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Abstract 34 

 35 

Anomalies in nuclear morphology have been linked to aging-related diseases and 36 

malignant transformation, although the mechanism responsible for this connection 37 

remains unclear. By expressing dominant-negative TER94 (TER94K2A) mutants in 38 

Drosophila photoreceptors, we show disruption of VCP (valosin-containing protein, 39 

TER94 ortholog in human), an AAA (ATPase associated with various cellular activities) 40 

ATPase essential for ubiquitin-dependent segregation or degradation of proteins, 41 

causes an age-dependent nuclear size increase. Loss of VCP function leads to 42 

accumulations of MDC1 (mediator of DNA damage checkpoint protein 1), a key DNA 43 

damage response gene, and increased γH2AV (an indicator of DNA damage), linking 44 

excessive DNA damages and associated responses to this enlarged nuclei defect. 45 

Indeed, MDC1-overexpression, similar to TER94K2A, increases γH2AV staining and 46 

nuclear size. Moreover, TER94 negatively influences MDC1 level and could interact 47 

with MDC1, suggesting that MDC1 is a VCP substrate. MDC1 accumulation increases 48 

p53 stability, and this VCP-MDC1-p53 connection is functional, as removal of p53 49 

function suppresses the ability of TER94K2A and MDC1 overexpression to increase 50 

nuclear size. While p53 is capable of generating multiple isoforms, our genetic evidence 51 

suggests that the p53A isoform specifically contributes to this TER94K2A-associated 52 

nuclear size increase. Combining our results with a previous report that p53A 53 

expression disrupts autophagic flux, we propose that the failure of removing MDC1 in 54 

TER94K2A-expressing cells stabilizes p53A, which blocks autophagy and likely hinders 55 

the removal of nuclear content, resulting in aberrant nuclear size increase. 56 

 57 

  58 
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Introduction 59 

 60 

Aberrant nuclear morphology associates with aging1 and serves as a pathological 61 

hallmark in diseases like cancer and progeria2,3. However, it is unclear whether the 62 

change in nuclear size or shape has a direct role in causing aging/diseases or it 63 

represents a byproduct of another cellular defect that causes aging/diseases. To 64 

address this, it is critical to understand the processes that regulate nuclear morphology, 65 

as well as the cellular stresses that alter nuclear shape. Accumulation of unrepaired 66 

DNA damage is another common feature of the normal aging process in Drosophila, C. 67 

elegans, and humans1,4,5, implying a possible connection between nuclear morphology 68 

and genome integrity in metazoan. Several types of malignant tumors show both 69 

dysmorphic nuclei and disordered chromosomal arrangement2,6. In this study, we use 70 

Drosophila TER94 to decipher the molecular mechanisms linking nuclear morphological 71 

change and DNA damage. 72 

We have previously used Drosophila to model IBMPFD, a multi-system 73 

degenerative disorder associated with specific mutations in VCP7. VCP ATPases form 74 

hexamers and are known for extracting ubiquitinated proteins from organelles and 75 

protein complexes for proteasome-mediated degradation, re-folding, or liberation8. VCP 76 

has been implicated in numerous processes. In the cytoplasm, VCP responds to 77 

stresses from the endoplasmic reticulum (ER) by participating in the ER-associated 78 

degradation (ERAD) of misfolded ER proteins to maintain the homeostasis9. A similar 79 

requirement for VCP function has also been reported for removing damaged proteins 80 

during mitochondrial quality control10. VCP is essential for the maturation of 81 

autophagosomes and their subsequent fusion with lysosomes11,12. During mitotic 82 

division, the nuclear envelope and Golgi reassembly also require VCP13,14. In the 83 

nucleus, this ubiquitin-dependent protein segregase/unfoldase has been reported to 84 

remove or degrade several chromatin-associated proteins involved in DNA damage 85 

response (DDR)15. With our Drosophila model, we show that IBMPFD alleles affect 86 

energy consumption7. Whether Drosophila TER94 has a nuclear function is not clear. 87 

Machinery repairing DNA lesions operates in a spatiotemporal-regulated precision, 88 

completing the tasks of lesion sensing, signaling, and repairing. To achieve this, DDR 89 
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proteins recruited to the DNA damage sites for one task need to be displaced to allow 90 

the assembly of complexes for a different task. This dynamic regulation involves several 91 

post-translational modifications, including phosphorylation, ubiquitination, and SUMO 92 

(small ubiquitin-like modifier)-conjugation16. For instance, in response to double-strand 93 

breaks, the MRN (MRE11-RAD50-NBS1) sensor complex are loaded onto the damage 94 

sites, facilitating the recruitment of phosphatidylinositol-3 kinase family protein ATM 95 

(known as Tefu in fly) and ATM-dependent phosphorylation of the histone variant H2AX 96 

(known as H2AV in fly)17. The phosphorylated H2AX (γH2AX, known as γH2AV in 97 

Drosophila) then recruits MDC1 (known as Mu2 in fly), which serves as an adaptor for 98 

additional factors to remodel chromatins near the DNA damage sites18. A SUMO-99 

targeted E3 ligase RNF4 (known as Dgrn in fly) mediates the ubiquitination of MDC1, 100 

which promotes its subsequent dissociation from chromatin19. The removal of MDC1 is 101 

required for the recruitment of downstream signaling and repair proteins, such as 102 

53BP1 and BRCA119,20. However, how ubiquitin-conjugated MDC1 are removed from 103 

chromatin is not understood. 104 

In this study, we present evidence that loss of TER94 function leads to nuclear 105 

size increase. Consistent with the known TER94 role, ubiquitinated proteins accumulate 106 

inside the nucleus of TER94 dysfunction cells, and the extent of accumulation correlates 107 

positively with the severity of this nuclear size defect. This TER94-associated nuclear 108 

size defect is modified by Mu2 RNAi and overexpression, linking DDR to this process. 109 

Genetic evidence further suggests the p53A isoform acts downstream of TER94 and 110 

Mu2 in this aberrant nuclear size increase. TER94 interacts physically with Mu2 and 111 

negatively regulates Mu2 level, suggesting Mu2 is a substrate of TER94. Mu2 positively 112 

regulates p53 protein level, and is capable of directly interacting with p53. In addition, 113 

TER94 dysfunction, in a Mu2- and p53-dependent manner, causes accumulation of 114 

p62, a well-known indicator of disrupted autophagic flux. Together, our findings suggest 115 

that TER94 dysfunction disrupts DDR, causing an accumulation of Mu2 proteins, which 116 

stabilize p53 and perturb autophagy to enlarge the nuclei. 117 

  118 
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Results 119 

 120 

Disruption of TER94 function causes nuclear enlargement in postmitotic cells  121 

VCP is an essential gene, and whole-animal knockouts of VCP function in both fly and 122 

mouse cause embryonic lethality21,22. Thus, to analyze the cellular roles of VCP in 123 

adults, we chose an alternative approach of expressing UAS-controlled dominant-124 

negative transgenes with tissue-specific GAL4 drivers. We have previously generated 125 

UAS-TER94K2A (K248A & K521A) and UAS-TER94E2Q (E302Q & E575Q), which 126 

overexpress Drosophila VCP mutants affecting ATP-binding and ATP-hydrolysis, 127 

respectively23,24. These variants with disabled ATPase activity are thought to act as 128 

dominant-negatives by forming non-functional hexamers with endogenous wild type 129 

TER94, thereby depleting the functional TER94 pool9,25. When expressing TER94K2A 130 

with Rh1-GAL4 (hereafter referred as Rh1>TER94K2A), a driver active in postmitotic 131 

outer photoreceptor cells R1-R6 (R cells, Fig. 1a) from the late pupal stage on, we 132 

observed an age-dependent increase in the nuclear size (Supplementary Fig. 1). As 133 

revealed by anti-Lamin antibody staining, which labels the nuclear envelope, the R cell 134 

nucleus transforms from a fringe-like shape (Supplementary Fig. 1a, 70% pupal) to a 135 

round contour (Supplementary Fig. 1a, 0-day adult) at the pupae-to-adult transition. This 136 

nuclear morphology transformation was similar in Rh1>LacZ control and 137 

Rh1>TER94K2A, indicating that expression of dominant-negative TER94 does not hinder 138 

nuclear maturation during development. Instead, Rh1>TER94K2A nuclei in 2-day-old 139 

adults, compared to those of Rh1>LacZ, exhibited an apparent increase in nuclear size 140 

(the Rh1>TER94K2A nuclei were 35% larger than control; Supplementary Fig. 1). From 141 

this point on, while Rh1>LacZ nuclear size remained constant, the Rh1>TER94K2A 142 

nuclei continued to enlarge, as they were 117% larger than the control in 5-day-old 143 

adults (Fig. 1b, c and Supplementary Fig. 1), and 129% larger than the control in 8-day-144 

old adults (Supplementary Fig. 1). Rh1>TER94K2A stained with anti-NPC (nuclear pore 145 

complex) antibody yielded nuclear enlargement as well, indicating the abovementioned 146 

phenotype was not caused by Lamin mis-localization (Fig. 1d). This expanded nuclear 147 

size phenotype is specific, as the cell size revealed with a plasma membrane-148 

associated mCherry and rhabdomere size remained unaltered by TER94K2A expression 149 
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(Supplementary Fig. 2). Together, these results showed that TER94K2A expression 150 

causes a post-development and age-dependent nuclear size enlargement. 151 

This expansion of nuclear size was not seen in cell overexpressing TER94A229E 152 

(Fig. 1b, c), an IBMPFD-associated variant, which we have previously shown to act as a 153 

dominant-active mutant7. Overexpression of TER94E2Q, a different dominant-negative 154 

allele, also caused nuclear enlargement, indicating that this defect was not specific to 155 

the TER94K2A variant (Fig. 1d). To further confirm that a loss of TER94 function causes 156 

this nuclear size defect, we generated mosaic eyes containing mutant clones of 157 

TER94K15502 (a strong hypomorphic allele), and showed that homozygous TER94K15502 158 

cells, marked by the absence of GFP, exhibited enlarged nuclei as compared to the 159 

neighboring normal cells (Fig. 1e).To ensure the nuclear size defect is not restricted to 160 

the outer R cells, we used Rh4-GAL4 driver, which is active in ~70% of R7 cells (Fig. 161 

1a), to express UAS-TER94K2A and UAS-GFP-NLS (UAS-GFP-NLS was included to 162 

identify the TER94K2A-expressing R7 population). Consistent with the Rh1>TER94K2A 163 

results, R7 nuclei expressing TER94K2A (Fig. 1f, arrows) were larger than those without 164 

TER94K2A expression (Fig. 1f, arrowheads). Expressing TER94K2A in other non-neuronal 165 

postmitotic cells, such as cone cells and indirect flight muscle cells, recapitulated this 166 

aberrant increase of nuclear size (Supplementary Fig. 3). Altogether, these data 167 

suggest that TER94 AAA ATPase has a fundamental role in regulating nuclear size in 168 

postmitotic cells, in which their nuclei are usually remained at a rather constant size. 169 

 170 

Loss of TER94 function causes accumulations of autophagic markers and 171 

ubiquitinated nuclear proteins 172 

VCP hexamer is known to process ubiquitinated substrates for degradation in the 173 

ubiquitin-proteasome system (UPS), and has been linked to autophagy, DDR, ERAD, 174 

and apoptosis8. To determine whether disruption of any of the aforementioned 175 

processes contributes to the nucleus expansion, we monitored the reporter activities for 176 

these pathways in Rh1>TER94K2A retina. In 2-day-old Rh1>TER94K2A adults, while a 177 

significant portion of nuclei were already enlarged, the activity of CD3d-YFP, an ERAD 178 

reporter, remained low, implying that ERAD impairment is unlikely to be a cause 179 

(Supplementary Fig. 4a). The signal of CD8-PARP-Venus, an apoptotic reporter, were 180 
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absent in 2-day-old Rh1>TER94K2A adults and could only be detected in a few 181 

Rh1>TER94K2A cells one-week after the onset of nuclear expansion (Supplementary 182 

Fig. 4b). Similarly, another independent apoptotic reporter, cleaved Caspase-3, was 183 

appeared only in a subset of 5-day-old R7 cells expressing TER94K2A by Rh4-GAL4 184 

(Supplementary Fig. 4c). These observations preclude the notion of apoptosis being a 185 

cause for enlarged nuclei. 186 

To test whether TER94K2A affects autophagy, we monitored the level of GFP-187 

Atg8a and GFP-p62 in Rh1>TER94K2A. Atg8a is essential for autophagosome 188 

formation26 and p62 serves as an adaptor linking ubiquitinated substrates to Atg827. In 189 

control retina, GFP-Atg8a and GFP-p62 signals were low and remained unchanged as 190 

the flies aged (Fig. 2a, b). In contrast, both GFP-Atg8a and GFP-p62 showed age-191 

dependent increase in Rh1>TER94K2A (Fig. 2a, b). Immunolabeling with anti-LC3 and 192 

anti-ref(2)p respectively confirmed the accumulation of endogenous Atg8 and p62 in 193 

TER94 dysfunction cells (Supplementary Fig. 5). The GFP-Atg8a increase was both 194 

cytoplasmic and nuclear, and correlated well with cells of large nuclei (Fig. 2a). While 195 

the GFP-p62 increase also showed some correlation with cells of large nuclei, its 196 

signals were more spatially restricted and age-dependent (Fig. 2b). Large GFP-p62 197 

positive aggregates were seen primarily in the cytoplasm in 2-day-old retina, whereas 198 

these structures were observed in both the cytoplasm and nuclei in 5-day-old retina 199 

(Fig. 2a). Both autophagy GFP-tagged reporters were expressed from a heterologous 200 

promoter (UAS), suggesting the observed increases are mediated by post-201 

transcriptional mechanisms. Furthermore, Atg8 and p62 are degraded after 202 

autophagosome-lysosome fusion under normal condition, and a prolonged 203 

accumulation of these two proteins has been associated with autophagy deregulation28. 204 

The fact that Rh1>TER94K2A showed age-dependent accumulation of Atg8a and p62 205 

suggests defective autophagy could be a contributing factor for the nuclear 206 

enlargement. 207 

To test whether disruption of TER94 function affects the UPS system, we stained 208 

Rh1>TER94K2A adult retina with FK2, an antibody that recognizes mono- and 209 

polyubiquitinated conjugates29. At the late-pupal stage, at which the nuclear size of 210 

Rh1>TER94K2A outer R cells appeared normal, FK2 signal was seen in the nuclei of 211 
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only a few cells (Fig. 2c). As the flies aged, the FK2 signal intensity and number of cells 212 

with nuclear FK2 staining increased, suggesting that TER94K2A expression causes an 213 

accumulation of ubiquitinated substrates. In comparison, no nuclear FK2 signal and only 214 

occasional cytoplasmic FK2-positive puncta were detected in Rh1>LacZ (Fig. 2c). This 215 

accumulation of ubiquitinated nuclear proteins was caused by loss of TER94 function, 216 

confirmed by the FK2 immunostaining of mosaic tissues bearing homozygous 217 

TER94K15502 clones (Fig. 2e). Importantly, the strength of FK2 signal correlated strongly 218 

with the nuclear size increase (Fig. 2c, d). This correlation, along with the fact that the 219 

appearance of FK2 staining precedes the enlarged nuclei defect, suggests the failure in 220 

removing ubiquitinated nuclear proteins in Rh1>TER94K2A cells is a cause for the 221 

aberrant nuclear expansion. 222 

 223 

Disruption of nuclear TER94 function in DNA damage repair affects nuclear size 224 

VCP has known functions in both the cytoplasm and nucleoplasm8. Given the 225 

correlation between ubiquitinated protein accumulation in the nucleus and the nuclear 226 

size expansion, we speculated these defects were due to a deficit of TER94 function in 227 

the nucleus. To test this hypothesis, we took advantage of a fortuitous finding of ours 228 

that overexpression of Derlin-1, an ER membrane protein that recruits TER94 to the ER 229 

vicinity upon ER stress, depletes the nuclear pool of endogenous TER9430 (Fig. 3a, b). 230 

Indeed, overexpression of Derlin-1 caused nuclear expansion (Fig. 3a, b), supporting 231 

the notion that this nucleus enlargement was caused by a depletion of nuclear TER94. 232 

As a control, expression of Derlin-1ΔSHP, a Derlin-1 construct incapable of binding to 233 

TER9430, had no effect on the nuclear TER94 level and the nuclear size (Fig. 3a, b). 234 

Furthermore, co-expression of wild type TER94 in Rh1>Derlin-1 suppressed the nuclear 235 

expansion phenotype (Supplementary Fig. 6), presumably by replenishing the level of 236 

TER94 in the nucleus. 237 

Within the nucleus, VCP function has been implicated in cell cycle and DDR 238 

regulations31,32. Using EdU incorporation assay, Drosophila-specific FUCCI 239 

(Fluorescent Ubiquitination-based Cell Cycle Indicator) system (Fly-FUCCI)33, and 240 

another cell cycle reporter S/G2/M-Green, we showed that Rh1>TER94K2A cells 241 

remained mitotically inactive (Supplementary Fig. 7), indicating that the nuclear 242 



 9 

morphological change is not caused by cell cycle re-entry. To test the impact of TER94 243 

inactivation on DDR, we stained Rh1>TER94K2A for γH2AV, a phosphorylated histone 244 

H2A variant formed at DNA damage sites to facilitate DDR processing34,35. Like in 245 

mammals, robust γH2AV signals react to genotoxic insults in flies, as tested by H2O2 246 

treatment (Fig. 3c). While this DDR marker signal remained unchanged in Rh1>LacZ 247 

cells, γH2AV staining increased in the nuclei of TER94K2A-expressing cells (Fig. 3d, e). 248 

More importantly, the elevation of γH2AV staining in Rh1>TER94K2A correlated with the 249 

onset of nuclear size expansion. Like the nuclear enlargement phenotype, increased 250 

γH2AV staining was detected in homozygous TER94K15502 clones in mosaic eyes (Fig. 251 

3f). 252 

To independently confirm the effect of Rh1>TER94K2A on DDR and to rule out the 253 

possibility that Rh1>TER94K2A merely altered H2AV expression, we tested another DDR 254 

marker, PCNA (Proliferating Cell Nuclear Antigen), a DNA polymerase δ processivity 255 

factor essential for both DNA replication and repair36, and observed an elevation of 256 

PCNA in Rh1>TER94K2A (Fig. 3g). As we have excluded the possibility of 257 

Rh1>TER94K2A initiating DNA replication, this PCNA observation, along with the 258 

abovementioned γH2AV results, indicates that disruption of TER94 function perturbs the 259 

DDR process, possibly causing an accumulation of unrepaired DNA lesions. 260 

  261 

Accumulation of Drosophila MDC1 phenocopies TER94K2A-associated nuclear 262 

enlargement 263 

The increase of DDR markers, as well as FK2 accumulation (Fig. 2), in Rh1>TER94K2A 264 

suggests that, in the absence of TER94 function, DDR proteins accumulated, leading to 265 

enlarged nuclei. To test this hypothesis, we asked whether reduction of certain DDR 266 

proteins, which might be TER94 substrates, could suppress the nucleus expansion 267 

phenotype in Rh1>TER94K2A. Conversely, if accumulation of certain DDR proteins is 268 

responsible for the defect in Rh1>TER94K2A, direct overexpression of these DDR 269 

proteins should recapitulate the enlarged nuclei defect. Using these two criteria, we 270 

screened DDR genes by RNA interference (RNAi) and Rh1-GAL4-driven 271 

overexpression. RNAi-mediated knockdowns of several candidates, including tefu, 272 

l(3)mbt, mu2, bon, dgrn, and p53 (Fig. 4a and Supplementary Fig. 8a) showed 273 
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suppression of the nuclear enlargement defect, although only Rh1>eGFP-mu2, among 274 

the tested constructs, presented a nuclear expansion phenotype similar to those seen in 275 

TER94K2A (Fig. 4b, c and Supplementary Fig. 8b). We made UAS-mu2 transgenic flies 276 

and showed Rh1>mu2 photoreceptors contained enlarged nuclei (Fig. 5a), verifying that 277 

this mu2-overexpression phenotype was unaffected by the GFP moiety. Rh1>eGFP-278 

mu2, similar to Rh1>TER94K2A, showed increased γH2AV staining (Fig. 4d, e), 279 

consistent with our notion that accumulation of DDR proteins hinders DNA damage 280 

repair. Moreover, the eGFP-Mu2 signal intensity in Rh1>eGFP-mu2 correlated 281 

positively with the nuclear size increase (Fig. 4f), strengthening our hypothesis that the 282 

inability to remove Mu2 from the chromatin in TER94K2A results in aberrant nuclear 283 

morphology.  284 

 The similarities between TER94K2A and Mu2-overexpression phenotypes suggest 285 

these two genes act on the same pathway. Indeed, several lines of evidence suggest 286 

that Mu2 is a substrate of TER94. Co-overexpression of wild type TER94 reduced 287 

eGFP-Mu2 signals in the nuclei, and conversely, reduction of TER94 function by RNAi 288 

increased nuclear eGFP-Mu2 signals (Fig. 4b, c, g). This influence of TER94 on Mu2 289 

level was functional, as TER94WT overexpression suppressed and TER94 knockdown 290 

enhanced Mu2-induced enlarged nuclei defect respectively (Fig. 4b, c). It is worth noting 291 

that, as both TER94 and Mu2 were expressed from a heterologous promoter (from UAS 292 

directed by Rh1-GAL4), this effect of TER94 on apparent Mu2 expression is unlikely to 293 

be transcriptional. Indeed, RT-PCR showed the level of Mu2 transcripts was unaffected 294 

in TER94K2A-expressing cells (Fig. 4h). Nevertheless, Western blot of TER94K2A lysates 295 

showed an increase in the endogenous Mu2 (Fig. 4i), indicating that loss of TER94 296 

function increased Mu2 protein level via a post-transcriptional mechanism. The in situ 297 

proximity ligation assay (PLA) showed that TER94 interact with Mu2 in vivo (Fig. 4j). 298 

The fact that TER94 regulates Mu2 abundance, along with this observation that these 299 

two proteins are in close proximity, suggests that Mu2 is a potential TER94 substrate. 300 

 301 

p53A acts downstream of MDC1 in TER94 dysfunction-induced nuclear expansion 302 

To identify downstream effectors that contribute to this nuclear size increase, we looked 303 

for proteins that are known to interact with Mu2 in literature and have significantly 304 
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modified the TER94K2A-caused nuclear expansion in the abovementioned RNAi screen. 305 

One such candidate is p53, which is known to interact with MDC1 in mammals37,38. In 306 

addition, RNAi-mediated downregulation of p53 suppressed both TER94K2A and Mu2-307 

induced nuclear expansion (Fig. 4a and Fig. 5a). To independently confirm this role of 308 

p53 in nuclear enlargement, we overexpressed TER94K2A or Mu2 in homozygous p53 309 

null (p535A-1-4; labeled as p53-/-)39 background. Similar to the knockdown, a complete 310 

removal of p53 function suppressed TER94K2A- and Mu2-associated nuclear expansion 311 

(Fig. 5b, c). These genetic interactions place p53 function downstream of TER94 and 312 

Mu2 in this context. 313 

The Drosophila p53 gene encodes four isoforms, A/C, B, D, and E (the isoform C 314 

the same as isoform A), structurally differing by the length of the N-terminal 315 

transactivation domain (TAD)40. While the abovementioned genetic interactions link p53 316 

to the TER94K2A- associated nuclear size increase, it is unclear whether this particular 317 

p53 role is isoform-specific. Quantitative Western analysis of Rh1>TER94K2A adult 318 

retinal extract detected no change in p53D and p53E level, a slight increase of p53B in 319 

the nuclear fraction, and a significant increase of p53A in the cytosolic fraction (Fig. 5d). 320 

To identify which p53 isoform(s) facilitates this TER94K2A-dependent nuclear expansion, 321 

we took advantage of the observation that p53-/- suppressed the Mu2-associated 322 

nuclear enlargement defect (see above). In Rh1>eGFP-Mu2; p53-/- retina, expression of 323 

p53B with Rh1-GAL4 driver had no effect on the nuclear size (Fig. 5c), indicating that 324 

this isoform has little, if any, role in this context. In contrast, expression of p53A in the 325 

same background restored the nuclear size increase (Fig. 5c), strongly suggesting this 326 

isoform contributes to the TER94K2A-linked nuclear expansion phenotype. 327 

In mammals, p53 proteins are labile41, and can be stabilized by MDC1 under 328 

genotoxic stress42. p53 interacts with MDC1 directly through the BRCT (BRCA1 C-329 

terminal) domain37,38, which is conserved in Drosophila Mu243. Thus it is reasonable to 330 

hypothesize that Mu2 binds with and stabilizes p53 in affecting nuclear size. In support 331 

of this, endogenous p53 was increased in Rh1>TER94K2A (Fig. 5d), and exogenously 332 

expressed p53A was elevated in tissues co-expressing TER94K2A (Fig. 5e). Similarly, 333 

ectopically expressed p53A was upregulated in Mu2-overexpression and reduced in 334 

Mu2-RNAi backgrounds respectively (Fig. 5e). In situ PLA demonstrated that tagged 335 
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Mu2 could interact with p53A in eye discs (Fig. 5f). Taken together, these data support 336 

a cascade, in which TER94K2A increases Mu2 abundance to stabilize p53. In addition, 337 

the stabilized p53 might be an effector mediating the nuclear expansion. 338 

 339 

TER94K2A nuclear expansion is associated with p53-mediated autophagy flux 340 

impairment 341 

Expression of Drosophila p53A in photoreceptors has been reported to impair 342 

autophagic flux44. As p53A contributes specifically to the nuclear enlargement defect 343 

and TER94K2A causes age-dependent Atg8a and p62 accumulation (Fig. 2a, b), we 344 

hypothesized that TER94 dysfunction, in a Mu2- and p53-dependent manner, could 345 

disrupt autophagic flux. Disrupted autophagic flux might fail to remove damaged nuclear 346 

components, resulting in the observed nuclear size increase in Rh1>TER94K2A. To 347 

address this, we monitored the signal intensities of GFP-Atg8a or GFP-p62 348 

in Rh1>TER94K2A eyes co-expressing RNAi constructs against p53 or Mu2. Compared 349 

to Rh1>TER94K2A alone, knockdowns of p53 and Mu2 significantly reduced the GFP-350 

Atg8a and GFP-p62 signals (Fig. 6a-c), demonstrating that TER94K2A causes 351 

autophagy incompletion through a Mu2- and p53-dependent manner. 352 

To confirm the autophagy flux impairment and nuclear size enlargement are 353 

facilitated by p53A, we compared the endogenous p62 levels and the nuclear sizes in R 354 

cells expressing Mu2 alone with those co-expressing p53A. Compared to LacZ control, 355 

Mu2 overexpression alone showed a slight but reproducible increase of p62. The p62 356 

signal in Rh1>Mu2 was strongly enhanced when p53A were co-expressed. Co-357 

expression of p53B showed little effect on p62 signal, demonstrating the specificity of 358 

the enhancement by p53A (Fig. 6d). Likewise, the moderately enlarged nuclear size in 359 

Rh1>Mu2 expanded further with p53A co-expression (Fig. 6d). Together, these results 360 

show that TER94K2A and Mu2 overexpression cause autophagic flux defect and nuclear 361 

enlargement through p53A. 362 

 363 

  364 
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Discussion 365 

 366 

We have used Drosophila visual system to investigate the physiological function of VCP 367 

and the mechanism by which specific VCP alleles contribute to neurodegeneration7. 368 

Here, using both cell-specific expression of dominant-negative TER94 mutants and 369 

FLP-induced TER94k15502 mutant clones, we show that removal of TER94 function in 370 

postmitotic cells leads to an aberrant nuclear expansion. This enlarged nucleus 371 

phenotype is not restricted to photoreceptors, as the expression of TER94K2A in other 372 

cell types generates a similar defect, suggesting that the role of TER94 in nuclear size 373 

regulation is fundamental to most cells. Altered nuclear size or shape has been 374 

associated with aging and diseases like cancer, although the mechanistic link between 375 

aberrant nuclear morphology and cell pathophysiology is not well understood. While 376 

multiple explanations likely exist for aberrant nuclear enlargement, the known roles of 377 

VCP in degenerative disorders and the specificity of TER94K2A nuclear enlargement 378 

defect suggest this is an ideal model system to explore the underlying mechanism. 379 

As the molecular function of VCP has been extensively studied, we suspect that 380 

the enlarged nuclei defect may be linked to one of its characterized roles. We have 381 

previously shown that overexpression of Derlin-1, a direct interactor of TER94, retains 382 

TER94 in the cytoplasm30. Derlin-1-dependent depletion of nuclear TER94 causes 383 

enlarged nuclei, suggesting this nuclear enlargement is caused by disruption of TER94 384 

function in the nucleus. In support of this, TER94K2A-expressing R cells show elevated 385 

levels of ubiquitinated proteins inside the nucleus, and the level of ubiquitination 386 

correlates well with the severity of the nuclear size. Taken together, our results suggest 387 

that the clearance of some ubiquitinated nuclear proteins is blocked by TER94K2A, 388 

thereby causing nuclear enlargement. 389 

VCP has been shown to rapidly accumulate at DNA damage site, facilitating the 390 

extraction of chromatin-tethering proteins such as L3MBTL1 and KAP1 to assist the 391 

recruitment of 53BP1 or BRCA1 respectively45,46, and the removal of Ku80 from DNA at 392 

the end of non-homologous end joining repair47. Knockdowns of fly L3MBT and Ku80 393 

suppress the Rh1>TER94K2A-associated nuclear enlargement, linking DNA repair to this 394 

aberrant nuclear morphology. This hypothesis is further supported by our analysis of 395 
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MDC1, a scaffold protein that bridges the injured DNA and DDR factors42,48,49. Mu2, the 396 

fly homolog of MDC1, modifies the phenotype of Rh1>TER94K2A, and Mu2 397 

overexpression recapitulates the phenotype of Rh1>TER94K2A, placing Mu2 398 

downstream of TER94 in this context. As TER94 is pleiotropic, this evidence of Mu2 399 

overexpression phenocopies TER94K2A supports that DDR participates specifically in 400 

nuclear expansion. MDC1 is indispensable for DDR; however, prolonged retention of 401 

MDC1 on DNA damage site impedes the access of downstream signaling or repairing 402 

proteins19,20,50. In support of the notion that a coordinated removal of MDC1-γH2AX 403 

association is critical for maintaining genomic stability, we observed persistent γH2AV 404 

signals in Mu2-overexpressing cells. The SUMO-targeted ubiquitin ligase RNF4 and the 405 

deubiquitinase Ataxin-3 have been shown to regulate the removal of MDC1 from 406 

chromatin51. Our demonstration that TER94 negatively influences Mu2 level via a post-407 

transcriptional manner suggests TER94 has a role in removing Mu2 as well. Combined 408 

with the result of in situ PLA demonstrating that TER94 interacts with Mu2, Mu2 could 409 

be a direct substrate of TER94. Thus, we propose that TER94-mediated degradation of 410 

Mu2 is a crucial step permitting the DNA repair machinery to engage the lesion site. 411 

During DDR, MDC1 serves as a binding platform for recruiting downstream DDR 412 

factors42,48 including p53. Our observation that p53-RNAi suppresses both TER94K2A 413 

and Mu2-induced nucleus expansion places p53 downstream of these two proteins in 414 

promoting nuclear size increase. The PLA assay confirms an interaction between Mu2 415 

and p53. Furthermore, the Western blotting results show Mu2 overexpression boosts 416 

p53 levels, suggesting that this Mu2-p53 interaction stabilizes labile p53 proteins. In 417 

mammalian systems, p53 protein level under normal condition is kept low, as most of 418 

p53 proteins are destined for degradation via a continuous ubiquitination by E3 ubiquitin 419 

ligase MDM2. In the presence of DNA damage, phosphorylation of p53 by various 420 

kinases could disturb this MDM2-p53 interaction and stabilize p5352. It has been 421 

reported that MDC1 is indispensable for CHK2-mediated p53 phosphorylation and 422 

stabilization in response to ionizing radiation in mammalian cells42. The observation that 423 

Mu2 overexpression positively and Mu2-RNAi negatively regulates p53 protein level 424 

respectively suggests a similar mechanism may exist in Drosophila. In support of this, 425 

MDC1 is known to interact with p53 via the BRCT domain37,38, which is conserved in 426 
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Drosophila Mu243. It is thought that the accumulated Mu2 represents a signal from 427 

stalled DDR, and this Mu2-p53 interaction allows p53 to elicit responses to protect the 428 

genome. Our demonstration that manipulating p53 level modifies nuclear size under 429 

TER94K2A or Mu2 overexpression suggests that alteration in nucleus structural 430 

maintenance could be a response to stalled DDR.  431 

The p53 locus is capable of generating multiple isoforms through the usage of 432 

alternative promoters, splicing sites, and translational initiation sites53. Our study 433 

suggests the nuclear expansion defect, caused by TER94 dysfunction or Mu2-434 

overexpression, selectively requires p53A. Previous studies have suggested that p53A 435 

is required for DNA damage-induced apoptosis in dividing cells by activating pro-436 

apoptotic genes40, and this isoform also showed a tumor-suppressor function by 437 

inducing apoptosis and necrosis during spermatogenesis54. A recent report suggests 438 

that Drosophila p53A and p53B have opposing effect on autophagy and apoptosis, and 439 

it is the balance between these p53 isoforms that mediate this cellular life-and-death 440 

decision under duress44. Our observation that p53A is selectively required for this 441 

context suggests that deregulated DDR, caused by either TER94 dysfunction or Mu2 442 

accumulation, tips the balance to favor p53A-dependent response. In any case, our 443 

work provides a new direction in resolving p53-regulated cellular events and 444 

emphasizes the importance of unveiling factors controlling p53 abundance in an 445 

isoform-specific fashion. 446 

Drosophila p53A have recently been reported to disrupt autophagy flux44. As our 447 

analysis implicates p53A, it seems plausible that a disruption of autophagy has a role in 448 

this TER94K2A-associated enlarged nuclei defect. Indeed, TER94K2A cells exhibit age-449 

dependent p62 accumulation, a well-established indicator of autophagy deficiency28. 450 

Furthermore, downregulation of Mu2 or p53 ameliorates the p62 accumulation in 451 

Rh1>TER94K2A, indicating that this autophagy deficiency is mediated by Mu2 and p53. 452 

In addition to regulating chromatin modification55, autophagy has been shown to remove 453 

nuclear components upon genotoxic insults56. Thus, p53A expression may disrupt 454 

autophagy-mediated removal of nuclear components, thereby increasing the nuclear 455 

size. Taken together, we propose a model (Fig. 6e) that VCP dysfunction causes 456 

aberrant accumulation of MDC1 on the DNA damage foci. The MDC1 accumulation 457 
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then stabilizes p53A, which hinders the autophagy-dependent removal of nuclear 458 

materials and alters the nuclear size. 459 

Nearly 150 years ago, Sir Lionel Beale, the father of cytology, described different 460 

nuclear morphology in various tumor types and recognized its prognostic value57. 461 

Nuclear morphometry, including changes in nuclear size or shape, and the presence of 462 

nuclear lobulation, have since been extensively used to grade different tumors and 463 

optimize clinical treatment. As altered VCP expression is also associated with poor 464 

prognosis and sometimes linked to the metastatic potential in several cancer types58-63, 465 

our study provides a plausible explanation of how VCP dysfunction, the nuclear 466 

structure, and defective DDR could be linked. Furthermore, the identification of MDC1 is 467 

a key player in stabilizing p53 during DDR, and by which to modulate autophagy and 468 

nuclear morphology opens a new direction for the field studying p53-mediated cellular 469 

responses. Our findings might help in developing new targets for clinical applications. 470 

  471 
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Materials and Methods 472 

 473 

Drosophila genetics and molecular biology 474 

Flies were raised on standard cornmeal food at 25°C under 12 hours light/dark 475 

cycles unless otherwise mentioned. The following Drosophila strains were used: Rh4-476 

GAL4, Spa-GAL4, Mhc-GAL4, UAS-tub-GAL80ts, UAS-GFP-NLS, hs-FLP, FRT42D 477 

GMR-myr.GFP, UAS-CD4-mCherry, UAS-EGFP.mu2, Fly-FUCCI (UAS-GFP-E2F11-230, 478 

UAS-mRFP1-NLS-CycB1-266) (Bloomington Drosophila Stock Center, Indiana, USA), 479 

FRT42D TER94K15502, UAS-S/G2/M-Green (Kyoto Stock Center, Kyoto, Japan), GMR-480 

GAL4 (originally derived from Dr. Matthew Freeman64), Rh1-GAL4 (provided by Dr. 481 

Larry Zipursky), UAS-CD8-PARP-Venus (gift of Dr. Darren Williams), UAS-GFP-Atg8a 482 

and UAS-GFP-p62 (originally derived from Dr. Thomas Neufeld), UAS-6XMyc-p53 483 

isoforms (kindly provided by Dr. Brian Calvi). All of the transgenic RNAi lines were 484 

sourced from the Drosophila Stock Center (Bloomington, Indiana, USA) and the Vienna 485 

Drosophila RNAi Center (Vienna, Austria). UAS-CD3δ-YFP, UAS-TER94WT, UAS-486 

TER94A229E, UAS-TER94K2A, UAS-TER94E2Q, UAS-Derlin-1, and UAS-Derlin-1ΔSHP have 487 

been previously described7,30. 488 

To generate somatic eye clones of TER94K15502, hs-FLP; FRT42D, GMR-myr.GFP 489 

virgins were crossed with FRT42D, TER94K15502/ CyO males. The F1 progeny were 490 

heat-shocked in a 37 °C water bath for 1 hour at second or third instar larval stage to 491 

induce mitotic recombination. An additional 1-hour heat-shock a 37 °C on the following 492 

day was administered to increase the frequency of recombination. Eye clones were 493 

examined among F1 adults without CyO. 494 

To generate pUAST-Mu2 construct, Drosophila Mu2 was excised from cDNA clone 495 

LD44171 (Drosophila Genomics Resource Center, Indiana, USA) and subcloned into 496 

pUAST as a KpnI-XbaI fragment. The pUAST-Mu2 construct was verified by 497 

sequencing prior to transgenic fly production by P element-mediated transformation65 498 

(WellGenetics, Taiwan). 499 

 500 

Antibody production and immunohistochemistry 501 
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To generate polyclonal anti-TER94, anti-p53, and anti-Mu2 antibodies, 502 

polypeptides corresponding to the amino acids 701-801 of TER94, amino acids 373-495 503 

of p53, and the amino acids 627-947 of Mu2 respectively were bacterially expressed, 504 

purified, and used for immunization (GeneTex). Whole-mount preparation of fly eyes 505 

and eye discs were performed as previously described66,67. Primary antibodies used 506 

were the following: mouse anti-Lamin Dm0 (1:20, Developmental Studies Hybridoma 507 

Bank, DSHB), rabbit anti-Lamin Dm0 (1:2,000, a generous gift from Dr. Paul Fisher), 508 

rabbit anti-TER94 (1:500), mouse anti-Nuclear Pore Complex Proteins (NPC) (1:100, 509 

Abcam), mouse anti- mono- and polyubiquitinated conjugates (FK2) (1:100, Enzo Life 510 

Sciences), rabbit anti-ref(2)p (1:20, Abcam), rabbit anti-LC3A/B (1:20, Abcam), rabbit 511 

anti-V5 (1:200, Millipore), mouse anti-γH2Av (1:200, DSHB), mouse anti-PCNA (1:20, 512 

Abcam), mouse anti-GFP (1:500, DSHB), mouse anti-Myc (1:100, GeneTex), mouse 513 

anti-p53 (H1) (1:10, DSHB), rabbit anti-mCherry (1:100, GeneTex), rabbit anti-cleaved 514 

PARP (1:50, Abcam), rabbit anti-cleaved Caspase 3 (1:20, Cell Signaling). Alexa Fluor® 515 

488, Cy3, and Cy5 conjugated secondary antibodies (Jackson ImmunoResearch 516 

Laboratories) were used at 1:100 dilutions. F-Actin enriched rhabdomere was labeled 517 

by Rhodamine-conjugated phalloidin (Sigma-Aldrich). Zeiss LSM-510 or 800 confocal 518 

microscopes were used for collecting all fluorescent images. Photoshop CS was used 519 

for image processing. For experiments that comparing fluorescent-labeled probes 520 

among different genotypes, the sample preparation and image processing was 521 

performed with the same procedure and setting. 522 

 523 

Quantification of the nuclear size 524 

The nuclear and the rhabdomeral area are manually outlined according to the 525 

Lamin and phalloidin staining respectively and measured by Image J. The area of each 526 

nucleus is normalized to the area of its corresponding rhabdomere. 527 

 528 

Subcellular fractionation 529 

Subcellular fractionations to isolate nuclear and cytosolic proteins were performed 530 

as described by Nabbi and Riabowol68 with modifications. Briefly, fly heads of 531 

appropriate genotypes were homogenized in ice-cold PBS containing 0.1% NP-40 532 



 19 

supplemented with protease inhibitor cocktail (Roche). While 25% of the homogenates 533 

(the whole cell lysates) were saved on ice, the remaining homogenates were 534 

centrifuged for 30 sec at 10,000 rpm. The resulting supernatant (the cytosolic fraction) 535 

was kept on ice, whereas the pellet was resuspended in ice-cold PBS containing 0.1% 536 

NP-40 with protease inhibitor cocktail. The resuspended pellet was re-centrifuged for 30 537 

sec at 10,000 rpm and the resulting pellet was resuspended in ice-cold PBS containing 538 

0.1% NP-40 with protease inhibitor cocktail (the nuclear fraction). The whole cell lysates 539 

and the nuclear fraction were sonicated on ice with two 8-sec pulses at 20 kHz, followed 540 

by a centrifugation for 1 min at 13,200 rpm to remove the debris. The final whole cell 541 

lysates and the nuclear fractions were obtained by collecting the supernatants after 542 

centrifugation. 543 

 544 

Immunoblotting 545 

For Westerns, primary antibodies were used as the following dilutions: rabbit anti-546 

TER94 (1:5,000), rabbit anti-Histone H3 (1:40,000, Abcam), mouse anti-β-actin 547 

(1:20,000, GeneTex), rabbit anti-GFP (1:1,000, GeneTex), rabbit anti-Mu2 (1:1,000), 548 

and rabbit anti-p53 (1:500). Secondary antibodies conjugated with HRP (Jackson 549 

ImmunoResearch Laboratories) were used in 1:10,000 dilutions. All loading controls 550 

were prepared by stripping off the reagents from the original membrane and then re-551 

immunoblotting with anti-β-actin (for whole cell lysate and cytosolic fraction) or anti- 552 

Histone H3 (for nuclear fraction) following the standard procedures. 553 

 554 

RT-PCR 555 

The total RNA from fly heads of Rh1>LacZ, Rh1>TER94K2A, Rh1>eGFP-Mu2 were 556 

isolated using GENEzol™ TriRNA Pure Kit (Geneaid) following the manufacturer’s 557 

instructions. 4 μg RNA was used for reverse transcription (Super-Script II, Invitrogen) 558 

following the manufacturer’s instructions. Subsequent PCR amplification was performed 559 

with about 1 μg cDNA. Specific primer pairs for TER94, Mu2, and internal control rp49 560 

were listed in Table 1. 561 

 562 

In situ protein-protein interaction detection 563 
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The Duolink® Proximity Ligation Assay (PLA) (Sigma-Aldrich) fluorescence method 564 

was applied to detect in situ protein-protein interaction following the manufacturer’s 565 

instructions. Third instar larval eye discs expressing proteins of interests were used in 566 

this assay. Rabbit anti-V5 (1:1,000, Millipore) and mouse anti-GFP (1:500, DSHB) 567 

antibodies were used to assess interactions between TER94 and Mu2. Rabbit anti-Myc 568 

(1:1,000, GeneTex) and mouse anti-GFP (1:500, DSHB) antibodies were used to 569 

assess interactions between p53 and Mu2. Images were acquired with a Zeiss LSM 800 570 

confocal microscope. 571 

 572 

EdU incorporation assay 573 

To determine whether cells re-entry cell cycle, Click-iT® EdU (Invitrogen) was used 574 

following the manufacturer’s instructions. Larval or adult retinas were dissected in PBS 575 

and then incubated in S2 medium only (control) or S2 medium with 20 µM EdU for 1.5 576 

hours. After incubation, the tissues were fixed with 4% paraformaldehyde in PBS and 577 

permeabilized with 0.5% Triton® X-100. Mouse anti-Lamin (1:20, DSHB) antibody was 578 

used to label the nucleus. Zeiss LSM-510 confocal microscope was used for collecting 579 

the images. 580 

 581 

 582 

  583 
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 796 

Figure 1. Loss of TER94 function induces nuclear expansion. a A cartoon depiction of 797 

Drosophila compound eye. The specialized photon-detecting rhabdomere and the proximal 798 

positions of R1-R7 nuclei are indicated. Two cross-section sketches indicated by dash lines 799 

show R1-R6 and R7 nuclei with the corresponding rhabdomeres. b Confocal images of 5-day-800 

old adult retinas from flies expressing indicated transgenes under the control of Rh1-GAL4 801 

stained with phalloidin (red) and anti-Lamin (green) antibody to visualize the rhabdomeres and 802 

the nuclear envelope, respectively. The arrows indicate representative examples of nuclei in 803 

each genotype. c Quantification of the nuclear area of R1-R6 from flies of indicated genotypes. 804 

Figure 1 
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67-96 nuclei from ≥ 4 independent eyes are measured in each group. Each dot represents an 805 

independent R cell. Values shown represent mean (black line) ± SE (red line). ***p<0.001 as 806 

compared to Rh1>LacZ (one-way ANOVA with Bonferroni’s multiple comparison test). d 807 

Confocal images of 5-day-old adult retinas expressing indicated transgenes under the control of 808 

Rh1-GAL4. The retinas are stained with phalloidin (red), anti-Lamin (magenta), and anti-NPC 809 

(green) antibodies. The anti-Lamin and anti-NPC signals are shown separately from the merged 810 

images for comparison. e An adult eye bearing TER94K15502 clone is stained with phalloidin (red) 811 

and anti-Lamin (magenta) antibody. The absence of myr.GFP marks somatic clone 812 

homozygous for TER94K15502 as the arrowhead indicated. The myr.GFP and anti-Lamin are 813 

shown separately from the merged image and converted to black and white for comparison. f 814 

Confocal images of 5-day-old adult retinas expressing GFP-NLS (green) alone (-) or co-815 

expressing GFP-NLS and TER94K2A under the control of Rh4-GAL4 stained with phalloidin (red) 816 

and anti-Lamin (magenta) antibody. Rh4-GAL4 is active in a subset of R7 photoreceptors, which 817 

are indicated by the presence of GFP-NLS. The GFP-NLS and anti-Lamin signals are shown 818 

separately from the merged images for comparison. The arrows indicate the enlarged nuclei of 819 

R7 with the expression of GFP-NLS and TER94K2A, and the arrowheads indicate the normal 820 

nuclei in R7 without transgenes expression. Scale bars: 10 µm (b, f), 5 µm (d, e). 821 
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 823 

 824 

Figure 2. Atg8, p62, and ubiquitinated nuclear proteins accumulate in cells lacking TER94 825 

function. a, b Drosophila retinas from freshly-eclosed (0-day) to 5-day-old adults co-expressing 826 

GFP-Atg8a with LacZ (control) or TER94K2A (a) or GFP-p62 with LacZ or TER94K2A (b) under 827 

the control of Rh1-GAL4 are stained with phalloidin (red) and anti-Lamin (magenta) antibody. c 828 

Time-course analysis of the change in nuclear size and the presence of ubiquitinated proteins 829 

from late pupal to the 5-day-old adult stage. Pupal or adult eyes expressing LacZ or TER94K2A 830 

by Rh1-GAL4 are stained with phalloidin (red), anti-Lamin (magenta), and anti-Ubiquitin 831 

conjugates (FK2, green) antibodies. The signals of FK2 staining are separated from the merged 832 

images for comparison. d Pearson’s correlation analysis of nuclear size and FK2 intensity. 833 

Images of 1-day-old adult retina, as shown in panel c, are analyzed. 88-125 nuclei from ≥ 4 834 

Figure 2 
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independent eyes are measured, and the r values represent Pearson’s correlation coefficient in 835 

each group. e An adult eye bearing TER94K15502 clone is stained with anti-Lamin (magenta) and 836 

anti-Ubiquitin conjugates (FK2, red) antibodies. The absence of myr.GFP marks somatic clone 837 

homozygous for TER94K15502 as the arrowhead indicated. The myr.GFP, anti-Lamin, and FK2 838 

signals are shown separately from the merged image and converted to black and white for 839 

comparison. Scale bars: 10 µm (a-c), 5 µm (e). 840 
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Figure 3. Blocking TER94 function hampers DNA damage repair. a Confocal images of 5-844 

day-old adult retinas expressing indicated transgenes by Rh1-GAL4. The retinas are stained 845 

with phalloidin (red), anti-Lamin (green), and anti-TER94 (magenta) antibodies. The anti-Lamin 846 

and anti-TER94 signals are shown separately from the merged images for comparison. The 847 

anti-TER94 signals are converted to black and white for illustrating the subcellular distribution of 848 

TER94. b Analysis of TER94 subcellular distribution. The analyzing range is randomly chosen 849 

by drawing a line across two nuclei in each group as the white lines shown in panel (a). Image J 850 

measures the intensities of anti-Lamin and anti-TER94 signals along the lines. The peaks of the 851 

anti-Lamin signal define the borders of the nuclei. c Confocal images of normal larval eye discs 852 

(Canton S; CS) with or without the treatment of DNA damaging agent, 50 µM H2O2. Anti-Lamin 853 

(red) and anti-γH2AV (green) antibodies are used to mark the nuclear envelope and the DNA 854 

damage sites. d Time-course analysis of the change in nuclear size and the level of γH2AV 855 

from freshly eclosed (0-day) to 8-day-old adult stage. Adult eyes expressing LacZ (control) or 856 

TER94K2A by Rh1-GAL4 are stained with phalloidin (red), anti-Lamin (magenta), and anti-γH2AV 857 

antibodies (green). e Quantification of the anti-γH2AV signal intensity from flies of indicated 858 

genotypes. 56-126 nuclei from ≥ 2 independent eyes are measured in each group. Values 859 

shown represent mean ± SE. ***p<0.001 as compared to Rh1>LacZ of corresponding age (two-860 

way ANOVA with Bonferroni post-test). f An adult eye bearing TER94K15502 clone is stained with 861 

anti-Lamin (magenta) and anti-γH2AV (red) antibodies. The absence of myr.GFP marks somatic 862 

clone homozygous for TER94K15502 as the yellow arrowheads indicated. The myr.GFP, anti-863 

Lamin, and anti-γH2AV signals are shown separately from the merged image and converted to 864 

black and white for comparison. g Confocal images of adult retinas from flies of the indicated 865 

ages expressing LacZ or TER94K2A by Rh1-GAL4 stained with phalloidin (red), anti-Lamin 866 

(magenta), and anti-PCNA (green) antibodies. Scale bars: 5 µm (a, d, f), 20 µm (c), 10 µm (g). 867 
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Figure 4. TER94 influences Mu2 level in regulating nuclear size. a Quantification of the R1-871 

R6 nuclear area from flies of indicated genotypes. 56-212 nuclei from ≥ 2 independent eyes are 872 

measured in each group. The purple lines indicate the difference of the mean equals 1 (mean 873 

diff. =1) as compared to the control (Rh1>TER94K2A, LacZ). The DDR genes with mean diff. ≥1 874 

are marked in yellow. b Confocal images of 7-day-old adult retinas from flies expressing 875 

indicated transgenes under the control of Rh1-GAL4 stained with phalloidin (red) and anti-Lamin 876 

(magenta) antibody. c Quantification of the R1-R6 nuclear area (upper panel, 126-277 nuclei 877 

from ≥ 4 independent eyes are measured in each group) or eGFP intensity (lower panel, 95-267 878 

nuclei from ≥ 4 independent eyes are measured in each group). d Confocal images of 7-day-old 879 

adult retinas from flies expressing indicated transgenes under the control of Rh1-GAL4 stained 880 

with anti-Lamin (red) and anti-γH2AV (magenta) antibodies. e Quantification of the anti-γH2AV 881 

intensity. 114-268 nuclei from ≥ 3 independent eyes are measured in each group. f Pearson’s 882 

correlation analysis of nuclear size and eGFP-Mu2 intensity. 134-150 nuclei from ≥ 3 883 

independent eyes are measured, and the r values represent Pearson’s correlation coefficient in 884 

each group. g Western analysis of eGFP-Mu2 level (detected by anti-GFP antibody) in TER94 885 

overexpression (TER94WT) or knockdown (TER94-RNAi) backgrounds. The anti-Histone H3 and 886 

the anti-β-Actin serve as loading controls for the nuclear and the whole protein lysates. h RT-887 

PCR measurement of the transcriptional level of mu2 and TER94 from flies expressing indicated 888 

genotypes. The control (Ctrl) groups contain all the PCR reaction reagents except the cDNA 889 

templates. The level of rp49 serves as an internal control. i Western analysis of endogenous 890 

Mu2 level in tissues expressing LacZ (control) or TER94K2A. The detection of anti-Histone H3 891 

and anti-β-Actin serve as loading controls for the nuclear and the cytosolic protein lysates. j 892 

Larval eye discs from flies expressing indicated transgenes under the control of GMR-GAL4 are 893 

stained with anti-GFP (magenta) and anti-V5 (red) antibodies (left panel). Larvae bearing the 894 

same genotypes are subjected to in situ PLA using anti-GFP and anti-V5 antibodies (right 895 

panel). The duolink signal reveals proteins in the same complex. The lines in dot plots from a, c 896 
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represent mean (black) ± SE (red). The bar charts from c, e represent mean ± SE. ns, not 897 

significant, *p<0.05, ***p<0.001 as compared with indicated genotypes (one-way ANOVA with 898 

Bonferroni’s multiple comparison test). Scale bars: 10 µm (b, d), 20 µm (j). 899 

 900 

 901 

 902 



 35 

 903 

Figure 5. p53 acts downstream of Mu2 in TER94 dysfunction-induced nuclear expansion. 904 

a Confocal micrographs of 5-day-old control (Rh1>LacZ) or Rh1>Mu2 adult retina co-expressing 905 

LacZ or p53-RNAi stained with phalloidin (red) and anti-Lamin (magenta) antibody (left panel). 906 

Quantification of R1-R6 nuclear area from 80-110 nuclei (≥ 3 independent eyes) are measured 907 

in each group (right panel). b Confocal images of 6-day-old Rh1>TER94K2A adult retina in wild 908 

Figure 5 
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type (+/+) or p53 null (-/-) background stained with phalloidin (red) and anti-Lamin (green) 909 

antibody (left panel). Quantification of R1-R6 nuclear area from 149-219 nuclei (≥ 5 independent 910 

eyes) are measured in each group (right panel). c Confocal micrographs of 5-day-old Rh1>Mu2 911 

adult retina in wild type (+/+), p53 null (-/-), 6XMyc-p53A overexpression in p53 null (-/-), and 912 

6XMyc-p53B overexpression in p53 null (-/-) backgrounds stained with phalloidin (red) and anti-913 

Lamin (magenta) antibody (upper panel). Quantification of R1-R6 nuclear area from 80-116 914 

nuclei (≥ 3 independent eyes) are measured in each group (lower panel). The lines in dot plots 915 

from a-c represent mean (black) ± SE (red). ns, not significant, **p<0.01, ***p<0.001 student’s t-916 

test, two-tailed (b), one-way ANOVA with Bonferroni’s multiple comparison test (a, c). d 917 

Western analysis of the cytosolic and the nuclear p53 level in tissues expressing LacZ (control) 918 

or TER94K2A under the control of Rh1-GAL4. The arrows indicate distinct p53 isoforms 919 

according to their molecular weights and the asterisks mark nonspecific bands. e Larval eye 920 

discs expressing indicated genes are stained with anti-GFP (magenta) and anti-Myc (red) 921 

antibodies (left panel). Larvae bearing the same genotypes are subjected to in situ PLA using 922 

anti-GFP and anti-Myc antibodies (right panel). The duolink signal reveals proteins in the same 923 

complex. f Western analysis of the Myc-p53A level in tissues expressing indicated genes. Scale 924 

bars: 10 µm (a-c), 20 µm (e). 925 

 926 
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 927 

 928 

Figure 6. TER94 dysfunction triggers nuclear expansion through p53A-mediated 929 

autophagy blockage. a, b Confocal micrographs of 7-day-old Rh1>TER94K2A>GFP-Atg8a (a) 930 

or Rh1>TER94K2A>GFP-p62 (b) adult retinas co-expressing p53-RNAi or Mu2-RNAi stained 931 

with phalloidin (red) and anti-Lamin (magenta) antibody. c Quantification of the GFP-Atg8a 932 

(upper panel) or the GFP-p62 (lower panel) intensity; at least 4 independent eyes are measured 933 

in each group. d Confocal micrographs of 5-day-old adult retina expressing LacZ alone 934 

(control), co-expressing Mu2 with LacZ or 6XMyc tagged p53 isoforms by Rh1-GAL4 stained 935 

Figure 6 
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with phalloidin (red), anti-Lamin (magenta), and anti-ref(2)p antibodies (upper panel). 936 

Quantification of R1-R6 nuclear area from 58-96 nuclei (from ≥ 2 independent eyes) are 937 

measured in each group (lower panel). Scale bars: 10 µm (a, b, d). Values represent mean ± 938 

SE. *p<0.05, **p<0.01, ***p<0.001 (one-way ANOVA with Bonferroni’s multiple comparison test) 939 

(c, d). e A model for how loss of VCP function triggers MDC1-p53-mediated autophagy 940 

blockage and nuclear expansion. Initially, the MRN complexes recognize DNA lesions and 941 

recruit ATM to the damaged sites. The histone variant H2AV near the damaged sites are 942 

phosphorylated by ATM, resulting in γH2AV, which recruits MDC1. Serving as a signaling 943 

platform, MDC1 interacts with numerous DNA damage signaling or repairing proteins, including 944 

p53. VCP should tightly control the level and the retention period of MDC1 on the injured DNA 945 

normally. However, loss of TER94’s activity leads to an accumulation of MDC1 and prolongs the 946 

interaction between MDC1 and p53, which stabilizes p53, especially p53A. The increased p53A 947 

in the cytosol prohibits autophagy flux, which ultimately causes nuclear expansion.  948 
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Table 1. Primer sets used in RT-PCR. 950 

Targeting cDNA Sequences of primers 

rp49 F: 5'-CCAGTCGGATCGATATGCTAA-3' 

R: 5'-ACGTTGTGCACCAGGAACTT-3' 

TER94 F: 5'-GTGTTCATCATCGGAGCCAC-3' 

R: 5'-GGATCGTCCTCGTCCATGTC-3' 

Mu2 F: 5'-GCACGTGGTGGAGATCAC-3' 

R: 5'-CGTACAGATCCACGCTGATG-3' 
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 952 

 953 

Supplementary Figure 1. Developmental changes in the morphology and size of outer 954 

photoreceptor cell nuclei. a Time-course analysis of the change in nuclear morphology and 955 

size from 70% pupal to the 8-day-old adult stage. Pupal or adult eyes expressing LacZ (control) 956 

or TER94K2A by Rh1-GAL4 are stained with phalloidin (red) and anti-Lamin (green) antibody. b 957 

Quantification of the nuclear area of R1-R6 from flies of indicated genotypes. 39-162 nuclei from 958 

≥ 2 independent eyes are measured in each group. The horizontal lines shown in b represent 959 

mean ± SE. ns, not significant, ***p<0.001 (one-way ANOVA with Bonferroni’s multiple 960 

comparison test). Scale bar: 5 µm (a). 961 
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 963 

 964 

Supplementary Figure 2. Loss of TER94 function increases the nuclear size without 965 

altering the overall cell volume. a Confocal images of 3-day-old adult retinas co-expressing 966 

CD4-mCherry with LacZ (control) or TER94K2A under the control of Rh4-GAL4 stained with 967 

phalloidin (red), anti-mCherry (green), and anti-Lamin (blue) antibodies to visualize the 968 

rhabdomeres, the cytoplasmic membrane, and the nuclear envelope, respectively. The anti-969 

Lamin and anti-mCherry signals are shown separately from the merged images and converted 970 

to black and white for comparison. b Quantification of the cellular or nuclear volume of R7 cells 971 

labeled by mCherry from flies co-expressing LacZ or TER94K2A. The cellular or nuclear volume 972 

are manually outlined according to the mCherry or anti-Lamin signals respectively as shown in 973 

(a) and measured by Image J. 7-8 R7 cells from ≥ 4 eyes are measured in each group. c 974 

Confocal images of 5-day-old adult retinas expressing LacZ or TER94K2A under the control of 975 

Supplementary Figure 2  
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Rh1-GAL4 stained with phalloidin (red) and anti-Lamin (green) antibody. d Quantification of the 976 

rhabdomeral or nuclear area of R1-R6 nuclei from flies expressing LacZ or TER94K2A. 37-80 977 

nuclei (≥ 2 independent eyes) are measured in each group. The lines represent mean (black) ± 978 

SE (red).***p<0.001 (student’s t test, two-tailed). Scale bars: 20 µm (a), 5 µm (d). 979 
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 981 

 982 

Supplementary Figure 3. TER94 dysfunction induces nuclear size increase in cone cells 983 

and indirect flight muscle cells. a Confocal images of late pupal retinas co-expressing GFP-984 

NLS with LacZ (control) or TER94K2A in cone cells under the control of Spa-GAL4 stained with 985 

phalloidin (red) and anti-Lamin (magenta) antibody to visualize the rhabdomeres and the 986 

nuclear envelope, respectively. GFP-NLS indicates the cone cell nuclei in the retina. B Adult 987 

indirect flight muscles expressing LacZ or TER94K2A by Mhc-GAL4; tub-GAL80ts are stained with 988 

phalloidin (red), anti-Lamin (magenta), and anti-TER94 (green) antibodies. Flies raised at 18°C 989 

are transferred to 30°C after eclosion for 3 weeks to induce transgenes expression. Scale bar: 990 

10 µm (a), 20 µm (b). 991 
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Supplementary Figure 4. TER94 dysfunction-caused nuclear expansion is not linked to a 993 

failure in ERAD or apoptosis activation. a Time-course analysis of the change in the nuclear 994 

size and the signal of ERAD reporter, CD3δ-YFP, from 1-day-old to 6-day-old adult stage. Adult 995 

eyes co-expressing CD3δ-YFP with LacZ (control) or TER94K2A by Rh1-GAL4 are stained with 996 

phalloidin (red) and anti-Lamin (magenta) antibody. b Time-course analysis of the change in the 997 

nuclear size and the signal of apoptotic reporter, cleaved PARP, from 2-day-old to 8-day-old 998 

adult stage. Adult eyes co-expressing CD8-PARP-Venus with LacZ or TER94K2A by Rh1-GAL4 999 

are stained with anti-cleaved PARP (green) and anti-Lamin (magenta) antibodies. The signals of 1000 

Venus and anti-cleaved PARP are used to visualize the expression of the probe and caspase 1001 

activation, respectively. c 5-day-old adult eyes co-expressing GFP-NLS with LacZ or TER94K2A 1002 

by Rh4-GAL4 are stained with anti-cleaved caspase 3 (green) and anti-Lamin (magenta) 1003 

antibodies. GFP-NLS marks the R7 cells with transgenes expression. The white arrows point 1004 

out the cleaved caspase 3 staining in a small population of GFP-NLS-positive R7 cells. Scale 1005 

bar: 10 µm (a-c). 1006 
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 1008 

 1009 

 1010 

Supplementary Figure 5. LC3 and ref(2)p accumulate in TER94 dysfunction cells. 5-day-1011 

old adult retinas expressing LacZ (control) or TER94K2A by Rh1-GAL4 are stained with phalloidin 1012 

(red), anti-Lamin (magenta), and anti-LC3 (left, green) or anti-ref(2)p (right, green) antibodies. 1013 

Scale bar: 10 µm. 1014 
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 1016 

 1017 

Supplementary Figure 6. Overexpressing TER94WT suppresses Derlin-1-induced nuclear 1018 

expansion phenotype. a Adult eyes expressing LacZ (control), Derlin-1, or co-expressing 1019 

Derlin-1 with TER94WT by Rh1-GAL4 are stained with phalloidin (red), anti-Lamin (green) and 1020 

anti-TER94 (magenta) antibodies. The anti-Lamin and anti-TER94 signals are shown separately 1021 

from the merged images for comparison. b Quantification of the relative anti-TER94 intensity 1022 

inside versus outside the nucleus in tissues of indicated genotypes. The analyzing range is 1023 

randomly chosen by drawing a line across two nuclei in each group as the white lines shown in 1024 

(a). The intensity of anti-Lamin and anti-TER94 signals along the lines is measured by Image J 1025 

and the peaks of anti-Lamin signals are used to define the borders of the nuclei. 15 random 1026 

analyzing regions from 3 independent eyes are measured in each group. c Quantification of the 1027 

nuclear area of R1-R6 from flies of indicated genotypes. 15 nuclei from 3 independent eyes are 1028 

measured in each group. The lines shown in (b, c) represent mean (black) ± SE (red). **p<0.01, 1029 

***p<0.001 (one-way ANOVA with Bonferroni’s multiple comparison test). Scale bar: 10 µm (a). 1030 
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 1031 

 1032 

Supplementary Figure 7. The nuclear expansion induced by TER94 dysfunction is not 1033 

coupled to cell-cycle re-entry. a EdU cell proliferation assay. Images of 3rd instar Canton S 1034 

(CS) larval eye discs (left panel) containing proliferating cells incubated with S2 medium 1035 

(negative control) or 20 µM EdU (positive control) for 1.5 hrs prior to fixation. The right panel 1036 

shows adult retinas expressing LacZ or TER94K2A by Rh1-GAL4 subjected to the EdU 1037 

incorporation assay before (0-day, freshly-eclosed) and after (2-day) the nuclear expansion 1038 
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occurs. The anti-Lamin (red) antibody is used to mark the nuclear envelope and the Alexa 1039 

Fluor® 488 azide (green) is used to detect the incorporated EdU. b Examination of the cell-cycle 1040 

status with Fly-FUCCI, a fluorescent cell-cycle indicator composed of GFP-E2F11–230 and 1041 

mRFP1-NLS-CycB1–266. This technique differentially labels cells in the G1 (green; degradation of 1042 

mRFP-tagged CycB), S (red; degradation of GFP-tagged E2F), and G2/M (yellow) phases. 1043 

GMR>Fly-FUCCI larval eye discs (upper panel) show the cells behind the morphogenetic furrow 1044 

in the S, G2/M, and G1 phases are labeled by green, yellow, and red fluorescence, respectively, 1045 

as the corresponding arrows indicated. Rh1>LacZ or Rh1>TER94K2A adult retinas (lower panel) 1046 

co-expressing Fly-FUCCI before (1-day) and after (5-day) the nuclear expansion are stained 1047 

with anti-Lamin (magenta) antibody to visualize the nuclear envelope. c Confocal micrographs 1048 

of larval and adult eyes expressing S/G2/M-Green, a cell-cycle indicator labeling cells in the S, 1049 

G2, or M phases of cell cycle with green fluorescence. Larval eye discs (upper panel) 1050 

expressing S/G2/M-Green by GMR-GAL4 are included as a positive control. Adult retinas (lower 1051 

panel) co-expressing S/G2/M-Green with LacZ or TER94K2A under the control of Rh1-GAL4 are 1052 

stained with phalloidin (red) and anti-Lamin antibody (magenta). Scale bar: 20 µm (a-c eye 1053 

discs), 10 µm (a-c adult retinas). 1054 
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 1056 

Supplementary Figure 8. A genetic screen targeting DDR genes for ability to modify 1057 

TER94 dysfunction-induced nuclear expansion. a Confocal images of 5-day-old adult retinas 1058 

co-expressing TER94K2A with LacZ (control) or the indicated RNAi constructs by Rh1-GAL4 1059 

stained with phalloidin (red), anti-Lamin (magenta), and anti-ubiquitin-conjugates (FK2, green) 1060 

antibodies. b Quantification of the nuclear area of R1-R6 from flies expressing the indicated 1061 

genes by Rh1-GAL4. 90-117 nuclei (from ≥ 2 independent eyes) are measured in each group. 1062 

The lines represent mean (black) ± SE (red). ***p<0.001 as compared to the control (Rh1>LacZ) 1063 

(one-way ANOVA with Bonferroni’s multiple comparison test). Scale bar: 10 μm (a). 1064 
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Figures

Figure 1

Loss of TER94 function induces nuclear expansion. a A cartoon depiction of Drosophila compound eye.
The specialized photon-detecting rhabdomere and the proximal positions of R1-R7 nuclei are indicated.
Two cross-section sketches indicated by dash lines show R1-R6 and R7 nuclei with the corresponding
rhabdomeres. b Confocal images of 5-day old adult retinas from �ies expressing indicated transgenes
under the control of Rh1-GAL4 stained with phalloidin (red) and anti-Lamin (green) antibody to visualize
the rhabdomeres and the nuclear envelope, respectively. The arrows indicate representative examples of
nuclei in each genotype. c Quanti�cation of the nuclear area of R1-R6 from �ies of indicated genotypes.
67-96 nuclei from ≥ 4 independent eyes are measured in each group. Each dot represents an independent
R cell. Values shown represent mean (black line) ± SE (red line). ***p<0.001 as compared to Rh1>LacZ



(one-way ANOVA with Bonferroni’s multiple comparison test). d Confocal images of 5-day-old adult
retinas expressing indicated transgenes under the control of Rh1-GAL4. The retinas are stained with
phalloidin (red), anti-Lamin (magenta), and anti-NPC (green) antibodies. The anti-Lamin and anti-NPC
signals are shown separately from the merged images for comparison. e An adult eye bearing
TER94K15502 clone is stained with phalloidin (red) and anti-Lamin (magenta) antibody. The absence of
myr.GFP marks somatic clone homozygous for TER94K15502 as the arrowhead indicated. The myr.GFP
and anti-Lamin are shown separately from the merged image and converted to black and white for
comparison. f Confocal images of 5-day-old adult retinas expressing GFP-NLS (green) alone (-) or co
expressing GFP-NLS and TER94K2A under the control of Rh4-GAL4 stained with phalloidin (red) and anti-
Lamin (magenta) antibody. Rh4-GAL4 is active in a subset of R7 photoreceptors, which are indicated by
the presence of GFP-NLS. The GFP-NLS and anti-Lamin signals are shown separately from the merged
images for comparison. The arrows indicate the enlarged nuclei of R7 with the expression of GFP-NLS
and TER94K2A, and the arrowheads indicate the normal nuclei in R7 without transgenes expression.
Scale bars: 10 μm (b, f), 5 μm (d, e).

Figure 2



Atg8, p62, and ubiquitinated nuclear proteins accumulate in cells lacking TER94 function. a, b Drosophila
retinas from freshly-eclosed (0-day) to 5-day-old adults co-expressing GFP-Atg8a with LacZ (control) or
TER94K2A (a) or GFP-p62 with LacZ or TER94K2A (b) under the control of Rh1-GAL4 are stained with
phalloidin (red) and anti-Lamin (magenta) antibody. c Time-course analysis of the change in nuclear size
and the presence of ubiquitinated proteins from late pupal to the 5-day-old adult stage. Pupal or adult
eyes expressing LacZ or TER94K2A by Rh1-GAL4 are stained with phalloidin (red), anti-Lamin (magenta),
and anti-Ubiquitin conjugates (FK2, green) antibodies. The signals of FK2 staining are separated from the
merged images for comparison. d Pearson’s correlation analysis of nuclear size and FK2 intensity.
Images of 1-day-old adult retina, as shown in panel c, are analyzed. 88-125 nuclei from ≥ 4 independent
eyes are measured, and the r values represent Pearson’s correlation coe�cient in each group. e An adult
eye bearing TER94K15502 clone is stained with anti-Lamin (magenta) and anti-Ubiquitin conjugates
(FK2, red) antibodies. The absence of myr.GFP marks somatic clone homozygous for TER94K15502 as
the arrowhead indicated. The myr.GFP, anti-Lamin, and FK2 signals are shown separately from the
merged image and converted to black and white for comparison. Scale bars: 10 μm (a-c), 5 μm (e).



Figure 3

Blocking TER94 function hampers DNA damage repair. a Confocal 844 images of 5- day-old adult retinas
expressing indicated transgenes by Rh1-GAL4. The retinas are stained with phalloidin (red), anti-Lamin
(green), and anti-TER94 (magenta) antibodies. The anti-Lamin and anti-TER94 signals are shown
separately from the merged images for comparison. The anti-TER94 signals are converted to black and
white for illustrating the subcellular distribution of TER94. b Analysis of TER94 subcellular distribution.
The analyzing range is randomly chosen by drawing a line across two nuclei in each group as the white
lines shown in panel (a). Image J measures the intensities of anti-Lamin and anti-TER94 signals along
the lines. The peaks of the anti-Lamin signal de�ne the borders of the nuclei. c Confocal images of
normal larval eye discs (Canton S; CS) with or without the treatment of DNA damaging agent, 50 μM
H2O2. Anti-Lamin (red) and anti-γH2AV (green) antibodies are used to mark the nuclear envelope and the
DNA damage sites. d Time-course analysis of the change in nuclear size and the level of γH2AV from
freshly eclosed (0-day) to 8-day-old adult stage. Adult eyes expressing LacZ (control) or TER94K2A by
Rh1-GAL4 are stained with phalloidin (red), anti-Lamin (magenta), and anti-γH2AV antibodies (green). e
Quanti�cation of the anti-γH2AV signal intensity from �ies of indicated genotypes. 56-126 nuclei from ≥ 2
independent eyes are measured in each group. Values shown represent mean ± SE. ***p<0.001 as
compared to Rh1>LacZ of corresponding age (two way ANOVA with Bonferroni post-test). f An adult eye
bearing TER94K15502 clone is stained with anti-Lamin (magenta) and anti-γH2AV (red) antibodies. The
absence of myr.GFP marks somatic clone homozygous for TER94K15502 as the yellow arrowheads
indicated. The myr.GFP, anti- Lamin, and anti-γH2AV signals are shown separately from the merged image
and converted to black and white for comparison. g Confocal images of adult retinas from �ies of the
indicated ages expressing LacZ or TER94K2A by Rh1-GAL4 stained with phalloidin (red), anti-Lamin
(magenta), and anti-PCNA (green) antibodies. Scale bars: 5 μm (a, d, f), 20 μm (c), 10 μm (g).



Figure 4

TER94 in�uences Mu2 level in regulating nuclear size. a Quanti�cation 871 of the R1- 872 R6 nuclear
area from �ies of indicated genotypes. 56-212 nuclei from ≥ 2 independent eyes are 873 measured in
each group. The purple lines indicate the difference of the mean equals 1 (mean 874 diff. =1) as
compared to the control (Rh1>TER94K2A, LacZ). The DDR genes with mean diff. ≥1 875 are marked in
yellow. b Confocal images of 7-day-old adult retinas from �ies expressing 876 indicated transgenes under
the control of Rh1-GAL4 stained with phalloidin (red) and anti-Lamin 877 (magenta) antibody. c
Quanti�cation of the R1-R6 nuclear area (upper panel, 126-277 nuclei 878 from ≥ 4 independent eyes are
measured in each group) or eGFP intensity (lower panel, 95-267 879 nuclei from ≥ 4 independent eyes are
measured in each group). d Confocal images of 7-day-old 880 adult retinas from �ies expressing
indicated transgenes under the control of Rh1-GAL4 stained 881 with anti-Lamin (red) and anti-γH2AV
(magenta) antibodies. e Quanti�cation of the anti-γH2AV 882 intensity. 114-268 nuclei from ≥ 3



independent eyes are measured in each group. f Pearson’s 883 correlation analysis of nuclear size and
eGFP-Mu2 intensity. 134-150 nuclei from ≥ 3 884 independent eyes are measured, and the r values
represent Pearson’s correlation coe�cient in 885 each group. g Western analysis of eGFP-Mu2 level
(detected by anti-GFP antibody) in TER94 886 overexpression (TER94WT) or knockdown (TER94-RNAi)
backgrounds. The anti-Histone H3 and 887 the anti-β-Actin serve as loading controls for the nuclear and
the whole protein lysates. h RT888 PCR measurement of the transcriptional level of mu2 and TER94 from
�ies expressing indicated genotypes. The control (Ctrl) groups contain all the PCR reaction reagents
except the cDNA templates. The level of rp49 serves as an internal control. i Western analysis of
endogenous Mu2 level in tissues expressing LacZ (control) or TER94K2A. The detection of anti-Histone
H3 and anti-β-Actin serve as loading controls for the nuclear and the cytosolic protein lysates. j Larval eye
discs from �ies expressing indicated transgenes under the control of GMR-GAL4 are stained with anti-
GFP (magenta) and anti-V5 (red) antibodies (left panel). Larvae bearing the same genotypes are
subjected to in situ PLA using anti-GFP and anti-V5 antibodies (right panel). The duolink signal reveals
proteins in the same complex. The lines in dot plots from a, c represent mean (black) ± SE (red). The bar
charts from c, e represent mean ± SE. ns, not signi�cant, *p<0.05, ***p<0.001 as compared with indicated
genotypes (one-way ANOVA with Bonferroni’s multiple comparison test). Scale bars: 10 μm (b, d), 20 μm
(j).

Figure 5



p53 acts downstream of Mu2 in TER94 dysfunction-induced nuclear expansion. a Confocal micrographs
of 5-day-old control (Rh1>LacZ) or Rh1>Mu2 adult retina co-expressing LacZ or p53-RNAi stained with
phalloidin (red) and anti-Lamin (magenta) antibody (left panel). Quanti�cation of R1-R6 nuclear area
from 80-110 nuclei (≥ 3 independent eyes) are measured in each group (right panel). b Confocal images
of 6-day-old Rh1>TER94K2A adult retina in wild type (+/+) or p53 null (-/-) background stained with
phalloidin (red) and anti-Lamin (green) antibody (left panel). Quanti�cation of R1-R6 nuclear area from
149-219 nuclei (≥ 5 independent eyes) are measured in each group (right panel). c Confocal micrographs
of 5-day-old Rh1>Mu2 adult retina in wild type (+/+), p53 null (-/-), 6XMyc-p53A overexpression in p53
null (-/-), and 6XMyc-p53B overexpression in p53 null (-/-) backgrounds stained with phalloidin (red) and
anti- Lamin (magenta) antibody (upper panel). Quanti�cation of R1-R6 nuclear area from 80-116 nuclei (≥
3 independent eyes) are measured in each group (lower panel). The lines in dot plots from a-c represent
mean (black) ± SE (red). ns, not signi�cant, **p<0.01, ***p<0.001 student’s t test, two-tailed (b), one-way
ANOVA with Bonferroni’s multiple comparison test (a, c). d Western analysis of the cytosolic and the
nuclear p53 level in tissues expressing LacZ (control) or TER94K2A under the control of Rh1-GAL4. The
arrows indicate distinct p53 isoforms according to their molecular weights and the asterisks mark
nonspeci�c bands. e Larval eye discs expressing indicated genes are stained with anti-GFP (magenta)
and anti-Myc (red) antibodies (left panel). Larvae bearing the same genotypes are subjected to in situ
PLA using anti-GFP and anti-Myc antibodies (right panel). The duolink signal reveals proteins in the same
complex. f Western analysis of the Myc-p53A level in tissues expressing indicated genes. Scale bars: 10
μm (a-c), 20 μm (e).



Figure 6

TER94 dysfunction triggers nuclear expansion through p53A-mediated autophagy blockage. a, b
Confocal micrographs of 7-day-old Rh1>TER94K2A>GFP-Atg8a (a) or Rh1>TER94K2A>GFP-p62 (b) adult
retinas co-expressing p53-RNAi or Mu2-RNAi stained with phalloidin (red) and anti-Lamin (magenta)
antibody. c Quanti�cation of the GFP-Atg8a (upper panel) or the GFP-p62 (lower panel) intensity; at least
4 independent eyes are measured in each group. d Confocal micrographs of 5-day-old adult retina
expressing LacZ alone (control), co-expressing Mu2 with LacZ or 6XMyc tagged p53 isoforms by Rh1-
GAL4 stained with phalloidin (red), anti-Lamin (magenta), and anti-ref(2)p antibodies (upper panel).
Quanti�cation of R1-R6 nuclear area from 58-96 nuclei (from ≥ 2 independent eyes) are measured in each
group (lower panel). Scale bars: 10 μm (a, b, d). Values represent mean ± SE. *p<0.05, **p<0.01,
***p<0.001 (one-way ANOVA with Bonferroni’s multiple comparison test) (c, d). e A model for how loss of



VCP function triggers MDC1-p53-mediated autophagy blockage and nuclear expansion. Initially, the MRN
complexes recognize DNA lesions and recruit ATM to the damaged sites. The histone variant H2AV near
the damaged sites are phosphorylated by ATM, resulting in γH2AV, which recruits MDC1. Serving as a
signaling platform, MDC1 interacts with numerous DNA damage signaling or repairing proteins, including
p53. VCP should tightly control the level and the retention period of MDC1 on the injured DNA normally.
However, loss of TER94’s activity leads to an accumulation of MDC1 and prolongs the interaction
between MDC1 and p53, which stabilizes p53, especially p53A. The increased p53A in the cytosol
prohibits autophagy �ux, which ultimately causes nuclear expansion.
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