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The process of LLPS(liquid–liquid phase separation (LLPS) is favored by multivalent interactions between specific protein

domains, intrinsically disordered regions in proteins (IDR) and nucleic acids.
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1. Phase Separation and Mutant Oncoproteins

Several mutant oncoproteins for stable biomolecular condensates that confer new signaling abilities to cancer cells.

Signaling scaffolds facilitate protein–protein interactions and regulate crosstalk with other signaling pathways . Phase

separation must be conferring additional advantages over scaffolding for these signaling modules to play a role in the

transformation. In this sense, it is worth considering that aberrantly high activation of the ERK pathway induces

senescence rather than oncogenic transformation . Phase-separated signaling complexes may allow for a moderate

level of signaling output, stimulating proliferation while avoiding the aberrantly high activation levels triggering

senescence. One possibility is that phase separation may exclude phosphatases from signaling complexes, as reported

for T cell receptor signaling . The competition of phosphatases with kinases in signaling complexes confers ultra-

sensitivity in signaling pathways . Ultra-sensitivity amplifies the signal and can mediate changes in cell fate by allowing a

higher level of signaling output . Phase-separated MAPK signaling complexes organized by mutant SHP2 or EML4-ALK

may exclude phosphatases and avoid ultra-sensitivity in ERK signaling, preventing the levels of signal amplification

required for senescence.

Cancer-associated mutations can also drive the formation of phase-separated transcription complexes that drive the

expression of oncogenic transcription programs. Mutation in the YEATS domain of ENL (Eleven-Nineteen Leukemia) in

Wilm’s tumors enhances the ability of this protein to seed biomolecular condensates at the loci with acetylated chromatin,

recruiting transcription complexes to activate gene expression . ENL-mutant condensates recovered quickly after

photobleaching, revealing their dynamic nature. Similarly, the fusion proteins between the N-terminal phenylalanine-

glycine rich (FG)-repeat domain of the nuclear pore protein NUP98 with the chromatin binding domains of HOXA9,

KDM5A or NSD1 also increase the transcription of oncogenic programs by promoting the formation of biomolecular

condensates and super-enhancers that recruit transcriptional coactivators . Finally, the EWS-FLI1 fusion protein present

in Ewing Sarcoma recruits the chromatin-remodeling complex BAF to tumor-specific enhancers activating gene

expression via LLPS . EWSR1, one of the partners in the EWS-FLI1 fusion proteins, requires RNA to interact with the

BAF complex. However, the EWS-FLI1 fusion protein forms transcriptional activating biomolecular condensates that do

not require RNA . One important question is why phase separation is needed for transformation mediated by these

mutant oncoproteins. One can speculate that cancer mutations in biomolecular condensates change the biophysical

properties of condensates, making them more stable. As a consequence, cells expressing these oncoproteins cannot

reverse the activation of gene expression programs that maintain the cancerous stage, which are similar to programs that

characterize embryonic or stem cells . This idea suggests that drugs capable of dissolving condensates of

mutant oncoproteins could inhibit tumorigenesis.

2. Phase Separation and Tumor Suppressors

Cancer mutation can also disrupt the normal functioning of biomolecular condensates that prevent tumorigenesis. The

functions of p53, the most frequently altered tumor suppressor in human cancer, are inactivated in phase-separated

amyloid structures for which formation is facilitated by mutations in the DNA-binding domain of p53 . The tumor

suppressor E3 ligase SPOP forms phase-separated bodies in the nucleus with its substrates proteins such as DAXX.

Cancer-associated mutations of SPOP disrupted the SPOP/DAXX nuclear bodies, driving DAXX accumulation and cancer

progression . cAMP compartmentation, a process that depends on the phase separation of RIα and PKA, is disrupted

by mutations of RIα present in liver fibrolamellar carcinoma (FLC). RIα is the regulatory subunit of PKA, a protein kinase
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that transduce cAMP signaling. The consequence of this RIα mutation is an aberrant cAMP signaling that increases cell

proliferation and induces malignant properties in non-cancerous liver cells .

The promyelocytic leukemia protein PML acts as tumor suppressor, regulating apoptosis and cellular senescence .

PML forms phase-separated nuclear bodies, for which composition is regulated by multivalent interactions mediated by

SUMOylation . PML bodies organize the repression of the E2F target genes required for cell proliferation by

organizing repression compartments with the retinoblastoma tumor suppressor . In acute promyelocytic leukemia,

the fusion protein PML-RARA disrupts the PML body’s function, promoting transformation . Another tumor suppressor

that requires phase separation for its functions is the histone demethylase KDM6A, also known as UTX. The most

frequent cancer mutations in UTX affect its IDR, abolishing the ability of the protein to form biomolecular condensates and

regulate high-order chromatin interactions . Intriguingly, the tumor suppressor functions of UTX do not depend on its

demethylase activity but on phase separation, but it is known very little about how UTX condensates actually block

tumorigenesis. The enigmatic functions of both PML and UTX suggest that their tumor suppressor activities could be

linked to the disruption of oncogenic biomolecular condensates.

3. RNA-Binding Proteins and Non-Coding RNAs That Affect LLPS in
Cancer

Biological condensates driving tumorigenesis can also be generated by an increased expression in proteins or RNA

capable of undergoing LLPS. LLPS often depends on multivalent interactions that involve RNA molecules and/or RNA-

binding proteins . The RNA-binding protein AKAP8 (A-Kinase Anchoring Protein 8), also known as AKAP95, is

overexpressed in ovarian and colorectal cancers and is required to inhibit oncogene-induced senescence. The oncogenic

activity of AKAP8 involves LLPS and correlates with its ability to regulate RNA splicing . For example, AKAP8

expression and LLPS leads to intron retention during the splicing of the cyclin A2 transcript. The resulting cyclin A2

isoform is resistant to degradation, driving oncogenic transformation . Intriguingly, RNA binding reduces the mobility of

AKAP8 in condensates . Of note, AKAP8 prevents metastasis in breast cancer, indicating that the pro-tumorigenic

effect is context-dependent .

The RNA-binding protein YBX1 (Y-Box Binding Protein 1) has emerged as an important driver in multiple cancers. YBX1

forms biomolecular condensates that recruit miR-223, sorting this miRNA to exosomes . YBX1 also regulates

transcription, splicing and translation, and is required for viability in cells that persist after targeted therapy against Jak2

. Persistence is a non-genetic mechanism of the adaptation to stress that could be mediated by the formation of

stable biomolecular condensates . In sarcomas, YBX1 increases the translation of the RNA-binding protein G3BP1,

which, via LLPS, initiates stress granule formation that enables cancer cells to sustain stress .

SNHG9 (Small Nucleolar RNA Host Gene 9) is a lipid-binding lncRNA highly expressed in breast cancers. Its oncogenic

activity was demonstrated to be dependent on the sequestration of the tumor suppressor LATS1 via LLPS. LATS1 is a

member of the Hippo pathway deregulated in multiple cancers . The RNA-binding protein, YTHDC1, drives

tumorigenesis in acute myeloid leukemia by protecting oncogenic mRNAs from degradation. This protein is a reader of the

epigenetic RNA modification N -methyladenosine. The modification allows YTHDC1 to form biomolecular condensates

called YACs (YTHDC1-m A condensates), which are increased in leukemia cells  .

4. Phase Separation and Cancer Metabolism

Enzymes involved in specific metabolic pathways are often organized into multi-enzymatic complexes or metabolons. This

strategy can increase the activity of enzymes with poor specificity or low substrate affinity, or prevent the accumulation of

toxic metabolites for which their only role is to act as intermediates in a metabolic pathway . The compartmentalization

of metabolic pathways also allows substrate channeling where the metabolic intermediates are not in equilibrium with the

bulk solution and the reactions do not depend on the free diffusion of these metabolites from long distances .

The enzyme ribulose bis-phosphate carboxylase oxygenase (RuBisCO) is found in 100–200 nm polyhedral bodies known

as carboxysomes in bacteria  or in non-membrane organelles called pyrenoids in green alga ,. In this way, carbon

fixation is optimized perhaps by shielding RuBisCO from the actions of oxygen . Both in bacteria and eukaryotes,

RuBisCO adopts a liquid-like state, the assembly of which is mediated by multivalent interactions mediated by accessory

proteins . In yeast, a large number of metabolic enzymes form punctate cytoplasmic foci upon nutrient depletion

. Therefore, biological condensates may play key roles in stressed cells that require specific metabolic pathways to

survive.
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Consistent with the idea that metabolic stress leads to increased formation in biomolecular condensates, mammalian cells

under purine-depleted conditions form purinosomes, where all enzymes for de novo purine biosynthesis cluster in puncta

. Intriguingly, hypoxia triggers the formation of purinosomes in a process that requires the activity of the transcription

factor HIF1α . Hypoxia also triggers the formation of discrete bodies of glycolytic enzymes (G bodies) . The

formation of G bodies requires RNA and multivalent interactions, suggesting they form via LLPS . Importantly, G bodies

also form in human liver cancer cells in response to hypoxia . Additionally, human PFK (Phosphofructokinase), which

catalyzes the rate-limiting reaction in glycolysis, localizes in discrete cytosolic clusters in liver cancer cells together with

other enzymes of glucose metabolism. Of note, these foci were not present in non-cancerous cells, suggesting that they

play a role in cancer metabolism . Hypoxia also triggers the formation of puncta containing pyruvate carboxylase,

malate dehydrogenase-1 and malic enzyme-1. These enzymes form a complex called HTC (hydride transfer complex)

that catalyzes the transfer of hydride ions from NADH and NADP, regenerating NAD+, and forming NADPH. HTC assists

the metabolism of cells with mitochondrial dysfunction and contributes to malignant transformation by inhibiting the

process of oncogene-induced senescence. HTC puncta are dissolved by 1,6 hexanediol, suggesting that the complex is

formed via LLPS . Finally, amino acid starvation triggers LLPS of the proteasome, a process that decreases cell

survival during p53-mediated apoptosis .

5. Phase Separation in Cancer Therapy

Since phase separation is often mediated by IDRs, compounds that bind these domains may help to modulate the

process. However, few compounds have been identified that bind IDRs and their ability to disrupt biomolecular

condensates is poorly explored . Drugs may localize or be excluded from biomolecular condensates, affecting their

ability to reach their targets. For example, cisplatin, mitoxantrone, the CDK7 inhibitor THZ1 and tamoxifen were found to

selectively partition into condensates formed by MED1, a component of transcriptional condensates. Moreover,

mitoxantrone concentrated in condensates formed by the nucleolar proteins FIB1 and NPM1. On the other hand, the

BRD4 inhibitor concentrated in condensates of BRD4, ED1 and NPM1.

The ability of platinum drugs to concentrate in condensates of MED1, a component of super-enhancers, may explain why

platinum drugs are efficient in many cancers . Intriguingly, MED1 overexpression confers resistance to tamoxifen in

breast cancer and this was explained by an increase in the size of transcriptional condensates and an inability of

tamoxifen to prevent the partitioning of ERα in these condensates . The importance of intracellular localization for

anticancer drug action is well illustrated using multiplexed ion beam imaging (MIBI) and Nano SIMS (nanoscale secondary

ion mass spectrometry) instruments in cells that develop resistance to cisplatin. In sensitive cells, cisplatin is enriched in

nuclear speckles and excluded from closed chromatin. However, in resistant cells the drug is totally excluded from the

nucleus . Another potentially useful technique to konw the effects of drugs at the single-cell level is Raman

spectroscopy. The Raman spectral signature of cells changes after treatment with drugs such as tamoxifen, and some

Raman peaks correlate with the tamoxifen abundance in the same cells as measured using mass spectrometry .

References

1. Witzel, F.; Maddison, L.; Bluthgen, N. How scaffolds shape MAPK signaling: What we know and opportunities for syste
ms approaches. Front. Physiol. 2012, 3, 475.

2. Deschenes-Simard, X.; Gaumont-Leclerc, M.F.; Bourdeau, V.; Lessard, F.; Moiseeva, O.; Forest, V.; Igelmann, S.; Mall
ette, F.A.; Saba-El-Leil, M.K.; Meloche, S.; et al. Tumor suppressor activity of the ERK/MAPK pathway by promoting sel
ective protein degradation. Genes Dev. 2013, 27, 900–915.

3. Deschenes-Simard, X.; Kottakis, F.; Meloche, S.; Ferbeyre, G. ERKs in cancer: Friends or foes? Cancer Res. 2014, 74,
412–419.

4. Su, X.; Ditlev, J.A.; Hui, E.; Xing, W.; Banjade, S.; Okrut, J.; King, D.S.; Taunton, J.; Rosen, M.K.; Vale, R.D. Phase sep
aration of signaling molecules promotes T cell receptor signal transduction. Science 2016, 352, 595–599.

5. Malleshaiah, M.K.; Shahrezaei, V.; Swain, P.S.; Michnick, S.W. The scaffold protein Ste5 directly controls a switch-like
mating decision in yeast. Nature 2010, 465, 101–105.

6. Koshland, D.E., Jr.; Goldbeter, A.; Stock, J.B. Amplification and adaptation in regulatory and sensory systems. Science
1982, 217, 220–225.

7. Wan, L.; Chong, S.; Xuan, F.; Liang, A.; Cui, X.; Gates, L.; Carroll, T.S.; Li, Y.; Feng, L.; Chen, G.; et al. Impaired cell fat
e through gain-of-function mutations in a chromatin reader. Nature 2020, 577, 121–126.

[44]

[45] [46]

[47]

[46]

[48]

[49]

[50]

[51]

[52]

[52]

[53]

[54]



8. Ahn, J.H.; Davis, E.S.; Daugird, T.A.; Zhao, S.; Quiroga, I.Y.; Uryu, H.; Li, J.; Storey, A.J.; Tsai, Y.H.; Keeley, D.P.; et al.
Phase separation drives aberrant chromatin looping and cancer development. Nature 2021, 595, 591–595.

9. Boulay, G.; Sandoval, G.J.; Riggi, N.; Iyer, S.; Buisson, R.; Naigles, B.; Awad, M.E.; Rengarajan, S.; Volorio, A.; McBrid
e, M.J.; et al. Cancer-Specific Retargeting of BAF Complexes by a Prion-like Domain. Cell 2017, 171, 163–178.e19.

10. Kim, J.; Woo, A.J.; Chu, J.; Snow, J.W.; Fujiwara, Y.; Kim, C.G.; Cantor, A.B.; Orkin, S.H. A Myc network accounts for si
milarities between embryonic stem and cancer cell transcription programs. Cell 2010, 143, 313–324.

11. Wong, D.J.; Liu, H.; Ridky, T.W.; Cassarino, D.; Segal, E.; Chang, H.Y. Module map of stem cell genes guides creation
of epithelial cancer stem cells. Cell Stem Cell 2008, 2, 333–344.

12. Ben-Porath, I.; Thomson, M.W.; Carey, V.J.; Ge, R.; Bell, G.W.; Regev, A.; Weinberg, R.A. An embryonic stem cell-like
gene expression signature in poorly differentiated aggressive human tumors. Nat. Genet. 2008, 40, 499–507.

13. Scheel, C.; Eaton, E.N.; Li, S.H.; Chaffer, C.L.; Reinhardt, F.; Kah, K.J.; Bell, G.; Guo, W.; Rubin, J.; Richardson, A.L.; e
t al. Paracrine and autocrine signals induce and maintain mesenchymal and stem cell states in the breast. Cell 2011, 1
45, 926–940.

14. Petronilho, E.C.; Pedrote, M.M.; Marques, M.A.; Passos, Y.M.; Mota, M.F.; Jakobus, B.; de Sousa, G.D.S.; da Costa, F.
P.; Felix, A.L.; Ferretti, G.D.S.; et al. Phase separation of p53 precedes aggregation and is affected by oncogenic mutat
ions and ligands. Chem. Sci. 2021, 12, 7334–7349.

15. Bouchard, J.J.; Otero, J.H.; Scott, D.C.; Szulc, E.; Martin, E.W.; Sabri, N.; Granata, D.; Marzahn, M.R.; Lindorff-Larsen,
K.; Salvatella, X.; et al. Cancer Mutations of the Tumor Suppressor SPOP Disrupt the Formation of Active, Phase-Sepa
rated Compartments. Mol. Cell 2018, 72, 19–36.e8.

16. Zhang, J.Z.; Lu, T.W.; Stolerman, L.M.; Tenner, B.; Yang, J.R.; Zhang, J.F.; Falcke, M.; Rangamani, P.; Taylor, S.S.; Me
hta, S.; et al. Phase Separation of a PKA Regulatory Subunit Controls cAMP Compartmentation and Oncogenic Signali
ng. Cell 2020, 182, 1531–1544.e15.

17. Bourdeau, V.; Baudry, D.; Ferbeyre, G. PML links aberrant cytokine signaling and oncogenic stress to cellular senescen
ce. Front. Biosci. 2009, 14, 475–485.

18. Jin, J. Interplay between ubiquitylation and SUMOylation: Empowered by phase separation. J. Biol. Chem. 2019, 294,
15235–15236.

19. McManus, F.P.; Bourdeau, V.; Acevedo, M.; Lopes-Paciencia, S.; Mignacca, L.; Lamoliatte, F.; Rojas Pino, J.W.; Ferbey
re, G.; Thibault, P. Quantitative SUMO proteomics reveals the modulation of several PML nuclear body associated prot
eins and an anti-senescence function of UBC9. Sci. Rep. 2018, 8, 7754.

20. Vernier, M.; Bourdeau, V.; Gaumont-Leclerc, M.F.; Moiseeva, O.; Begin, V.; Saad, F.; Mes-Masson, A.M.; Ferbeyre, G.
Regulation of E2Fs and senescence by PML nuclear bodies. Genes Dev. 2011, 25, 41–50.

21. Talluri, S.; Dick, F.A. The retinoblastoma protein and PML collaborate to organize heterochromatin and silence E2F-res
ponsive genes during senescence. Cell Cycle 2013, 13, 641–651.

22. de The, H.; Pandolfi, P.P.; Chen, Z. Acute Promyelocytic Leukemia: A Paradigm for Oncoprotein-Targeted Cure. Cancer
Cell 2017, 32, 552–560.

23. Shi, B.; Li, W.; Song, Y.; Wang, Z.; Ju, R.; Ulman, A.; Hu, J.; Palomba, F.; Zhao, Y.; Le, J.P.; et al. UTX condensation un
derlies its tumour-suppressive activity. Nature 2021, 597, 726–731.

24. Sanders, D.W.; Kedersha, N.; Lee, D.S.W.; Strom, A.R.; Drake, V.; Riback, J.A.; Bracha, D.; Eeftens, J.M.; Iwanicki, A.;
Wang, A.; et al. Competing Protein-RNA Interaction Networks Control Multiphase Intracellular Organization. Cell 2020,
181, 306–324.e28.

25. Fox, A.H.; Nakagawa, S.; Hirose, T.; Bond, C.S. Paraspeckles: Where Long Noncoding RNA Meets Phase Separation.
Trends Biochem. Sci. 2018, 43, 124–135.

26. Yao, R.W.; Xu, G.; Wang, Y.; Shan, L.; Luan, P.F.; Wang, Y.; Wu, M.; Yang, L.Z.; Xing, Y.H.; Yang, L.; et al. Nascent Pre-
rRNA Sorting via Phase Separation Drives the Assembly of Dense Fibrillar Components in the Human Nucleolus. Mol.
Cell 2019, 76, 767–783.e11.

27. Wiedner, H.J.; Giudice, J. It’s not just a phase: Function and characteristics of RNA-binding proteins in phase separatio
n. Nat. Struct. Mol. Biol. 2021, 28, 465–473.

28. Li, W.; Hu, J.; Shi, B.; Palomba, F.; Digman, M.A.; Gratton, E.; Jiang, H. Biophysical properties of AKAP95 protein cond
ensates regulate splicing and tumorigenesis. Nat. Cell Biol. 2020, 22, 960–972.

29. Hu, X.; Harvey, S.E.; Zheng, R.; Lyu, J.; Grzeskowiak, C.L.; Powell, E.; Piwnica-Worms, H.; Scott, K.L.; Cheng, C. The
RNA-binding protein AKAP8 suppresses tumor metastasis by antagonizing EMT-associated alternative splicing. Nat. C
ommun. 2020, 11, 486.



30. Liu, X.M.; Ma, L.; Schekman, R. Selective sorting of microRNAs into exosomes by phase-separated YBX1 condensate
s. eLife 2021, 10, e71982.

31. Jayavelu, A.K.; Schnoder, T.M.; Perner, F.; Herzog, C.; Meiler, A.; Krishnamoorthy, G.; Huber, N.; Mohr, J.; Edelmann-St
ephan, B.; Austin, R.; et al. Splicing factor YBX1 mediates persistence of JAK2-mutated neoplasms. Nature 2020, 588,
157–163.

32. Perner, F.; Schnoeder, T.M.; Xiong, Y.; Jayavelu, A.K.; Mashamba, N.; Santamaria, N.T.; Huber, N.; Todorova, K.; Hatto
n, C.; Perner, B.; et al. YBX1 mediates translation of oncogenic transcripts to control cell competition in AML. Leukemia
2022, 36, 426–437.

33. McSwiggen, D.T.; Mir, M.; Darzacq, X.; Tjian, R. Evaluating phase separation in live cells: Diagnosis, caveats, and funct
ional consequences. Genes Dev. 2019, 33, 1619–1634.

34. Somasekharan, S.P.; El-Naggar, A.; Leprivier, G.; Cheng, H.; Hajee, S.; Grunewald, T.G.; Zhang, F.; Ng, T.; Delattre, O.;
Evdokimova, V.; et al. YB-1 regulates stress granule formation and tumor progression by translationally activating G3B
P1. J. Cell Biol. 2015, 208, 913–929.

35. Li, R.H.; Tian, T.; Ge, Q.W.; He, X.Y.; Shi, C.Y.; Li, J.H.; Zhang, Z.; Liu, F.Z.; Sang, L.J.; Yang, Z.Z.; et al. A phosphatidic
acid-binding lncRNA SNHG9 facilitates LATS1 liquid-liquid phase separation to promote oncogenic YAP signaling. Cell
Res. 2021, 31, 1088–1105.

36. Cheng, Y.; Xie, W.; Pickering, B.F.; Chu, K.L.; Savino, A.M.; Yang, X.; Luo, H.; Nguyen, D.T.; Mo, S.; Barin, E.; et al. N
(6)-Methyladenosine on mRNA facilitates a phase-separated nuclear body that suppresses myeloid leukemic differentia
tion. Cancer Cell 2021, 39, 958–972.e8.

37. Srere, P.A. Complexes of sequential metabolic enzymes. Annu. Rev. Biochem. 1987, 56, 89–124.

38. Wheeldon, I.; Minteer, S.D.; Banta, S.; Barton, S.C.; Atanassov, P.; Sigman, M. Substrate channelling as an approach t
o cascade reactions. Nat. Chem. 2016, 8, 299–309.

39. Kerfeld, C.A.; Sawaya, M.R.; Tanaka, S.; Nguyen, C.V.; Phillips, M.; Beeby, M.; Yeates, T.O. Protein structures forming t
he shell of primitive bacterial organelles. Science 2005, 309, 936–938.

40. Freeman Rosenzweig, E.S.; Xu, B.; Kuhn Cuellar, L.; Martinez-Sanchez, A.; Schaffer, M.; Strauss, M.; Cartwright, H.N.;
Ronceray, P.; Plitzko, J.M.; Forster, F.; et al. The Eukaryotic CO2-Concentrating Organelle Is Liquid-like and Exhibits Dy
namic Reorganization. Cell 2017, 171, 148–162.e19.

41. Zang, K.; Wang, H.; Hartl, F.U.; Hayer-Hartl, M. Scaffolding protein CcmM directs multiprotein phase separation in beta-
carboxysome biogenesis. Nat. Struct. Mol. Biol. 2021, 28, 909–922.

42. Wang, H.; Yan, X.; Aigner, H.; Bracher, A.; Nguyen, N.D.; Hee, W.Y.; Long, B.M.; Price, G.D.; Hartl, F.U.; Hayer-Hartl,
M. Rubisco condensate formation by CcmM in beta-carboxysome biogenesis. Nature 2019, 566, 131–135.

43. Narayanaswamy, R.; Levy, M.; Tsechansky, M.; Stovall, G.M.; O’Connell, J.D.; Mirrielees, J.; Ellington, A.D.; Marcotte,
E.M. Widespread reorganization of metabolic enzymes into reversible assemblies upon nutrient starvation. Proc. Natl.
Acad. Sci. USA 2009, 106, 10147–10152.

44. Chan, C.Y.; Zhao, H.; Pugh, R.J.; Pedley, A.M.; French, J.; Jones, S.A.; Zhuang, X.; Jinnah, H.; Huang, T.J.; Benkovic,
S.J. Purinosome formation as a function of the cell cycle. Proc. Natl. Acad. Sci. USA 2015, 112, 1368–1373.

45. Doigneaux, C.; Pedley, A.M.; Mistry, I.N.; Papayova, M.; Benkovic, S.J.; Tavassoli, A. Hypoxia drives the assembly of th
e multienzyme purinosome complex. J. Biol. Chem. 2020, 295, 9551–9566.

46. Jin, M.; Fuller, G.G.; Han, T.; Yao, Y.; Alessi, A.F.; Freeberg, M.A.; Roach, N.P.; Moresco, J.J.; Karnovsky, A.; Baba, M.;
et al. Glycolytic Enzymes Coalesce in G Bodies under Hypoxic Stress. Cell Rep. 2017, 20, 895–908.

47. Fuller, G.G.; Han, T.; Freeberg, M.A.; Moresco, J.J.; Ghanbari Niaki, A.; Roach, N.P.; Yates, J.R., 3rd; Myong, S.; Kim,
J.K. RNA promotes phase separation of glycolysis enzymes into yeast G bodies in hypoxia. eLife 2020, 9, e48480.

48. Kohnhorst, C.L.; Kyoung, M.; Jeon, M.; Schmitt, D.L.; Kennedy, E.L.; Ramirez, J.; Bracey, S.M.; Luu, B.T.; Russell, S.J.;
An, S. Identification of a multienzyme complex for glucose metabolism in living cells. J. Biol. Chem. 2017, 292, 9191–9
203.

49. Igelmann, S.; Lessard, F.; Uchenunu, O.; Bouchard, J.; Fernandez-Ruiz, A.; Rowell, M.C.; Lopes-Paciencia, S.; Papado
poli, D.; Fouillen, A.; Ponce, K.J.; et al. A hydride transfer complex reprograms NAD metabolism and bypasses senesce
nce. Mol. Cell 2021, 81, 3848–3865.e19.

50. Uriarte, M.; Sen Nkwe, N.; Tremblay, R.; Ahmed, O.; Messmer, C.; Mashtalir, N.; Barbour, H.; Masclef, L.; Voide, M.; Vi
allard, C.; et al. Starvation-induced proteasome assemblies in the nucleus link amino acid supply to apoptosis. Nat. Co
mmun. 2021, 12, 6984.



51. Heller, G.T.; Sormanni, P.; Vendruscolo, M. Targeting disordered proteins with small molecules using entropy. Trends Bi
ochem. Sci. 2015, 40, 491–496.

52. Klein, I.A.; Boija, A.; Afeyan, L.K.; Hawken, S.W.; Fan, M.; Dall’Agnese, A.; Oksuz, O.; Henninger, J.E.; Shrinivas, K.; S
abari, B.R.; et al. Partitioning of cancer therapeutics in nuclear condensates. Science 2020, 368, 1386–1392.

53. Rovira-Clave, X.; Jiang, S.; Bai, Y.; Zhu, B.; Barlow, G.; Bhate, S.; Coskun, A.F.; Han, G.; Ho, C.K.; Hitzman, C.; et al. S
ubcellular localization of biomolecules and drug distribution by high-definition ion beam imaging. Nat. Commun. 2021, 1
2, 4628.

54. Ali, A.; Abouleila, Y.; Shimizu, Y.; Hiyama, E.; Watanabe, T.M.; Yanagida, T.; Germond, A. Single-Cell Screening of Tam
oxifen Abundance and Effect Using Mass Spectrometry and Raman-Spectroscopy. Anal. Chem. 2019, 91, 2710–2718.

Retrieved from https://encyclopedia.pub/entry/history/show/52885


