative CLEM images illustrating chromosome bridges (top panels, see movie S7) and
639  chromocytosis (bottom panels, see movie S8). Time-lapse imaging captured the progression of
640  chromosome bridges and chromocytosis prior to sample fixation for confocal imaging and CLEM.
641  Metaphase was referred to as time "00:00" in hh:mm format due to its round morphology. White
642  arrowheads indicate cell bodies, red arrowheads highlight the chromocytotic DNA fragments, and
643  yellow arrowheads indicate chromatin. Magnified SEM images of boxed regions are shown
644  adjacent to confocal images. Scale bars, 20 um (confocal), 1 um (SEM) and 200 nm (Zoom).

645  (B) Quantification of migrasomes in RPE-1 WT and TSPAN4 KO clones for fig. S4D. Data are
646  shown as mean + SD, N>20; The p values are from two-tailed unpaired Student’s #-test.

647  (C) Quantification of chromocytosis frequency in RPE-1 WT and 7SPAN4 KO clones with or
648  without TRF2-DN induction. Data are presented as mean = SD, n=3 independent experiments,
649  N>50 for each experiment; The p values are from two-tailed unpaired Student’s #-test.

650  (D-E) Quantification of chromosome bridge length (D) and lifetime (E) during chromocytosis for
651  RPE-1 WT and TSPAN4 KO clones. Data are shown as mean + SD, N>30; The p values are from
652  two-tailed unpaired Student’s #-test.

653  (F) Experimental workflow for migrasome purification for confocal imaging, and sequencing
654  analysis.

655  (G) Representative images of migrasomes purified from RPE-1 cells stably expressing GFP-BAF
656  RFP-TSPAN4 without (DMSO) or with TRF2-DN (DOX) induction (left). Scale bar, 1 um. Right:
657  line-scan intensity profiles along the white line in merged images.

658  (H) Quantification of migrasomes positive for DNA. Data are presented as mean + SD, n=6
659  independent experiments, N>100 for each experiment; The p value is from two-tailed unpaired
660  Student’s t-test.

661  (I) The distributions of fragment size of chromocytotic DNA from three independent experiments.

662  (J) Positional bias analysis for chromocytotic DNA peaks. Chromosome regions were classified
663  as centromere, telomere and random regions. n=3 independent experiments. Data are presented as
664  mean = SD; The p values are from Wilcoxon test.
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666  Fig. 3. Intercellular transfer of chromocytotic DNA causes genome instability.

667  (A) Time-lapse imaging of chromosome bridges (GFP-BAF) and migrasomes (RFP-TSPAN4),
668  with 20 min intervals (see movie S10). Metaphase was set as "00:00" in hh:mm format. White
669  arrowheads indicate cell bodies; red arrowheads highlight chromocytotic DNA fragments. Insets
670  display magnified views of chromocytotic DNA and migrasome. Scale bar, 50 um.

671  (B) Schematic representation of chromocytophagy for panel A.

672  (C) Representative CLEM images depicting chromocytophagy. Time-lapse imaging, in hh:mm
673  format, captured the progression of chromocytophagy prior to sample fixation for confocal
674  imaging and CLEM (see movie S12). Yellow arrowheads indicate chromatin fragments. Magnified
675  SEM images of the highlighted boxed regions are displayed adjacent to the corresponding confocal
676  images. Scale bars, 20 pm (confocal), 10 um (SEM) and 200 nm (Zoom).

677 (D) Validation of intercellular chromatin transfer by co-culturing GFP-BAF cells with RFP-BAF
678  TetON-TRF2-DN cells. Red arrowheads denote the chromocytotic DNA fragment (RFP-BAF) in
679  recipient cells (GFP-BAF) after DOX treatment for 48 hours. Red arrowheads denote
680  chromocytotic fragments. Scale bar, 10 pm.

681  (E) Quantification of intercellular chromatin transfer for panel D. Data are presented as mean +
682  SD, n=3 independent experiments, N>100 for each experiment; two-tailed unpaired Student’s #-
683  test.

684  (F) Quantification of micronuclei (MN) and chromosome bridges in GFP-BAF cells for 7 days
685  post DOX treatment. The GFP-BAF cells without co-culturing (GFP-BAF only) were included to
686  assess the baseline. Data are presented as mean + SD, n=3 independent experiments, N>300 for
687  each experiment; The p value is from two-tailed unpaired Student’s z-test.

688  (G) The effect of purified migrasomes from indicated conditions on GFP-BAF cells. Micronuclei
689  and chromosome bridges in GFP-BAF cells were quantified for 7 days after incubation with
690  migrasomes. Mock (buffer treatment) was included to assess the baseline. Data are presented as
691  mean £ SD, n=3 independent experiments, N>300 for each experiment; the p value is from two-
692  way ANOVA with Tukey’s multiple comparisons test.

693  (H) Quantification of YH2AX foci in GFP-BAF cells incubated with normal migrasomes or
694  migrasomes with chromocytotic DNA. Data are presented as mean + SD, n=3 independent
695  experiments, N>20; the p value is from two-tailed unpaired Student’s ¢-test.
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697  Fig. 4. Chromocytosis occurs in mouse tumor models and human clinical samples.

698  (A) Experimental workflow for assessing tumor growth and chromocytosis. Mouse 4T1 WT and
699  TSPAN4 KO cells with or without TetON-TRF2-DN were subcutaneously injected into the
700  mammary glands of immunodeficient female BALB/c nude mice. DOX was administered orally
701 to induce TRF2-DN expression.

702 (B) Quantification of tumor growth. The black arrows at the bottom denote DOX treatments. Data
703 are presented as mean + SD, N=6; The p values are from two-way ANOVA with Tukey’s multiple
704  comparisons test.

705 (C-D) Imaging (C) and quantification (D) of the indicated mouse tumors harvested on day 20 post-
706  injection. Data are presented as mean + SD, N=6; The p values from two-tailed unpaired Student’s
707  t-test are labeled for interested pairs.

708  (E) Representative images of tumor sections with DAPI and WGA staining. Red arrowheads
709  indicate potential chromocytotic DNA. Scale bar, 10 pm.

710  (F) Quantification of chromocytosis events in mouse tumor samples in panel E. Data are presented
711 as mean + SD, n=3 independent experiments; The p values from two-tailed unpaired Student’s ¢-
712 test are indicated for interested pairs.

713 (G) Representative images of human ESCC and lymphoma sections from tissue microarrays with
714 DAPI and WGA staining. Red arrowheads indicate potential events of chromocytosis. Scale bar,
715 10 pm.

716  (H) Quantification of chromocytosis events in different human cancer types. Data are presented as
717  mean £ SD, N=3.
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