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Abstract 12 

Iron is not only essential, but also a toxic trace element. Under iron repletion, ferritin maintains 13 

cellular iron homeostasis by storing iron to avoid iron toxicity. Under iron depletion, the 14 

ferritin-specific autophagy adaptor NCOA4 delivers ferritin to lysosomes via macroautophagy 15 

to enable cells to use stored iron. Here, we show that NCOA4 also plays crucial roles in 16 

regulation of ferritin fate under iron repletion. NCOA4 forms insoluble condensates via 17 

multivalent interactions generated by the binding of iron to its intrinsically disordered region. 18 

This sequesters NCOA4 away from ferritin and allows ferritin accumulation in the early phase 19 

of iron repletion. Under prolonged iron repletion, NCOA4 condensates can deliver ferritin to 20 

lysosomes via a TAX1BP1-dependent non-canonical autophagy pathway, thereby preventing 21 

relative iron deficiency due to excessive iron storage and reduced iron uptake. Together, these 22 

observations suggest that the NCOA4-ferritin axis modulates intracellular iron homeostasis in 23 

accordance with cellular iron availability. 24 
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Introduction 29 

 30 

Iron is an essential nutrient for almost all organisms because it is used in many biological 31 

processes, including DNA synthesis, energy production, and oxygen transport (Hentze et al, 32 

2010). Meanwhile, excess iron is toxic because it induces generation of reactive oxygen species, 33 

which oxidatively damage functional biomolecules such as proteins, lipids, and nucleic acids. 34 

Iron-induced phospholipid peroxidation triggers ferroptosis, a form of programmed cell death 35 

(Dixon et al, 2012). Ferroptosis is involved in several pathological processes such as cancer and 36 

ischemic disease (Stockwell et al, 2017). Therefore, it is important to develop a precise 37 

understanding of the fine regulation of cellular iron metabolism. 38 

Ferritin plays crucial roles in regulation of cellular iron metabolism by storing iron in cages 39 

consisting of 24 subunits of the heavy (FTH1) and light (FTL) chains (Arosio et al, 2017). 40 

Ferritin expression is mainly controlled at the post-transcriptional level by iron regulatory 41 

proteins (IRPs) 1 and 2 (Iwai, 2019; Rouault, 2006). When the cell is deprived of iron, IRPs 42 

bind to the iron-responsive element (IRE) in the 5’UTRs of ferritin transcripts and repress their 43 

translation. By contrast, under iron-replete conditions, IRPs lose their IRE-binding activity, and 44 

ferritin expression is upregulated. Ferritin abundance is also post-translationally regulated by 45 

autophagy: specifically, our group reported that ferritin is degraded in the lysosome via 46 

autophagy (Asano et al, 2011). Under iron-depleted conditions, ferritin is delivered to 47 

lysosomes to allow the cell to use stored iron, a process mediated by ATG7-dependent 48 

macroautophagy. Nuclear receptor coactivator 4 (NCOA4) is a ferritin-specific autophagy 49 

adaptor in mammalian cells, and deletion of NCOA4 completely inhibits ferritin degradation 50 

under iron depletion (Dowdle et al, 2014; Mancias et al, 2014). In addition, NCOA4 delivers 51 

ferritin to lysosomes via an ATG7-independent mechanism in iron-depleted cells (Goodwin et 52 

al, 2017), confirming the essential role of NCOA4 for ferritin delivery to lysosomes under iron 53 

depletion. However, we also showed that ferritin is delivered to lysosomes even under 54 

iron-replete conditions via an ATG7-independent pathway (Asano et al., 2011). In light of the 55 

common notion that ferritin protects cells against iron toxicity, it would be of great interest to 56 
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probe the mechanism underlying ferritin delivery to lysosomes under iron repletion and 57 

investigate the contribution of ferritin degradation for maintenance of cellular iron homeostasis. 58 

Several recent studies have reported that liquid-liquid phase separation (LLPS) and protein 59 

assemblies are engaged in a wide range of biological phenomena, including autophagy and 60 

environmental sensing (Banani et al, 2017; Noda et al, 2020; Shin & Brangwynne, 2017). 61 

LLPS is mediated by multivalent interaction between proteins, often involving their 62 

intrinsically disordered regions (IDRs) (Banani et al., 2017; Shin & Brangwynne, 2017). 63 

Biomolecular condensates can exhibit various states, such as droplets, gels, or solids, and their 64 

properties are important for performing distinct biological processes (Kaganovich, 2017). In 65 

autophagy, LLPS is involved in the formation of the pre-autophagosomal structure (PAS) 66 

(Fujioka et al, 2020) and substrate condensation for selective autophagy in S. cerevisiae 67 

(Yamasaki et al, 2020). Several studies also showed that the fluidic properties of cargo protein 68 

condensates (e.g., p62 in mammalian cells) are essential for efficient engulfment of 69 

condensates by autophagosomes (Agudo-Canalejo et al, 2021; Sun et al, 2018; Zaffagnini et al, 70 

2018). However, relationships between the properties of the components in condensates and 71 

autophagic processes have not been fully elucidated. Moreover, little is known about the 72 

involvement of protein condensation in the regulation of cellular iron metabolism. 73 

Here, we show that NCOA4 is required for ATG7-independent autophagy of ferritin in 74 

iron-replete cells. Iron modulates the biochemical properties of NCOA4 to form 75 

detergent-insoluble solid-like condensates by binding to NCOA4. In the early phase of iron 76 

treatment, ferritin accumulates in cells via sequestration from NCOA4 condensates due to 77 

attenuated interaction between ferritin and NCOA4. By contrast, under prolonged iron 78 

treatment, excess ferritin is delivered to lysosomes along with NCOA4 condensates via 79 

ATG7-independent mechanisms. The NCOA4 condensates are recognized by TAX1BP1 and 80 

degraded in an ATG7-independent manner. Meanwhile, detergent-soluble ferritin and NCOA4 81 

are targeted to the lysosome by the macroautophagy pathway, for which TAX1BP1 is 82 

dispensable. On the basis of these findings, we propose that the NCOA4-ferritin axis fine-tunes 83 

intracellular iron homeostasis by promoting the formation biomolecular condensates and 84 

attenuating the ferritin interaction through the iron-binding activity of NCOA4.  85 
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Results 86 

 87 

NCOA4 forms detergent-insoluble condensates in iron-replete cells 88 

We previously showed that ferritin is degraded in an ATG7-independent manner in iron-replete 89 

primary cells, including mouse embryonic fibroblasts (MEFs). To determine the mechanism 90 

underlying ferritin degradation under iron-replete conditions, we established FACS-based 91 

genome-wide CRISPR screening using a probe that detects lysosomal delivery of ferritin (Fig 92 

EV1A). In cells expressing this probe, equal amounts of RFP and GFP-Ferritin L chains 93 

(GFP-FTL) are generated after self-cleavage of RFP fused with GFP-FTL at the ribosomal 94 

skipping 2A sequence. When GFP-FTL is delivered to lysosomes, GFP fluorescence is 95 

quenched in the acidic lysosomal environment, leading to an increase in the fluorescence ratio 96 

of RFP over GFP. Thus, the RFP:GFP fluorescence ratio is reduced in cells where lysosomal 97 

trafficking of ferritin is inhibited. We infected MEFs stably expressing the probe with the 98 

GeCKO CRISPR library (Sanjana et al, 2014; Shalem et al, 2014) and sorted cells with low 99 

RFP:GFP ratios twice (Fig EV1B and C). NCOA4 was most highly enriched in this screen (Fig 100 

1A). Hence, we generated NCOA4-knockout (KO) MEFs using the CRISPR-Cas9 system to 101 

examine the involvement of NCOA4 in ferritin degradation in iron-replete cells. We treated 102 

cells with cycloheximide (CHX), an inhibitor of protein synthesis, and ferric ammonium citrate 103 

(FAC) to halt ferritin synthesis because iron increases ferritin production. Ferritin degradation 104 

was inhibited in iron-treated NCOA4 KO MEFs (Fig 1B), suggesting that NCOA4 also plays 105 

critical roles in ferritin degradation in iron-replete cells.  106 

Because ubiquitin-dependent degradation of NCOA4 suppresses ferritin degradation under 107 

iron repletion (Mancias et al, 2015), we evaluated the amount of NCOA4 in iron-replete cells. 108 

Unexpectedly, under iron repletion, NCOA4 was abundant in the cellular fraction that is 109 

insoluble with non-ionic detergent (Triton X-100), whereas the amount of NCOA4 in the 110 

detergent-soluble fraction was reduced, as reported previously (Mancias et al., 2015) (Fig 1C). 111 

Extraction of proteins from cells with SDS lysis buffer revealed that NCOA4 in iron-replete 112 

cells was comparable to that in untreated cells (Fig 1C). By contrast, most ferritin was present 113 

in the soluble fraction, and only a marginal amount was present in the insoluble fraction. A 114 
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similar expression pattern of NCOA4 and ferritin was observed in other cell lines and in 115 

NCOA4 KO MEFs reconstituted with tagged-NCOA4 (Fig EV1D-G). The observation that 116 

most NCOA4 was present in different fractions than ferritin in iron-replete cells appears to 117 

argue against the requirement of NCOA4 for ferritin degradation in iron-replete cells. However, 118 

we first focused on investigating the mechanism underlying iron-induced accumulation of 119 

NCOA4, and later examined the roles of NCOA4 in ferritin degradation in iron-replete cells.  120 

To further dissect the intracellular distribution of NCOA4, we lysed MEFs with hypotonic 121 

buffers and fractionated the lysates (Fig 1D). Treatment with the iron chelator deferoxamine 122 

(Dfo) revealed that NCOA4 was present in the supernatant obtained after centrifugation at 123 

20,000 × g (designated as S20), whereas under iron-replete conditions, most NCOA4 was 124 

present in the pellet obtained after 1,000 × g (designated as P1), which contained mainly nuclei 125 

and heavy particles (Fig 1E). We next investigated the localization of NCOA4 using 126 

immunofluorescence analysis. NCOA4 exhibited diffuse localization in non-treated MEFs, and 127 

administration of iron induced the formation of NCOA4 dot-like structures (Fig 1F and EV1H). 128 

Because NCOA4 condensates did not robustly colocalize with any organelle markers, including 129 

LAMP1 (Fig 1F and EV1I), NCOA4 dots were localized in cytoplasm. Treatment of MEFs 130 

with the lysosomal protease inhibitors E64d and pepstatin A increased colocalization of 131 

NCOA4 with LAMP1 (Fig 1F), indicating that NCOA4 condensates were eventually delivered 132 

to lysosomes.  133 

Recently, membraneless organelles called biomolecular condensates have been implicated 134 

in a large number of biological phenomena, including autophagy (Banani et al., 2017; Noda et 135 

al., 2020; Shin & Brangwynne, 2017). Properties of cytoplasmic condensates vary from liquid 136 

droplets to non-dynamic solid ones. To explore the nature of NCOA4 condensates, we 137 

examined the fluidity of NCOA4 in dot-like structures using fluorescence recovery after 138 

photobleaching (FRAP) assay in cells expressing NCOA4-GFP. Approximately 7% of the GFP 139 

signal was recovered 5 min after photobleaching of NCOA4-GFP (Fig 1G and H), whereas 140 

approximately 30 % of the signal of GFP-p62, which is defined as a gel-like condensate in 141 

several studies (Sun et al., 2018; Zaffagnini et al., 2018), was recovered 5 min after 142 

photobleaching. However, we observed fusion and fission of NCOA4-GFP dots in time-lapse 143 
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imaging (Fig 1I), strongly suggesting that NCOA4 condensates are not aggregates, but 144 

solid-like structures having fluidity. Taken together, these results suggest that cellular iron 145 

status modulates the biochemical characteristics of NCOA4. 146 

 147 

Multivalent interactions are required for NCOA4 condensation under iron-replete 148 

conditions 149 

To dissect the mechanism underlying the formation of NCOA4 condensates, we sought to 150 

identify the regions in NCOA4 required for condensation in iron-replete cells. To this end, we 151 

introduced mutants of NCOA4 (Fig 2A) into NCOA4 KO MEFs. NCOA4 wild type (WT), and 152 

its N522 (aa 1–522), N441 (aa 1–441), and N334 (aa 1–334) mutants, formed condensates in 153 

cells treated with FAC, whereas the N238 (aa 1–238) mutant did not (Fig 2B and C). 154 

Immunoblotting confirmed that N522, N441, and N334 mutants, but not N238, were observed 155 

in the detergent-insoluble fraction, as was the case with NCOA4 WT under iron-replete 156 

conditions, suggesting that the NCOA4 aa 239–334 region is involved in the condensation of 157 

NCOA4 under iron-replete conditions. However, the N522, N441, and N334 mutants were also 158 

observed in the soluble fraction, in contrast to NCOA4 WT (Fig 2D), suggesting that the 159 

C-terminal region (aa 523–614) is also required for efficient condensation.  160 

Multivalent interactions via IDRs are often involved in the formation of membraneless 161 

organelles (Banani et al., 2017; Shin & Brangwynne, 2017). Because the DISOPRED3 162 

algorithm predicted that the region following the coiled-coil (CC) domain (aa 167–334), which 163 

contains aa 239–334, is an IDR (Fig 2E) (Jones & Cozzetto, 2015), we investigated whether 164 

NCOA4 aa 167–334 (NCOA4 IDR) region is sufficient to form NCOA4 condensates under 165 

iron-replete conditions. Because the formation of membraneless organelles requires protein 166 

multimerization, we fused tandem FK506-binding protein (FKBP) to NCOA4 IDR 167 

(2FKBP-IDR) to allow manipulation of protein multimerization by the FKBP ligand AP20187 168 

(Amara et al, 1997; Clackson et al, 1998). Although 2FKBP-IDR did not form condensates in 169 

stably expressing MEF cells, addition of the ligand induced puncta formation of 2FKBP-IDR in 170 

iron-replete cells (Fig 2F and G), suggesting that the IDR can form condensates in an 171 

iron-dependent manner although it is likely that multimerization of another domain of NCOA4 172 
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is involved in the condensate formation. Although NCOA4 binds iron via its ferritin-binding 173 

domain (aa 383–522) (Mancias et al., 2015), the NCOA4 IDR may also bind iron, because 174 

purified NCOA4 IDR fused to GST at its N-terminus (GST-NCOA4-IDR) adopted a pale 175 

brown color (Fig 2H and EV2A). To determine whether NCOA4 IDR can indeed bind iron, we 176 

performed ICP-MS analysis. As shown in Fig 2I, GST-NCOA4-IDR contained iron, whereas 177 

GST did not, indicating that NCOA4 IDR possesses iron-binding capacity. 178 

We further examined the role of the IDR in iron-induced NCOA4 condensation. Since the 179 

C-terminal region of NCOA4 is also required for efficient condensation as mentioned above, 180 

we introduced the NCOA4 mutants listed in Figure EV2B into NCOA4 KO MEFs. The amount 181 

of NCOA4 mutant lacking the IDR (NCOA4 ΔIDR) decreased in the insoluble fraction, and 182 

further deletion of the C-terminal region (NCOA4 ΔIDR+C) increased further the amount of 183 

NCOA4 in the soluble fraction and resulted in its diffuse cytoplasmic localization under iron 184 

repletion (Fig EV2C and E). Consistent with this result, the number of puncta in NCOA4 ΔIDR 185 

cells and NCOA4 ΔIDR+C cells decreased after iron treatment (Fig EV2D and E). However, 186 

the fluidity of NCOA4 ΔIDR and NCOA4 ΔIDR+C condensates was the same as that of 187 

NCOA4 (Fig EV2F). Collectively, these results suggest that the IDR, together with the 188 

C-terminal region, is involved in the formation of NCOA4 condensates by binding to iron under 189 

iron repletion, although neither the IDR nor the C-terminal region of NCOA4 appears to play 190 

critical roles in the solid-like property of NCOA4 condensates.  191 

 192 

Iron is critical for the formation of NCOA4 condensates in vitro and in vivo 193 

Because the NCOA4 IDR can bind iron and is involved in iron-induced NCOA4 condensation, 194 

we next investigated whether iron directly induces NCOA4 condensation. Incubation of 195 

full-length NCOA4 purified using the E. coli expression system (Fig EV3A) with Fe (II)SO4 196 

significantly increased the amount of NCOA4 in the insoluble fraction (Fig 3A and B). 197 

However, iron-induced NCOA4 condensation was inhibited when the protein was incubated 198 

with FeSO4 under anaerobic conditions (Fig EV3B and C). Because ferrous ion is readily 199 

oxidized to ferric ion under aerobic condition in vitro, we added the iron chelators DTPA, BPS, 200 

and Dfo, which chelate both Fe (II) and Fe (III), Fe (II) only, and Fe (III) only, respectively, to 201 
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the in vitro NCOA4 condensation assay. Addition of any of these iron chelators and Fe (II)SO4 202 

to the assay inhibited NCOA4 condensation (Fig EV3D-F), consistent with the idea that Fe (III) 203 

is responsible for NCOA4 condensation. To dissect the mechanism of NCOA4 assembly in 204 

more detail, we purified N-terminally FlAsH-tagged NCOA4 (FlAsH-NCOA4) using a 205 

bacterial expression system. We visualized FlAsH-NCOA4 condensation by addition of 206 

FlAsH-EDT2, which emits fluorescence when it binds FlAsH tag (Fig 3C). When 207 

FlAsH-NCOA4 was incubated with FeSO4 under aerobic conditions, NCOA4 formed dot-like 208 

structures at concentrations as low as 10 nM (Fig 3D and EV3G), comparable to the 209 

physiological concentration of NCOA4 (about 8 nM based on the PAXdb database). In addition, 210 

NCOA4 (10 nM) formed condensates in the presence of FeSO4 concentrations as low as 5 M, 211 

which is also comparable to physiological cellular iron concentrations (Fig 3D and EV3G) 212 

(Cabantchik, 2014). More importantly, Fe (III)Cl3, but not FeSO4, induced FlAsH-NCOA4 213 

condensation under anaerobic conditions (Fig 3E). These results clearly indicated that ferric 214 

iron directly induces NCOA4 condensation without any additional factors.  215 

We next determined whether other factors are necessary for iron-induced NCOA4 216 

condensation in cells. The heavy chain of ferritin binds to NCOA4 and can oxidize Fe (II) to Fe 217 

(III) (Arosio et al., 2017; Mancias et al., 2015). Therefore, FTH1 may contribute to NCOA4 218 

assembly under iron repletion. However, endogenous NCOA4 was observed in the insoluble 219 

fraction and NCOA4 formed puncta in MEFs lacking FTH1, although the amount of insoluble 220 

NCOA4 was slightly lower than in WT MEFs (Fig EV3H and I), indicating that ferritin is not 221 

essential for iron-induced NCOA4 condensation. Our observation that the N334 variant, which 222 

lacks the FTH1 interacting domain, formed condensates in an iron-dependent manner also 223 

supports this conjecture (Fig 2B-D). 224 

To verify further that iron triggers formation of the NCOA4 condensates in cells, we 225 

performed transmission electron microscopy and energy-dispersive X-ray spectroscopy 226 

(TEM-EDX) analysis. NCOA4 condensates were identified as electron-dense particles by 227 

immunostaining (Fig 3F and EV3J) and the mean diameter of NCOA4 condensates was 228 

approximately 120 nm (Fig 3G). The EDX energy spectra demonstrated that the NCOA4 229 

condensates contained more iron than the cytosol (Fig 3H-J). Taken together, these findings 230 
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indicate that iron triggers NCOA4 condensation in iron-replete cells by binding to NCOA4 231 

IDR.  232 

 233 

Ferritin fate is intricately regulated by iron-induced condensation of NCOA4 234 

As mentioned above, we next probed the roles of NCOA4 condensation in ferritin degradation 235 

in iron-replete cells. Treatment of cells with FAC for a long period gave us a clue about the 236 

mechanism underlying ferritin degradation in iron-replete conditions (Fig 4A). Upon FAC 237 

treatment, the amount of ferritin rapidly increased, rising about 30-fold after 6 h (Fig 4A and 238 

EV4A). However, the increase in ferritin slowed down, and a faster-migrating band of ferritin 239 

emerged, after 12 h of iron treatment. As we previously reported (Asano et al., 2011), the 240 

faster-migrating signal of ferritin represented partial degradation products generated in 241 

lysosomes (Fig 4B). These results demonstrate that ferritin accumulates rapidly in the early 242 

phase of iron treatment but is degraded in lysosomes when iron repletion is prolonged.  243 

Because NCOA4 is required for ferritin degradation in iron-replete conditions (Fig 1B), we 244 

investigated iron-induced alteration of ferritin localization and its association with condensed 245 

NCOA4. Iron administration induced accumulation of NCOA4 in the insoluble fraction, 246 

whereas only a trace amount of ferritin was detected in the insoluble fraction 6 h after iron 247 

treatment (Fig 4A). Most ferritin did not appear to be degraded, as the faster-migrating band of 248 

ferritin was not detected after iron treatment for 6 h, indicating that condensed NCOA4 was 249 

sequestered from ferritin to accumulate in the early phase of iron treatment, allowing the cell to 250 

escape iron toxicity. Meanwhile, the amounts of ferritin and NCOA4 in the insoluble fraction 251 

gradually increased at later time points after iron administration. In accordance with this 252 

observation, immunofluorescence analysis revealed that ferritin was colocalized with NCOA4 253 

puncta in cells treated with FAC for long periods (Fig 4C and D). The amount of partially 254 

degraded ferritin in the soluble fraction was also positively correlated with the level of ferritin 255 

in the insoluble fraction, suggesting that ferritin is delivered to lysosomes after interacting with 256 

NCOA4 condensates in cells subjected to prolonged iron repletion (Fig 4A). To determine more 257 

directly whether NCOA4 interacts with ferritin at later time points of FAC treatment, we 258 

utilized a proximity biotin labeling method. In these experiments, NCOA4-TurboID, an 259 
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engineered biotin ligase fused with NCOA4 at the C-terminus, was stably expressed in WT 260 

MEFs (Branon et al, 2018). More ferritin was pulled down with streptavidin beads in cells 261 

treated with iron for 24 h than in cells treated for only 6 h (Fig 4E). CHX treatment in cells 262 

pretreated with FAC revealed that the level of ferritin, along with the level of NCOA4 in the 263 

insoluble fractions, was rapidly decreased after prolonged FAC pretreatment but not after 264 

pretreatment for 6 h (Fig 4F). Degradation of both NCOA4 and ferritin was inhibited by 265 

treatment with bafilomycin A1 (BafA1) or lysosomal protease inhibitors (Fig 1F, 4B, F and G). 266 

Collectively, these results indicate that NCOA4 condensation regulates ferritin expression via 267 

two distinct mechanisms under iron repletion, namely sequestration of NCOA4 condensates 268 

from ferritin at early time points after iron administration, and degradation of NCOA4 269 

condensates along with ferritin at late points. 270 

 271 

TAX1BP1 and FIP200 are essential for clearance of insoluble NCOA4 condensates and 272 

ferritin 273 

We next investigated how NCOA4 condensates and ferritin are delivered to lysosomes. Given 274 

our previous observation that ferritin is degraded in lysosomes via ATG7-independent 275 

autophagy in iron-replete cells, we first examined whether loss of ATG7 affects delivery of 276 

NCOA4 condensates and ferritin to lysosomes in iron-replete cells. Deletion of ATG7 did not 277 

overtly affect the decrease in the levels of ferritin and NCOA4 in the insoluble fraction of 278 

iron-treated cells, although loss of ATG7 slightly increased the amount of NCOA4 in the 279 

insoluble fraction (Fig 5A, and EV5A and B), confirming that ATG7 is dispensable for ferritin 280 

degradation in iron-replete cells. Because our CRISPR screen also identified TAX1BP1 and 281 

FIP200 (RB1CC1) as candidate genes involved in ferritin degradation under iron repletion (Fig 282 

1A), we examined turnover of ferritin and NCOA4 in MEFs lacking TAX1BP1 or FIP200. In 283 

KO MEFs for both genes, insoluble NCOA4 accumulated to high levels in the absence of FAC 284 

treatment and accumulated further following FAC administration (Fig 5A). Moreover, ferritin 285 

accumulated to high levels in the insoluble fraction in both KO MEFs (Fig 5A and EV5A). 286 

NCOA4 interacts with FTH1, but not FTL, to deliver ferritin cages to lysosomes (Mancias et al., 287 

2015). We next generated TAX1BP1 KO MEFs deficient for FTH1 using the lentiviral 288 
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CRISPR/Cas9 system. NCOA4 accumulated in the insoluble fraction even in FTH1-deficient 289 

TAX1BP1 KO MEFs (Fig EV3H), implying that TAX1BP1 is involved in turnover of NCOA4 290 

condensates regardless of its interaction with ferritin. These results suggested that both 291 

TAX1BP1 and FIP200 are required for lysosome delivery of insoluble NCOA4 condensates 292 

under iron-replete conditions, regardless of interaction with ferritin. 293 

 294 

TAX1BP1 recruits FIP200 in the vicinity of NCOA4 condensates to promote their 295 

clearance  296 

Because TAX1BP1, but not FIP200, accumulates in insoluble fractions and was degraded along 297 

with NCOA4 and ferritin in lysosomes (Fig 4F and 5A), we focused on the role of TAX1BP1 in 298 

ferritinophagy mediated by NCOA4 condensates. Although TAX1BP1 binds NCOA4 299 

(Goodwin et al., 2017), the domain involved in this interaction has not been identified. 300 

Co-immunoprecipitation analyses of TAX1BP1 mutants with NCOA4 revealed that TAX1BP1 301 

aa 446–484 (hereafter referred to as NB region: NCOA4 binding region) was required for 302 

binding to NCOA4 (Fig 5B and C, and EV5C and D). Interestingly, the NB region of 303 

TAX1BP1 overlapped with the region necessary for the clearance of condensates of NBR1, an 304 

autophagy receptor (Ohnstad et al, 2020). Introduction of the TAX1BP1 mutant lacking the NB 305 

region (TAX1BP1ΔNB) into TAX1BP1 KO MEFs failed to ameliorate accumulation of 306 

NCOA4 and ferritin in the insoluble fraction, as well as ferritin condensates (Fig 5D and E), 307 

suggesting that the interaction between NCOA4 and TAX1BP1 is critical for delivery of 308 

NCOA4 condensates and ferritin to lysosomes in iron-replete cells. 309 

TAX1BP1-mediated recruitment of FIP200 to the vicinity of NBR1 condensates is 310 

essential for clearance of NBR1 condensates generated in ATG7 KO cells, and Ala 114 of 311 

TAX1BP1 is critical for the recruitment of FIP200 (Ohnstad et al., 2020). To examine the 312 

involvement of TAX1BP1-mediated recruitment of FIP200 in the clearance of NCOA4 313 

condensates and ferritin under iron-replete conditions, we reconstituted the TAX1BP1 A114Q 314 

mutant into TAX1BP1 KO MEFs. The mutant failed to counteract accumulation of NCOA4 315 

and ferritin in iron-treated TAX1BP1 KO MEFs, as was the case for TAX1BP1ΔNB (Fig 5F). 316 

These results demonstrate that TAX1BP1 plays a crucial role in the clearance of NCOA4 317 
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condensates, with or without ferritin, by serving as a platform to recruit FIP200 via its 318 

interaction with NCOA4. 319 

 320 

The properties of NCOA4 affect TAX1BP1 dependence of ferritinophagy and the 321 

interaction with ferritin 322 

In the experiments described above, we showed that NCOA4 condensates-dependent 323 

ferritinophagy observed in cells with prolonged iron treatment is ATG7-independent but 324 

TAX1BP1-dependent (Fig 4 and 5). We then examined whether TAX1BP1 is also required for 325 

ATG7-dependent ferritinophagy under iron depletion. Because NCOA4 is localized in the 326 

soluble cytoplasmic fraction under iron-depleted conditions (Fig 1E and 6A), we analyzed the 327 

distributions of TAX1BP1, ferritin, and NCOA4 in the detergent-soluble fraction using 328 

glycerol density gradient ultracentrifugation. Most soluble TAX1BP1 was detected in a fraction 329 

around 600 kDa (fraction #1 to #3), whereas NCOA4 and ferritin were present in fractions #6 to 330 

#13 (Fig 6B), suggesting that TAX1BP1 is dispensable for ATG7-dependent ferritinophagy, in 331 

which ferritin is delivered to lysosomes from detergent-soluble fractions in iron-depleted cells. 332 

To determine whether TAX1BP1 is dispensable for delivery of ferritin from the soluble fraction 333 

to lysosomes in iron-depleted cells, we used TAX1BP1 KO MEFs. The amount of ferritin in 334 

detergent-soluble fractions was clearly decreased by treatment with Dfo in two TAX1BP1-null 335 

MEFs, although NCOA4 and ferritin which were already accumulated in the insoluble fraction 336 

were not decreased by Dfo treatment (Fig 6C and 6D). Substantial amounts of NCOA4 and 337 

ferritin were detected in insoluble fractions of TAX1BP1 KO MEFs even without addition of 338 

iron (Fig 5A). To decrease the difference in NCOA4 and ferritin expression levels in the 339 

insoluble fraction between WT and TAX1BP1-null cells, we established the MEFs in which 340 

TAX1BP1 can be conditionally knocked down via auxin-inducible degron 2 (Yesbolatova et al, 341 

2020). TAX1BP1 fused with mAID, a 7 kD degron sequence, at the N-terminus 342 

(mAID-TAX1BP1) is rapidly degraded upon addition of the auxin analogue, 5-Ph-IAA 343 

(Appendix Fig S1A). Accumulation of NCOA4 was substantially attenuated by introduction of 344 

mAID-TAX1BP1 (Appendix Fig S1B). The level of soluble ferritin was reduced in 345 

iron-depleted cells regardless of mAID-TAX1BP1 expression, whereas the level of insoluble 346 
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ferritin was unchanged (Fig 6E). Furthermore, degradation of soluble ferritin in iron-depleted 347 

TAX1BP1 KO cells was ATG7-dependent (Fig 6F), and augmented NCOA4 expression 348 

accelerated soluble ferritin degradation even in TAX1BP1 KO MEFs (Fig 6G). Taken together, 349 

these findings indicate that TAX1BP1 is dispensable for ATG7-dependent soluble ferritin 350 

degradation, but it is essential for recognizing the insoluble NCOA4 condensates for ferritin 351 

degradation. 352 

We next characterized the role of the IDR and C-terminal region in ferritin degradation. 353 

The amount of partial degradation products of ferritin was lower in NCOA4 ΔIDR cells under 354 

iron repletion (Fig EV2B). In accordance with this result, a CHX chase showed that ferritin 355 

degradation was slower in NCOA4 null MEFs expressing NCOA4 ΔIDR or ΔIDR+C under 356 

iron repletion (Fig 6H). By contrast, soluble ferritin degradation occurred normally even in 357 

cells expressing NCOA4 ΔIDR (Fig 6I). These results are consistent with the concept that 358 

ferritin degradation under iron repletion is dependent on insoluble NCOA4 condensates and 359 

degradation under iron depletion is dependent on soluble NCOA4.  360 

We found that cellular iron status altered the biochemical characteristics of NCOA4, and 361 

that ferritin degradation pathways were altered by cellular iron concentration, implying that 362 

NCOA4 status is the determinant for the selection of ferritin degradation pathways. NCOA4 363 

condensates effectively delivered ferritin to lysosomes for degradation in cells treated with iron 364 

for prolonged periods, whereas ferritin degradation was inhibited in the early phase of iron 365 

treatment (Fig 4A). Also, iron chelation induced ferritin degradation effectively, although the 366 

amounts of ferritin and NCOA4 were virtually the same under the two conditions (Fig 6A). To 367 

determine whether iron-induced alteration of the biochemical characteristics of NCOA4 also 368 

affects the interaction between NCOA4 and ferritin, we utilized the proximity biotin labeling 369 

method. As expected, interaction of NCOA4 with ferritin was substantially lower in cells 370 

treated with iron than in those treated with iron chelator (Fig 6J). Therefore, iron modulates the 371 

biochemical characteristics of NCOA4 and thus regulates its binding to ferritin.  372 

In conclusion, iron-induced alteration of the biochemical characteristics of NCOA4 373 

regulates ferritin fate by modulating two functions of NCOA4 (Fig 7): interaction with ferritin 374 

and pathways for ferritinophagy. Under iron depletion, NCOA4 is soluble and effectively 375 
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delivers ferritin via ATG7-dependent, TAX1BP1-independent macroautophagy. Meanwhile, 376 

NCOA4 plays two roles in iron-replete cells. In the early phase of iron treatment, iron induces 377 

the formation of NCOA4 condensates and attenuates the interaction between NCOA4 with 378 

ferritin, allowing accumulated ferritin to store excess iron. By contrast, under prolonged iron 379 

treatment, NCOA4 condensates interact with ferritin to deliver NCOA4 to lysosomes via 380 

TAX1BP1-dependent, but ATG7-independent, autophagy.  381 

382 
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Discussion 383 

 384 

Ferritin protects cells from iron toxicity by storing excess iron under iron-replete conditions. 385 

Under iron depletion, it supplies iron to cells by delivering ferritin to lysosomes via 386 

macroautophagy to liberate stored iron. NCOA4 is a ferritin-specific autophagy adaptor and a 387 

key player in ferritin turnover under iron depletion. However, we previously showed that 388 

ferritin is also delivered to lysosomes by non-classical autophagic pathways in iron-replete cells. 389 

In this study, we revealed that NCOA4 intricately regulated ferritin fate under iron-replete 390 

conditions by forming condensates in an iron-dependent manner: NCOA4 was sequestered 391 

from ferritin in the early phase of iron treatment and delivered to lysosomes along with 392 

insoluble NCOA4 condensates under prolonged iron repletion (Fig 7). Generation of 393 

biomolecular condensates is a mechanism that enables cells to tolerate surrounding stresses, 394 

e.g., heat and osmotic stress (Iserman et al, 2020; Jalihal et al, 2020; Kilic et al, 2019; Riback et 395 

al, 2017; Saad et al, 2017). Because iron is supplied from the environment, and iron binding to 396 

NCOA4 IDR is involved in NCOA4 assembly, iron-induced condensation of NCOA4 is likely 397 

to be a component of the iron-sensing mechanisms that manage requirements for and toxicity of 398 

iron.  399 

Our results indicated that the physicochemical properties of NCOA4 determines the 400 

autophagy pathways of ferritin. Membraneless organelles have a wide range of properties, 401 

which are related to their diverse functions (Kaganovich, 2017). We observed that NCOA4 402 

formed solid-like condensates, and that these NCOA4 condensates were delivered to lysosomes 403 

through recognition by TAX1BP1. TAX1BP1 mediates clearance of cytotoxic protein 404 

aggregates (Sarraf et al, 2020) and also serves as a mitophagy and xenophagy receptor (Lazarou 405 

et al, 2015; Tumbarello et al, 2015). More importantly, TAX1BP1 is required for clearance of 406 

NBR1 condensates in ATG7-deleted cells, and TAX1BP1 recruits FIP200 to NBR1 407 

condensates for delivery of the condensate to the lysosome in an ATG7-independent manner 408 

(Ohnstad et al., 2020). We found that TAX1BP1-dependent FIP200 recruitment is also 409 

necessary for clearance of NCOA4 condensates, which is formed in cells with an intact ATG8 410 

family conjugation system. Therefore, TAX1BP1 can be considered as a receptor for 411 
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aggrephagy, in which aggregates are delivered to lysosomes in an ATG7-independent fashion. 412 

Ferritin can be delivered to lysosomes under iron-depleted conditions via a 413 

TAX1BP1-dependent, but an ATG7-independent manner (Goodwin et al., 2017). However, we 414 

found that soluble ferritin and NCOA4 in iron-depleted cells is degraded by ATG7-dependent 415 

classical macroautophagy (Fig 6). Moreover, we clearly showed that iron-induced 416 

condensation of NCOA4 (Fig 3). Because Goodwin et al. treated cells with iron chelator for 18 417 

h, it is unlikely that iron could induce NCOA4 condensation under their experimental 418 

conditions. Although further study will be needed, NCOA4 can form condensates via an 419 

iron-independent mechanism, and these condensates are delivered to lysosomes even under 420 

iron-depleted conditions via the same mechanism that we described here.   421 

To avoid iron toxicity, ferritin expression must be elevated upon iron repletion, and we 422 

have observed that the amount of ferritin increased dramatically upon iron administration (Fig 423 

4A). Because NCOA4 is known to be ubiquitinated and degraded by the proteasome under 424 

iron-replete conditions (Mancias et al., 2015), it was surprising to find that NCOA4 is also 425 

essential for ferritin delivery to lysosomes in iron-replete cells via a process mediated by 426 

iron-induced formation of NCOA4 condensates. The discrepancy between the previous report 427 

and our findings can be explained by the notion that cells are equipped with two mechanisms, 428 

NCOA4 condensation and NCOA4 degradation, to sequester NCOA4 from ferritin to increase 429 

the ferritin level under iron repletion. Consistent with this, our preliminary analysis 430 

demonstrated that the amount of NCOA4 in iron-replete cells was reduced under hypoxic 431 

conditions. Oxidation of ferrous ion to ferric ion, the latter of which induces NCOA4 432 

condensation, could be inhibited in hypoxia. Although further analyses are required, our 433 

findings suggest that NCOA4 is degraded by the proteasome to increase ferritin when NCOA4 434 

condensation is inhibited.  435 

Our previous observation of lysosomal delivery of ferritin under iron-replete conditions 436 

appears to contradict the common notion that ferritin protects cells from iron toxicity by storing 437 

excess iron. We confirmed that ferritin was indeed delivered to lysosomes in iron-replete cells. 438 

However, ferritin degradation was barely detectable in the early phase of iron treatment; 439 

consequently, the cell can accumulate ferritin and avoid iron toxicity. By contrast, under 440 
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prolonged iron treatment, ferritin was effectively degraded together with NCOA4 condensates. 441 

We suspect that this degradation is involved in the maintenance of intracellular iron 442 

homeostasis. The amount of available iron in cells is chiefly maintained via modulation of 443 

cellular iron storage in ferritin, and its uptake is mediated by transferrin receptor1 (TfR1) (Iwai, 444 

2019; Rouault, 2006). The abundance of FBXL5 is the major determinant of cellular iron 445 

homeostasis, as FBXL5 modulates production of ferritin and TfR1 by regulating the amount of 446 

IRP2 (Salahudeen et al, 2009; Vashisht et al, 2009). The amount of FBXL5 is elevated under 447 

iron-replete conditions. However, our results showed that the amount of FBXL5, whose 448 

expression reflects the amount of intracellular iron, decreased after 12 h of iron treatment but 449 

not after 6 h. Chelatable intracellular iron, which reflects the labile cytoplasmic iron pool, 450 

reached a plateau after 12 h of iron treatment (Fig EV4B). The increase in FBXL5 suppressed 451 

the production of TfR1 by destabilizing its mRNA. However, the reduction in the level of TfR1 452 

was delayed because this protein has a long half-life. In fact, TfR1 levels decreased gradually 453 

when cells were treated for long periods e.g., 12 h (Fig EV4A). Collectively, the amount of 454 

available iron was relatively low in cells that underwent prolonged iron treatment, probably due 455 

to augmented iron storage by ferritin and attenuation of TfR1-mediated iron uptake. To 456 

overcome this relative iron deficiency, cells could use iron stored in ferritin by delivering 457 

ferritin to lysosomes.  458 

We found that iron binding to NCOA4 weakened its interaction with ferritin (Fig 6), 459 

ensuring sequestration of NCOA4 from ferritin in the early phase of iron administration. 460 

However, in cells treated with iron for prolonged periods, overaccumulation of ferritin allowed 461 

NCOA4 condensates to degrade ferritin via ATG7-independent autophagy, thus enabling iron 462 

utilization. Upon iron depletion, NCOA4, which does not interact with iron, can effectively 463 

bind to ferritin to destine it for ATG7-dependent canonical autophagy, thus avoiding iron 464 

deficiency. Therefore, iron modulates two functions of NCOA4: interaction with ferritin and 465 

the ferritin autophagy pathway. Thus, NCOA4 is an iron sensor to regulate ferritin fate, and the 466 

NCOA4-ferritin axis modulates intracellular iron homeostasis in accordance with cellular iron 467 

availability. 468 

  469 
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Materials and Methods 470 

 471 

Plasmids 472 

Open reading frames (ORFs) of human NCOA4 (hNCOA4), human TAX1BP1 (hTAX1BP1) 473 

and human p62 were cloned by RT-PCR from mRNA isolated from HEK293. The ORF of 474 

mouse NCOA4 (mNCOA4) was cloned by RT-PCR from mRNA isolated from mouse 475 

embryonic fibroblasts (MEFs). The following fragments were generated from the amplified 476 

ORF of human NCOA4: NCOA4 (aa 1–522), NCOA4 (aa 1–441), NCOA4 (aa 1–334), 477 

NCOA4 (aa 1–238), NCOA4 ΔIDR (deleted aa 167-334), and NCOA4 ΔIDR+ ΔC (deleted 478 

aa 167-334 and 523-614). The following variants were generated from the amplified ORF of 479 

human TAX1BP1: TAX1BP1 (aa 1–726), TAX1BP1 (aa 1–600), TAX1BP1 (aa 1–526), 480 

TAX1BP1 (aa 1–485), TAX1BP1 (aa 1–445), and TAX1BP1 (ΔNB:Δ446-484). The FKBP 481 

sequence was amplified by PCR from pMRX-IP GFP-2×FKBP-p62, which was a gift from Dr. 482 

Noboru Mizushima. OsTIR1 F74G and the mAID degron sequence were amplified by PCR 483 

from pMK381 and pAY15, which were gifts from Dr. Masato Kanemaki. cDNAs were ligated 484 

into the appropriate epitope-tag sequences, and then cloned into pcDNA3.2, pMXs IRES puro, 485 

pMXs puro, pMXs IRES-bsr, and pGEX6p-1. Single guide RNA (sgRNA) targeting Ncoa4 486 

(5’-ACCCACAGGACTGGCTTATC-3’) was cloned into pSpCas9(BB)-2A-Puro (PX459, 487 

Addgene). sgRNAs targeting Tax1bp1 (5’-TATACGGAGTTAAGGTGTAA-3’, 488 

5’-TGAAGGCAATTCCGATATGT-3’) were cloned into pSpCas9(BB)-2A-GFP (PX458, 489 

Addgene). sgRNAs targeting Fth1(5’-GTAGTTCTGGCGCACTTGCG-3’) were cloned into 490 

lentiCRISPRv2 puro (Addgene) 491 

 492 

Antibodies and reagents 493 

The following antibodies were used in this study: anti-ferritin (Sigma F6136; western blotting 494 

(WB) 1:2000, immunofluorescence (IF) 1:1000); anti-FTH1 (Santa Cruz sc-376594; WB 495 

1:300); anti-FTH1 (Cell signaling #3998S; WB 1:2000); anti-NCOA4 (Santa Cruz sc-373739; 496 

WB 1:300); anti-NCOA4 (Invitrogen PA5-96398; IF 1:500); anti-TAX1BP1 (Abcam 497 

ab176572; WB 1:5000); anti-TfR1 (Invitrogen 13-6890; WB 1:1000); anti-FBXL5 (Santa Cruz 498 
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sc-390102; WB 1:1000); anti-IRP2 (our laboratory; WB 1:1000); anti-ATG7 (Cell Signaling 499 

#8558; WB 1:2000); anti-FIP200 (Cell Signaling #12436; WB 1:2000); anti-SQSTM1/p62 500 

(Wako 018-22141; WB 1:2000); anti-calreticulin (ThermoFisher PA3-900; IF 1:1000); 501 

anti-EEA1 (Santa Cruz sc-365652; IF 1:100); anti-GM130 (BD Transduction Laboratories 502 

610822; IF 1:400); anti-LBPA (Echelon Biosciences Z-PLBPA; IF 1:100); anti-LAMP1 (Santa 503 

Cruz sc-19992; IF 1:100); anti-β-Actin (Sigma A5316; WB 1:15000); anti-Tubulin 504 

(CEDARLANE CLT9002; WB 1:5000); anti-FLAG (Sigma-Aldrich F3165; 505 

immunoprecipitation); anti-FLAG (Sigma-Aldrich F7425; WB 1:3000); anti-DYKDDDDK 506 

(Wako 014-22383; WB 1:500); anti-DDDDK (MBL PM020; WB 1:3000); anti-GFP (clontech 507 

632381; WB 1:1000); anti-Myc (Millipore 05-724; WB 1:2000, IF 1:500); anti-GAPDH (Santa 508 

Cruz sc-365062; WB 1:2000); anti-H2B (Millipore 07-371; WB 1:3000); anti-HSP90 (ENZO 509 

Life Science; WB 1:1000); HRP-linked anti-mouse IgG (Cell Signaling #7076; WB 1:10000); 510 

HRP-linked anti-rabbit IgG (GE Healthcare NA934; WB 1:10000); goat anti-mouse IgG–511 

Alexa Fluor 488 (ThermoFisher A-11029; IF 1:1000); goat anti-rabbit IgG–Alexa Fluor 647 512 

(ThermoFisher A-21244; IF 1:1000); and goat anti-rat IgG–Alexa Fluor647 (ThermoFisher 513 

A-21247; 1:1000). Predesigned siRNAs targeting mouse Atg7 and control siRNA were 514 

purchased from Sigma-Aldrich. 515 

The following reagents were used in this study: ferric ammonium citrate (Sigma-Aldrich, 516 

F5879); Bathophenanthroline disulfonic acid (Sigma-Aldrich, 146617); DTPA (Sigma-Aldrich, 517 

d6518); deferoxamine mesilate (desferal) (Novartis, V03AC01); Cycloheximide (Calbiochem, 518 

239764); Bafilomycin A1 (Selleck, S1413); E64d (Peptide Institute, 4321-v); pepstatin A 519 

(Peptide Institute, 4397-v); B/B homodimerizer ligand (AP20187) (Clontech, 635058); biotin 520 

(Fujifilm Wako Pure Chemical Corporation, 021-08712); FeSO4/7H2O (Fujifilm Wako Pure 521 

Chemical Corporation, 094-01082); FeCl3/6H2O (Nacalai Tesque, 19433-02); 5-Ph-IAA 522 

(BioAcademia, 30-003). 523 

 524 

Cell lines 525 

MEFs were generated in our laboratory. Hepa1-6 was purchased from ATCC. HepG2 was 526 

gifted by Dr. Koichi Nakajima. U2OS and HEK293T were gifted by Dr. Eijiro Nakamura. 527 
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Plat-E was gifted by Dr. Toshio Kitamura. All cell lines were cultured in DMEM (Sigma) 528 

supplemented with 10% fetal bovine serum (FBS) (Sigma), 100 IU/ml penicillin, and 100 529 

µg/ml streptomycin at 37°C under 7.5% CO2 in humidified air.  530 

 531 

Generation of CRISPR/Cas9-mediated KO cell lines 532 

For generation of NCOA4 KO MEFs, PX459 plasmid encoding sgRNA targeting Ncoa4 was 533 

transfected into MEFs using Lipofectamine 2000. After 24 h, transfectants were selected with 534 

puromycin. One hundred cells were seeded in a 10 cm dish, and single clones were obtained 535 

using cloning rings. 536 

For generation of TAX1BP1 KO MEFs, PX458 plasmids encoding sgRNAs targeting Tax1bp1 537 

were transfected into MEFs by electroporation. After 24 h, GFP-expressing cells were isolated 538 

using a FACSAria III cell sorter (BD Biosciences), and single clones were obtained using 539 

cloning rings. 540 

For generation of FTH1KO MEFs, HEK293T cells were co-transfected with lentiCRISPRv2 541 

puro encoding sgRNAs targeting Fth1, psPAX2, and pMD2.G using PEIMAX (Polysciences). 542 

The culture medium was collected 48 h after transfection and passed through a 0.45 μm filter. 543 

MEFs were transduced with lentivirus in the presence of Polybrene (10 μg/ml) for 16 h. The 544 

infected cells were selected with puromycin, and bulk cells were used for the experiments. 545 

 546 

Retroviral infections and generation of stable cell lines 547 

Appropriate pMXs plasmids were transfected into Plat-E packaging cells using Lipofectamine 548 

2000. After 48 h, retrovirus in the culture medium was collected and passed through a 0.45 μm 549 

filter. MEFs were infected with retrovirus in the presence of Polybrene (10 μg/ml) for 16 h. The 550 

infected cells were selected using puromycin or blasticidin. 551 

 552 

Genome-wide CRISPR/Cas9 screen 553 

MEF cells expressing RFP-P2A-GFP-FerritinL were infected with the mouse GeCKO v2 554 

library at an MOI of 0.3 and selected with puromycin for 1 week following infection. The cells 555 

were treated with 50 μg/ml FAC for 24 h before enrichment of cells with low RFP:GFP ratio on 556 
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a FACSAria III cell sorter. The enrichment was performed twice. Next, 5 × 10
7
 cells were lysed 557 

in NTE buffer (15 mM Tris-HCl pH 7.5/150 mM NaCl/1 mM EDTA), and genomic DNA from 558 

each group of cells was prepared using phenol–chloroform extraction and ethanol precipitation 559 

methods. From 640 µg genomic DNA, sgRNA sequences were amplified by PCR using 560 

Herculase II Fusion DNA polymerase. The amplicons were gel extracted and subjected to DNA 561 

sequencing on a Novaseq 6000 (Illumina) sequencer. Sequence data were analyzed by 562 

MAGeCK pipeline.  563 

 564 

Cell lysis and fractionation 565 

For preparation of total cell lysates, cells were lysed in 1× sample buffer (50 mM Tris-HCl pH 566 

6.8, 2% SDS, 10% glycerol, 0.1% bromophenol blue, and 100 mM DTT). The cell lysate was 567 

sonicated to shear DNA and boiled at 95°C for 10 min. 568 

For preparation of Triton X-100 soluble and insoluble samples, cells were lysed in Triton buffer 569 

(1% Triton X-100, 50 mM Tris-HCl pH 8.0, and 150 mM NaCl) supplemented with 2 mM 570 

PMSF and protease inhibitor cocktail (Roche). After incubation on ice for 20 min, soluble 571 

extract was collected after centrifugation at 20,000 × g for 20 min at 4°C. After addition of 4× 572 

sample buffer to the supernatant, the sample was boiled at 95°C for 5 min. Insoluble pellet was 573 

washed once with Triton buffer and resuspended in 1× sample buffer. The insoluble sample was 574 

sonicated and boiled at 95°C for 10 min. 575 

For preparation of hypotonic lysate, cells were lysed by passing through a 27G needle 30 times 576 

in hypotonic buffer (20 mM HEPES-NaOH pH 7.4, 10 mM KCl, 2 mM MgCl2, and 1 mM 577 

EDTA) supplemented with a protease inhibitor cocktail (Roche). After incubation on ice for 20 578 

min, the homogenate was centrifuged at 1,000 × g for 10 min, and the supernatant was collected 579 

(S1). The pellet (P1) was washed with hypotonic buffer and resuspended in 1× sample buffer. 580 

S1 supernatant was centrifuged at 20,000 × g for 10 min, and the pellet (P20) was washed with 581 

hypotonic buffer and resuspended in 1× sample buffer. The supernatant was collected as S20 582 

for analysis. 583 

 584 

Immunoblotting 585 
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Samples were resolved by SDS-PAGE and transferred to PVDF membrane. After blocking in 586 

Tris-buffered saline (TBS) containing 0.1% Tween-20 and 5% (w/v) nonfat dry milk, 587 

membranes were incubated with appropriate primary antibodies, followed by the 588 

corresponding secondary antibodies. Membranes were visualized by enhanced 589 

chemiluminescence, and signals were detected by on a LAS4000mini instrument (GE 590 

Healthcare). 591 

 592 

Immunocytochemistry 593 

Cells were fixed with 2% formaldehyde in PBS for 20 min at room temperature. The fixed cells 594 

were washed three times in PBS and permeabilized for 10 min with 0.1% Triton X-100 in PBS. 595 

After washing three times with PBS, the cells were incubated with blocking buffer (10% fetal 596 

bovine serum, 0.05% sodium azide in PBS) for 1 h at room temperature. The samples were 597 

incubated with primary antibodies in blocking buffer for 1 h at room temperature or overnight 598 

at 4°C, washed three times in PBS, and incubated with secondary antibodies in blocking buffer 599 

for 1 h at room temperature. The samples were washed again in PBS and then mounted with 600 

SlowFade Diamond Antifade Mountant with DAPI (Thermo Fisher). 601 

For staining endogenous NCOA4, the cells were permeabilized for 3 min, blocked with 2% 602 

BSA in PBS, and incubated with the primary antibody for 2h at room temperature. Other 603 

procedures were the same as those mentioned above. 604 

Confocal fluorescence images were acquired with an IX81 inverted microscope (Olympus) 605 

equipped with an FV1000 confocal imaging system (Olympus) and a 60×/1.42 NA oil objective 606 

lens (PlanApo N 60X, Olympus). Images were analyzed with ImageJ and R. 607 

 608 

Cellular FRAP assays 609 

Cellular fluorescence recovery after photobleaching (FRAP) experiment was performed on a 610 

FV1000 confocal imaging system at 37°C in a live-cell imaging chamber. Before assays, 611 

NCOA4 KO MEFs expressing mNCOA4-GFP were incubated with FluoroBrite DMEM 612 

(ThermoFisher) containing 10% FBS, 2 mM L-Glutamine (Fujifilm Wako Pure Chemical 613 

Corporation), and 10µg/ml ferric ammonium citrate for 6 to 12 h. NCOA4 puncta were 614 
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photobleached by 100% laser power using a 405 nm laser. Time-lapse images were acquired at 615 

20 sec intervals for 20 min after bleaching. Images were processed using ImageJ and 616 

Metamorph. 617 

 618 

Time-lapse imaging for observing fusion and fission of NCOA4 619 

Cell were imaged with an IX83 inverted microscope (Olympus). NCOA4 KO MEFs expressing 620 

NCOA4-GFP were incubated with FluoroBrite DMEM (ThermoFisher) containing 10% FBS, 621 

2 mM L-Glutamine (Fujifilm Wako Pure Chemical Corporation), and 10µg/ml ferric 622 

ammonium citrate for 6 h. Time-lapse images were acquired at 10 or 20 sec intervals for 20 to 623 

60 min. Images were processed using ImageJ and Metamorph. 624 

 625 

Protein expression and purification 626 

Proteins were expressed and purified from E. coli strain BL21-CodonPlus (DE3)-RIPL 627 

harboring a GST-tagged NCOA4 protein. The bacteria were grown in LB media with 628 

appropriate antibiotic selection to OD600 of 0.6 at 30°C before induction with 50 μM IPTG at 629 

16°C for 18 h. Bacteria were collected by centrifugation and lysed by sonication in GST lysis 630 

buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA) supplemented with 2 mM PMSF, 631 

1 mM DTT, and protease inhibitor cocktail tablet. The sample was centrifuged at 23,000 × g for 632 

20 min at 4°C, and the supernatant was loaded onto an AKTA GSTrap HP column (GE 633 

Healthcare). GST protein was eluted with glutathione buffer (20 mM Tris-HCl pH 8.0, 200 mM 634 

NaCl, 20 mM glutathione). The eluted sample was desalted on a PD-10 column in GST lysis 635 

buffer, and GST tag was cleaved by PreScission Protease at 4°C overnight. Cleaved protein was 636 

subjected to size-exclusion chromatography using a Superdex 200 column (GE Healthcare) in 637 

HBS buffer (20 mM HEPES-NaOH pH 7.4, 150 mM NaCl), and the fractions were collected. 638 

GST-NCOA4 IDR was purified as described above except that removal of the GST tag was not 639 

performed. 640 

 641 

ICP-MS 642 
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A 0.3 ml aliquot of purified GST-tagged NCOA4 IDR solution was placed in a Teflon vessel, 643 

and 1 ml of 60% nitric acid (Fujifilm Wako Pure Chemical Corporation) was added. The 644 

solution was heated in a microwave (350 W, 2 min) to decompose organic components. After 645 

acid digestion, sample solutions were evaporated to dryness using a hot plate and re-dissolved 646 

in 1% nitric acid for elemental analysis on an inductively coupled plasma-tandem mass 647 

spectrometer (ICP-MS/MS; Agilent8800 ICP-QQQ). The iron signal intensity was monitored 648 

at m/z 56 with an integration time of 0.1 s. The iron concentrations in GST solution and HBS 649 

buffer were measured to evaluate the specific binding of iron to NCOA4 and the blank level of 650 

iron, respectively. 651 

 652 

In vitro sedimentation assays 653 

All reactions were performed in HBS buffer. Eighteen microliters of 300 nM NCOA4 protein 654 

was mixed with 2 μl of 10 × FeSO4 in an anaerobic chamber. The mixture was incubated at 655 

37°C under aerobic or anaerobic conditions for the indicated times and centrifuged at 20,000 × 656 

g for 5 min at 4°C. The supernatant was collected into another tube, and the pellet was washed 657 

once with HEPES buffer. The supernatant and pellet were resolved by SDS-PAGE, and the gel 658 

was stained with Coomassie Brilliant Blue. Gel images were acquired with Amersham Imager 659 

680 (GE Healthcare). 660 

 661 

Imaging of in vitro NCOA4 assembly 662 

FlAsH tag (CCPGCC)-NCOA4 proteins were mixed with FlAsH-EDT2 (Cayman Chemical) in 663 

the 1:5 molar ratio before imaging. All reactions were carried out in HBS buffer. NCOA4 664 

proteins were incubated with FeSO4 at 37°C for the indicated times and loaded onto a custom 665 

slide chamber created from a glass coverslip mounted on two parallel strips of double-sided 666 

tape on a glass microscope slide. The samples were then imaged on an IX81 inverted 667 

microscope (Olympus) equipped with an FV1000 confocal imaging system (Olympus) and a 668 

60×/1.42 NA oil objective lens (PlanApo N 60X, Olympus). Images were analyzed with 669 

ImageJ. 670 

 671 
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Immunoelectron microscopy and EDX analysis 672 

Sample preparation was performed by the Tokai Electron Microscopy Corporation. Cells on 673 

gold disks were frozen in liquid nitrogen at -196°C. Once the cells were frozen, they were 674 

freeze- substituted with 0.2% glutaraldehyde in ethanol and 2% distilled water at -80°C for 48 h. 675 

Afterwards, they were held at -20°C for 4 h and then warmed to 4°C for 1 h. The samples were 676 

dehydrated through anhydrous ethanol three times for 30 min each. The samples were 677 

infiltrated with a 50:50 mixture of ethanol and resin at 4°C for 1 h. After this infiltration, they 678 

were subjected to three changes of 100% resin at 4°C for 30 min each, transferred to fresh 100% 679 

resin, and polymerized at 50°C overnight. The polymerized resins were sectioned (80 nm 680 

thickness) with a diamond knife on an ultramicrotome, and the sections were placed on nickel 681 

grids. The grids were incubated with the primary antibody in 1% BSA in PBS at 4°C overnight, 682 

washed three times with 1% BSA in PBS, and incubated with secondary antibody conjugated to 683 

10 nm gold particles for 1 h at room temperature. After washing with PBS, the grids were 684 

placed in 2% glutaraldehyde in 0.1 M phosphate buffer. The grids were dried and stained with 685 

2% uranyl acetate for 10 min and with lead stain solution at room temperature for 3 min. The 686 

grids were observed by transmission electron microscope (JEM-2200FS, JEOL, Ltd.), and the 687 

elemental components of the samples were analyzed by energy-dispersive X-ray spectroscopy 688 

(EDS) (JED-2300, JEOL, Ltd.). 689 

 690 

Measurements of relative amount of iron in cells 691 

Cells were treated with FAC as indicated. After washing with PBS, cells were incubated in 1 692 

μM calcein-AM in FluoroBrite DMEM supplemented with 2 mM glutamine at 37°C for 10 min 693 

and washed twice with cold PBS. Cells were detached by trypsin and resuspended in 694 

FluoroBrite DMEM containing 2 mM glutamine. Cells were subjected to FACS, and 695 

fluorescence of calcein-AM was measured in the FITC channel.  696 

 697 

Immunoprecipitation 698 

Anti-FLAG antibody was added to Triton X-100–soluble cell lysate and incubated for 90 min at 699 

4°C. After addition of Protein A beads, the sample was incubated with rotation for 60 min at 700 
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4°C, followed by four washes with Triton buffer and two washes with 20 mM Tris-Cl pH8.0. 701 

Immunoprecipitated proteins were denatured by addition of 2× sample buffer and boiling at 702 

95°C for 5 min. 703 

 704 

Glycerol density gradient ultracentrifugation 705 

Glycerol was dissolved at 20% and 50% in Tris buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 706 

1 mM DTT). A 20–50% continuous glycerol gradient was prepared in a polyallomer tube 707 

(Beckman Coulter #326819) using a Gradient Master (BioComp). Triton X-100 soluble lysate 708 

was overlaid on the gradient and centrifuged on an MLS-50 Rotor (Beckman Coulter) at 709 

100,000 × g for 22 h at 4°C. Fractions were collected in a 48-well plate using a MicroCollector 710 

(ATTO, AC-5700P) and concentrated by acetone precipitation. The concentrated samples were 711 

dissolved in 1× sample buffer and boiled at 95°C for 5 min. 712 

 713 

Data availability 714 

This study contains no data deposited in external repositories.  715 
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Figure legends 842 

 843 

Figure. 1: NCOA4 forms detergent-insoluble condensates in iron-replete cells. 844 

A. Results of CRISPR screening analyzed by the MAGeCK algorithm.  845 

B. Wild type (WT) and NCOA4 KO MEFs were pretreated with 25 μg/ml ferric ammonium 846 

citrate (FAC) for 16 h and then chased with 20 μg/ml cycloheximide (CHX) for the indicated 847 

times. Soluble ferritin expression levels were determined by immunoblotting with the indicated 848 

antibodies.  849 

C. WT MEFs untreated or treated with 10 μg/ml FAC for 12 h were lysed with SDS-containing 850 

sample buffer or Triton buffer, and analyzed by immunoblotting with the indicated antibodies. 851 

D. Schematic of fractionation procedures.  852 

E. Subcellular fractions of MEFs treated with 20 μM Dfo for 12 h, 10 μg/ml FAC for 12 h, or 853 

100 μM Deferoxamine (Dfo) for 6 h after treatment with 10 μg/ml FAC for 12 h were prepared 854 

by differential centrifugation as described in (D). Each fraction was subjected to SDS-PAGE 855 

and analyzed by immunoblotting with the indicated antibodies.  856 

F. WT MEFs were untreated, treated with 10 μg/ml FAC for 12h or treated with 10 μg/ml FAC, 857 

10 μM E64d and 10 μg/ml pepstatin A (pep A) for 12h. The cells were immunostained with 858 

anti-NCOA4 and anti-LAMP1. Scale bar, 10 μm. Quantitative data are shown as the means ± 859 

SD of three biological replicates. At least 30 cells were quantified in each replicate. P=0.033 860 

(Welch Two Sample t-test). 861 

G. NCOA4 puncta were photobleached in MEFs stably expressing NCOA4-GFP after 862 

treatment with 10 μg/ml FAC for 12 h, and then fluorescent recovery was monitored. p62 863 

puncta were photobleached in MEFs stably expressing GFP-human p62, and then fluorescent 864 

recovery was monitored. Representative images are shown. Time 0 indicates the start of 865 

recovery after photobleaching. Scale bars, 2 μm.  866 

H. Quantitative data of fluorescence recovery in (G) shown as means ± SD. 26 dots (NCOA4) 867 

or 25 dots (p62) were quantified from three biological replicates. 868 

I. Time-lapse imaging of MEFs stably expressing NCOA4-GFP. Representative fusion and 869 

fission images are shown. Red arrowheads indicate the fission event. Scale bars, 5 μm. 870 
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Figure. 2: Multivalent interactions are required for NCOA4 condensation under 871 

iron-replete conditions 872 

A. Schematic diagram of NCOA4 variants used in this study. 873 

B. NCOA4 KO MEFs reconstituted with NCOA4 variants were treated or not treated with 10 874 

μg/ml FAC for 12 h and then fixed for imaging. Cells were immunostained with anti-myc 875 

antibody. Representative images are shown. Scale bar, 10 μm.  876 

C. Number of puncta per cell in (B) are shown as the means ± SEM of at least 40 cells in each 877 

condition from two biological replicates. 878 

D. NCOA4 KO MEFs reconstituted with NCOA4 variants were treated or not treated with 10 879 

μg/ml FAC for 12 h, fractionated, and analyzed by immunoblotting with the indicated 880 

antibodies.  881 

E. DISOPRED3 disorder score of human NCOA4.  882 

F. WT MEFs stably expressing NCOA4 IDR (aa 167-334) fused with tandem FKBP were 883 

treated with 10 μg/ml FAC or 20 μM Dfo for 12 h and then cultured with 0.1 nM FKBP ligand 884 

(AP20187) for 6h. The cells were fixed for imaging and immunostained with anti-myc to 885 

analyze puncta of the fusion protein. Scale bar, 10μm. 886 

G. Number of puncta in (F) are shown as means ± SEM of at least 35 cells in each condition 887 

from two biological replicates. P<0.0001 (Dfo+ligand vs FAC+ligand) and P=0.048 (FAC vs 888 

FAC+ligand) (Kruskal-Wallis ANOVA with Dunn’s multiple comparison test). P values were 889 

adjusted using the Bonferroni method. 890 

H. Coomassie-stained SDS-PAGE gel of purified proteins.  891 

I. The amount of co-purifying iron in purified proteins in (H) was measured by inductively 892 

coupled plasma mass spectrometry (ICP-MS). Data are shown as means ± SD of three 893 

biological replicates. P=0.032 (Welch Two Sample t-test). 894 

 895 

Figure. 3: Iron induces NCOA4 condensation. 896 

A. Purified NCOA4 proteins were incubated with FeSO4 for 1 h under aerobic conditions and 897 

fractionated. Samples were subjected to SDS-PAGE and stained with Coomassie Brilliant Blue. 898 

B. Quantitative results in (A) are shown as means ± SEM of three biological replicates.  899 
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C. Purified FlAsH-NCOA4 (20 nM) and 10 μM FeSO4 were incubated at 37°C under aerobic 900 

conditions and observed at the indicated times. Scale bar, 10μm.  901 

D. Phase diagram of the formation of FlAsH-NCOA4 condensates at the indicated protein and 902 

FeSO4 concentrations.  903 

E. Purified FlAsH-NCOA4 (20 nM) and the indicated metals were incubated at 37°C under 904 

anaerobic conditions for 1 h and observed. Scale bar, 10μm. 905 

F. Electron micrograph of NCOA4 KO MEFs reconstituted with myc-hNCOA4. Cryosections 906 

were labeled with anti-myc antibody. Scale bar, 200nm.  907 

G. Quantification of the diameter of NCOA4 condensates. Red line shows the mean. The dot 908 

plot represents the diameter of 36 condensates from two biological replicates. 909 

H, I. Representative energy-dispersive X-ray spectra of (H) cytosol and (I) condensate. Black 910 

arrowheads indicate Fe (Kα) peaks.  911 

J. Quantification of iron count in cytosol and condensates. Data are shown as the means ± SEM 912 

of at least 10 cytosols or condensates from two biological replicates. P<0.0001 (Welch Two 913 

Sample t-test).  914 

 915 

Figure. 4: NCOA4 condensates fine-tune ferritin levels via two distinct mechanisms. 916 

A. MEFs were treated with 10 μg/ml FAC for the indicated times and harvested. Cell lysates 917 

were fractionated and analyzed by SDS-PAGE with the indicated antibodies. Asterisks indicate 918 

a non-specific band. TfR1; Transferrin receptor 1 919 

B. MEFs were cultured for 12 h in medium containing 10 μg/ml FAC supplemented with 920 

DMSO or 10 μM E64d and 10 μg/ml pepstatin A (pepA). Samples were analyzed by 921 

immunoblotting with the indicated antibodies. The black arrowhead indicates an intact ferritin 922 

band, and the white arrowhead indicates a partial degradation band of ferritin.  923 

C. NCOA4 KO MEFs reconstituted with hNCOA4-myc were cultured with 10 μg/ml FAC for 924 

the indicated times and fixed for imaging. Cells were immunostained with ferritin and myc 925 

antibodies. Scale bar, 10μm. 926 

D. Myc (NCOA4) puncta were extracted, and average signal intensities of myc and ferritin in 927 

the puncta in (C) were plotted.  928 
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E. MEFs expressing hNCOA4-TurboID were treated with 10 μg/ml FAC for 6 h or 24 h and 929 

then cultured with DMSO or 50 μM biotin for 30 min. Cells were lysed with Triton buffer, and 930 

lysates were pulled down by streptavidin beads. Inputs and pulldown samples were analyzed 931 

with immunoblotting by indicated antibodies.  932 

F. WT MEFs pretreated with 10 μg/ml FAC for 6 h or 24 h were chased with 20 μg/ml CHX 933 

and analyzed by immunoblotting with the indicated antibodies.  934 

G. NCOA4 KO MEFs reconstituted with myc-hNCOA4 were pretreated with 10 μg/ml FAC 935 

and then cultured with 20 μg/ml CHX or 200 nM bafilomycin A1 (BafA). Cells were fixed for 936 

imaging and immunostained using myc and LAMP1 antibodies. Scale bar, 10μm. 937 

 938 

Figure. 5: TAX1BP1 is essential for clearance of NCOA4 condensates and ferritin via 939 

recruitment of FIP200. 940 

A. WT, ATG7 KO, TAX1BP1 KO, and FIP200KO MEFs were treated or not treated with 10 941 

μg/ml FAC for 12 h. Cell lysates were fractionated and analyzed by immunoblotting with the 942 

indicated antibodies.  943 

B. Schematic diagram of TAX1BP1 variants used in this study. NB, NCOA4 binding 944 

C. HEK293T cells were transfected with GFP-NCOA4 and the indicated 945 

FLAG-His-TAX1BP1 variants. Soluble lysates extracted from transfected cells were 946 

immunoprecipitated with anti-FLAG antibody. Inputs and immunoprecipitated samples were 947 

analyzed by immunoblotting with the indicated antibodies.  948 

D-F. WT MEFs and TAX1BP1 KO MEFs reconstituted with the indicated TAX1BP1 variants 949 

were untreated or treated with 10 μg/ml FAC for 12 h. (D, F) Cell lysates were fractionated and 950 

analyzed by immunoblotting with the indicated antibodies. (E) Cells were fixed for imaging 951 

and immunostained to analyze ferritin localization. Scale bar, 10μm. 952 

 953 

Figure. 6: The properties of NCOA4 affect the TAX1BP1 dependence of ferritin 954 

degradation and interaction with ferritin. 955 
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A. MEFs were pretreated with 10 μg/ml FAC for 12 h and then cultured with 100 μM Dfo for 956 

the indicated time. Cells were lysed with SDS-containing sample buffer or Triton buffer. 957 

Lysates were analyzed by immunoblotting with the indicated antibodies.  958 

B. MEFs were treated with 20 μM Dfo for 12 h, 10 μg/ml FAC for 12h, or 100 μM Dfo for 6 h 959 

after treatment with 10 μg/ml FAC for 12 h. Triton-soluble lysates were subjected to glycerol 960 

gradient ultracentrifugation analysis.  961 

C. WT and TAX1BP1 KO MEFs were pretreated with 25 μg/ml FAC for 16 h and then cultured 962 

with 100 μM Dfo. Lysates were fractionated and then analyzed by immunoblotting with the 963 

indicated antibodies.  964 

D. Soluble FTL bands in (C) were quantified by densitometry. Data are shown as the means ± 965 

SD of three biological replicates.  966 

E. TAX1BP1 KO MEFs (sg1 clone) stably expressing FLAG-OsTIR1 (F74G) and 967 

FLAG-mAID-mTAX1BP1 were pretreated with 10 μg/ml FAC for 12 h, cultured with DMSO 968 

or 1 μM 5-Ph-IAA for 2 h, and then treated with 100 μM Dfo. Soluble lysates were analyzed by 969 

immunoblotting with the indicated antibodies. 5-Ph-IAA, a derivative of Auxin; mAID, mini 970 

auxin-inducible degron 971 

F. TAX1BP1 KO MEFs (clone sg1) in which ATG7 was knocked down were pretreated with 972 

10 μg/ml FAC for 12 h and then cultured with 100 μM Dfo. Soluble lysates were analyzed by 973 

immunoblotting with the indicated antibodies.  974 

G. TAX1BP1 KO MEFs (clone sg1) stably expressing myc-hNCOA4 pretreated with 25 μg/ml 975 

FAC for 16 h were cultured with 100 μM Dfo, and soluble lysates were analyzed by 976 

immunoblotting with the indicated antibodies.  977 

H, I. NCOA4 KO MEFs reconstituted with NCOA4 variants were pretreated with 10 μg/ml 978 

FAC for 12 h and then chased with (H) 20 μg/ml CHX or (I) 100 μM Dfo for the indicated 979 

times. Soluble lysates were analyzed by immunoblotting with the indicated antibodies. 980 

J. MEFs expressing hNCOA4-TurboID were treated with 10 μg/ml FAC for 3 h (indicated as F) 981 

or 100 μM DFO for 3 h after treatment with 10 μg/ml FAC for 12 h (indicated as D), and then 982 

cultured with DMSO or 50 μM biotin for 30 min. Triton-soluble cell lysates were pulled down 983 

by streptavidin beads. Inputs and pulldown samples were analyzed by immunoblotting with the 984 
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indicated antibodies. The black and white arrowheads indicate hNCOA4-TurboID and 985 

endogenous NCOA4, respectively.  986 

 987 

Figure. 7: Schematic summary of the proposed model 988 

Model of the regulation of ferritin fate by NCOA4 in cellular iron homeostasis. Under iron 989 

depletion, ferritin is degraded by the NCOA4 dependent macroautophagy pathway. In the early 990 

phase of iron treatment, NCOA4 forms condensates that sequester ferritin for ferritin 991 

accumulation. During prolonged iron treatment, NCOA4 condensates bind ferritin, forming a 992 

complex that is trafficked to the lysosome in a TAX1BP1-dependent manner to avoid iron 993 

deficiency. 994 

  995 
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Expanded View Figure legends 996 

 997 

Figure EV1. NCOA4 forms insoluble condensates under iron-replete conditions. 998 

A. Schematic diagram of ferritin reporter.  999 

B. Schematic representation of the CRISPR screening procedure.  1000 

C. RFP/GFP ratio of MEFs expressing ferritin reporter in the CRISPR screen. Representative 1001 

results from one of two screens are shown.  1002 

D-G. (D) HepG2, (E) U2OS, (F) Hepa1-6, and (G) NCOA4 KO MEFs reconstituted with 1003 

hNCOA4-myc or mNCOA4-GFP were treated or not treated with FAC (indicated as F) or Dfo 1004 

(indicated as D) for 12 h. Cells were lysed with SDS-containing sample buffer or Triton buffer 1005 

and analyzed with immunoblotting with indicated antibodies.  1006 

H. WT MEFs and NCOA4 KO MEFs were treated with 10 μg/ml FAC for 12 h and then 1007 

immunostained with anti-NCOA4 and anti-LAMP1 antibodies. Scale bar, 10μm. 1008 

I. NCOA4 KO MEFs expressing myc-hNCOA4 were treated with 10 μg/ml FAC for 12 h and 1009 

then immunostained with anti-myc and organelle-specific antibodies. Scale bar, 10μm. 1010 

 1011 

Figure EV2. Multivalent interactions are required for NCOA4 condensation under iron 1012 

repletion. 1013 

A. Image of purified GST and GST-NCOA4 IDR.  1014 

B. Schematic diagram of NCOA4 variants used in (C-F) and Fig 6. 1015 

C. NCOA4 KO MEFs reconstituted with NCOA4 variants were treated or not treated with 10 1016 

μg/ml FAC for 12 h, fractionated, and analyzed by immunoblotting with the indicated 1017 

antibodies. 1018 

D. NCOA4 KO MEFs reconstituted with NCOA4 variants were treated with 10 μg/ml FAC for 1019 

12 h and then immunostained with anti-myc antibody and DAPI. Scale bar, 10μm.  1020 

E. Quantitative data of (D) are shown as means ± SEM of at least 90 cells in each condition 1021 

from two biological replicates. 1022 

F. NCOA4 puncta were photobleached in MEFs stably expressing NCOA4 ΔIDR -GFP or 1023 

ΔIDR+ΔC -GFP after treatment with 10 μg/ml FAC for 12 h, and then fluorescent recovery was 1024 
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monitored. Representative images are shown. Time 0 indicates the start of recovery after 1025 

photobleaching. Scale bars, 2 μm. Quantitative data are shown as means ± SD. 11 dots (ΔIDR) 1026 

or 10 dots (ΔIDR+ΔC) were quantified from two biological replicates. 1027 

 1028 

Figure EV3. Iron directly induces NCOA4 condensation. 1029 

A. Coomassie-stained SDS-PAGE gel of purified human NCOA4.  1030 

B. Purified NCOA4 proteins were incubated with FeSO4 for 1 h under anaerobic conditions and 1031 

fractionated. Samples were subjected to SDS-PAGE and stained with Coomassie Brilliant 1032 

Blue.  1033 

C. Quantitative results in (B) are shown as means ± SEM of three biological replicates.  1034 

D-F. Purified NCOA4 proteins were incubated with 50 μM FeSO4 and (D) 500 μM 1035 

diethylenetriamine pentaacetic acid (DTPA), (E) 100 μM Dfo, or (F) 100 μM 1036 

bathophenanthroline disulfonic acid (BPS) for 1 h at 37°C under aerobic conditions. Samples 1037 

were fractionated and subjected to SDS-PAGE; gels were stained with Coomassie Brilliant 1038 

Blue.  1039 

G. FlAsH-NCOA4 and FeSO4 were incubated in each concentration for 1 h at 37°C under 1040 

aerobic conditions and then were observed by confocal fluorescence microscopy. Scale bar, 10 1041 

μm. 1042 

H. WT or TAX1BP1 KO MEFs (clone sg1) in which FTH1 was knocked out by lentiCRISPR 1043 

were treated or not treated with 10 μg/ml FAC for 12 h. Cell lysates were fractionated and 1044 

analyzed by immunoblotting with the indicated antibodies.  1045 

I. MEFs in which FTH1 was knocked out by lentiCRISPR were treated with 10 μg/ml FAC for 1046 

12 h. The cells were immunostained with anti-NCOA4. Scale bar, 10 μm. 1047 

J. Additional electron micrograph of NCOA4 KO MEFs reconstituted with myc-hNCOA4. 1048 

Cryosections were labeled with anti-myc antibody. Scale bar, 200nm. 1049 

 1050 

Figure EV4. NCOA4 condensates fine-tune ferritin levels to maintain cellular iron 1051 

homeostasis. 1052 



 

 41 

A. Quantitative results in Fig. 4A are shown as the mean intensities of FTH1, FTL, TfR1, and 1053 

FBXL5 bands. FTH1, n=3; FTL, n=7, and others, n=5 biological replicates.  1054 

B. WT MEFs or TAX1BP1 KO MEFs were incubated with 10 μg/ml FAC for the indicated 1055 

times and stained with calcein-AM. The fluorescence of calcein-AM was measured by FACS. 1056 

Data are shown as means ± SEM of three biological replicates. 1057 

 1058 

Figure EV5. TAX1BP1 is essential for clearance of insoluble NCOA4 condensates and 1059 

ferritin under iron repletion. 1060 

A. WT, ATG7 KO, TAX1BP1 KO, and FIP200KO MEFs were pretreated with 10 μg/ml FAC 1061 

for 12 h and cultured with or without 20 μg/ml CHX for 1 h. Cell lysates were fractionated and 1062 

analyzed by immunoblotting with the indicated antibodies.  1063 

B. WT and ATG7 KO MEFs pretreated with 25 μg/ml FAC for 15 h were cultured with or 1064 

without 20 μg/ml CHX at the indicated times. Soluble lysates were analyzed by 1065 

immunoblotting with the indicated antibodies.  1066 

C, D. HEK293T cells were transfected with GFP-NCOA4 and the indicated 1067 

FLAG-His-TAX1BP1 variants. Soluble lysates extracted from transfected cells were 1068 

immunoprecipitated with anti-FLAG antibody. Inputs and immunoprecipitated samples were 1069 

analyzed by immunoblotting with the indicated antibodies. 1070 
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