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Abstract

During terminal differentiation, the global protein complement is remodeled, as epitomized by 

erythrocytes, whose cytosol is ~98% globin. The erythroid proteome undergoes a rapid transition 

at the reticulocyte stage; however, the mechanisms driving programmed elimination of preexisting 

cytosolic proteins are unclear. We found that a mutation in the murine Ube2o gene, which encodes 

a ubiquitin-conjugating enzyme induced during erythropoiesis, results in anemia. Proteomic 

analysis suggested that UBE2O is a broad-spectrum ubiquitinating enzyme that remodels the 

erythroid proteome. In particular, ribosome elimination, a hallmark of reticulocyte differentiation, 

was defective in Ube2o−/− mutants. UBE2O recognized ribosomal proteins and other substrates 

directly, targeting them to proteasomes for degradation. Thus, in reticulocytes, the induction of 

ubiquitinating factors may drive the transition from a complex to a simple proteome.
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Main Text

The cytosol of mature red blood cells (RBCs) is ~98% globin (1), constituting one of the 

simplest cellular proteomes known. Achieving this unique state may require programmed 

degradation of pre-existing cellular proteins in terminally differentiating erythroid 

precursors. Interest in this problem led to the discovery of the ubiquitin-proteasome system 

(UPS) in reticulocytes, where it is highly active (2, 3). The synthesis of certain components 

of the UPS, particularly ubiquitin-conjugating enzyme UBE2O (also called E2-230K), is 

highly induced in the erythroid lineage in parallel with globin, contemporaneously with the 

loss of many other UPS components (4). The gene encoding UBE2O appears to share a 

GATA1-dependent mechanism of transcriptional induction with globin (5), leading to 

UBE2O expression in reticulocytes as well as their erythroblast precursors (6–8). Thus, a 

program of ubiquitination that is specific to terminal differentiation might drive remodeling 

of the erythroid proteome. We assessed this model after identifying a mutation, hem9, in the 

gene encoding UBE2O.

The autosomal recessive hem9 mutation was identified in a systematic ethylnitrosourea 

screen for mouse mutants (9). Homozygous hem9 mutants have a form of anemia 

characterized by small cells (microcytosis), reduced concentrations of hemoglobin 

(hypochromia), and elevated RBC counts (erythrocytosis) (Table 1). Reciprocal 

transplantation studies demonstrated that these phenotypes are intrinsic to the hematopoietic 

system (fig. S1). Histological characterization of peripheral blood smears (fig. S1, A and B) 

confirmed the phenotype of hypochromic anemia.

We mapped hem9 to a ~309-kb interval on chromosome 11. A single gene in this interval, 

Ube2o, was expressed in erythroid precursors far above its basal level in other cell types (4, 

10, 11). Sequencing revealed a nonsense mutation predicted to truncate the C-terminal 168 

amino acids. UBE2O protein was undetectable by immunoblot analysis of reticulocyte-rich 

blood from Ube2ohem9 animals (fig. S2C). To validate the mutation, we bred hem9 mutants 

to two Ube2o gene trap alleles. Compound heterozygotes lacked UBE2O protein and 

exhibited an RBC phenotype similar to that of hem9 homozygotes (fig. S2D). Thus, hem9 is 

a null allele of Ube2o (hereafter Ube2o−/−).

Ube2o−/− reticulocytes showed reductions in many ubiquitin conjugate species (Fig. 1A). 

Given that hundreds of ubiquitinating factors are expressed in mammals, it is unusual to find 

such a dominant role of a single component. Unassembled and misfolded globins are 

preferentially ubiquitinated, as seen in β-thalassemia, where unpaired α-globin precipitates 

cause cellular damage, ineffective erythropoiesis, hemolysis, and anemia (12). Purified 
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UBE2O ubiquitinated purified α-globin, though some ubiquitination of endogenous α-

globin persisted in the Ube2o−/− mutant (fig. S3, A and B).

We tested whether UBE2O-dependent degradation of excess α-globin might contribute to 

the Ube2o−/− phenotype by crossing a deletion of the β-globin loci (Hbbth3 allele), which 

causes a β-thalassemia intermedia phenotype (13), with the Ube2o−/− line. However, 

UBE2O deficiency actually increased hemoglobin levels in the Hbbth3/+ mutant (Table 1). 

Mitigation of the anemia in the double mutant was accompanied by increased numbers of 

RBCs (Table 1), which were smaller in mean volume than controls and had diminished 

hemoglobin content.

UBE2O deficiency markedly reduced precipitated hemoglobin aggregates that are associated 

with β-globin deficiency, and accordingly the accumulation of insoluble α-globin, without 

affecting the steady-state α/β-globin ratio for soluble protein (fig. S4, A to D). Furthermore, 

double mutants showed reduced splenomegaly, a major consequence of β-thalassemia 

caused by increased RBC destruction and heightened splenic erythropoiesis. RBC lifespan 

was also increased in the double mutants, which is consistent with a reduction in harmful 

unpaired α-globin chains (fig. S4E).

In summary, although α-globin is a UBE2O substrate, defective ubiquitination and 

degradation of α-globin could not fully explain the Ube2o−/− phenotype; instead, the loss of 

UBE2O ameliorated phenotypes attributable to α-globin excess. The reduced globin levels 

of the mutant appear to reflect attenuated translation of α- and β-globin, as indicated by 

ribosome profiling (fig. S5, A and B). In the mutant, eukaryotic initiation factor 2α (eIF2α) 

phosphorylation was induced, which is suppressive of translation and may therefore account 

for the reduction of globin expression (fig. S5C).

Ribosomal proteins are abundantly ubiquitinated by UBE2O

To identify additional substrates of UBE2O, we added recombinant enzyme or a 

catalytically inactive mutant (UBE2O-C1037A; hereafter UBE2O-CA), at physiological 

levels, to reticulocyte lysates from null animals. Prior to the reaction, endogenous E2 activity 

was quenched chemically. Recombinant UBE2O formed ubiquitin conjugates robustly, while 

UBE2O-CA was inactive (Fig. 1B). Newly formed conjugates were identified by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) analysis (Table S1). Although 

numerous targets were identified, including α- and β-globin (fig. S6A), the major class of 

targets was ribosomal proteins (RPs), comprising 87% of spectral counts of all ubiquitinated 

peptides that were specific to wild-type UBE2O, other than those from UBE2O itself (Fig. 

1C).

The two most frequently identified ubiquitinated RPs were RPL29 and RPL35, which had 

been suggested to interact with UBE2O by high-throughput affinity-purification mass 

spectrometry (14). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

enrichment analysis (15) of all 105 UBE2O targets (Table S1) showed a strong selection for 

ribosomal proteins (adjusted P value = 3.65x10−17); STRING analysis (16) also showed a 

definitive cluster of ribosomal proteins (fig. S6, B and C). When conjugate purification was 
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repeated under denaturing conditions, RPs remained the major class of ubiquitination targets 

(fig. S6D and Table S1). Thus, the ubiquitination pattern does not reflect pre-existing 

UBE2O-independent ubiquitin modifications that cofractionated with UBE2O-dependent 

modifications simply because they were present on the same ribosome.

A hallmark of the transition from the reticulocyte to the erythrocyte stage of differentiation 

is the elimination of ribosomes (17). The associated mechanism is poorly understood (18, 

19). We probed reticulocyte lysates from wild-type and Ube2o−/− mice with antibodies to 

seven RPs (Fig. 1D). In all cases, we observed elevated levels in the mutants, consistent with 

a broad defect in RP elimination in Ube2o−/− mice.

To search globally for proteins that may be targets of UBE2O, we compared the proteomes 

of wild-type and Ube2o−/− reticulocytes by tandem mass tagging (TMT) mass spectrometry 

(20) (fig. S7). Of 1235 proteins quantified (Table S2 and Fig. 1E), 183 were elevated in 

mutant reticulocytes. The results suggested that UBE2O, when induced to high levels, might 

execute a broad program of ubiquitination and degradation. KEGG pathway enrichment 

analysis yielded a highly significant enrichment of ribosomes (Fig. 1E). Ferritins (FTL1 and 

FTH1) were also elevated in Ube2o−/− reticulocytes (Fig. 1E). The increase in ferritin levels 

appears to reflect translational control, as ribosome profiling studies showed elevated levels 

of translating mRNA for Ftl1 and Fth1 in the mutant (fig. S8A). Ribosome pausing was 

prominent at iron-responsive (IRE) elements with the Ftl1 and Fth1 mRNAs in wild-type but 

not mutant reticulocytes (fig. S8B); this result suggested that Ube2o−/− reticulocytes are 

responding to increased cytosolic iron or heme levels and that reticulocyte iron deficiency is 

unlikely to be the cause of the anemia. Accordingly, the heme-regulated eIF2α kinase (HRI), 

a sensor of iron deficiency, was not induced in Ube2o−/− mutants, nor did a null mutation in 

the HRI-encoding gene modify the anemic phenotype (fig. S9)

Ube2o−/− mice are deficient in ribosome elimination

We next tested whether UBE2O governs the level of ribosomes or, more narrowly, that of 

free RPs, which are typically unstable (21). Sucrose gradient analysis showed that Ube2o−/− 

reticulocytes have elevated ribosome levels, particularly 80S monosomes (Fig. 2A and fig. 

S10).

When cultured ex vivo, reticulocytes mature into erythrocytes over 48 to 72 hours (19, 22), 

with both ribosomes and mitochondria being eliminated. Cultured reticulocytes were 

analyzed by flow cytometry using MitoTracker Deep Red, which stains viable mitochondria, 

and thiazole orange, which stains RNA; in reticulocytes, the most abundant RNA is 

ribosomal (rRNA) (Fig. 2B). After 72 hours of ex vivo differentiation, the median 

fluorescence intensity of thiazole orange staining in Ube2o−/− reticulocytes was higher than 

in the wild type by a factor of 28, whereas MitoTracker staining was higher in the mutant 

only by a factor of 1.6. The lack of significant UBE2O involvement in mitochondrial 

elimination is consistent with previous indications that maturation-associated mitophagy, an 

autophagic process, is ubiquitin-independent in reticulocytes (19, 23).
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Polysome profiles from wild-type reticulocytes cultured ex vivo showed that ribosome 

elimination was nearly complete by 31 hours; by contrast, the 80S monosome peak 

remained prominent in Ube2o−/− reticulocytes (Fig. 2A), consistent with delayed turnover of 

multiple RPs during maturation (fig. S11). Thus, ribosome levels are elevated in Ube2o−/− 

reticulocytes because of a defect in ribosome elimination during terminal differentiation. 

Despite the persistence of this peak, few polysomes were evident in the gradient profile, 

perhaps because of low levels of mRNA or translational initiation factors at this stage of 

differentiation.

UBE2O is sufficient to drive ribosome elimination in non-erythroid cells

Having found that UBE2O is critical for ribosome elimination in reticulocytes, we tested 

whether it is sufficient for elimination in a non-erythroid cell, as might be expected if 

UBE2O recognized RPs directly. We integrated the full length UBE2O open reading frame 

into Flp-In T-REx 293 cells under a doxycycline-inducible promoter. The UBE2O-CA 
mutant, integrated at the same locus, was employed as a control (Fig. 3A and Fig S12, A and 

B). UBE2O was induced for 48 to 72 hours to recapitulate the period of terminal erythroid 

maturation (Fig. 3A). 293-E2O cells remained viable, with no indication of induced cell 

death (fig. S12C). The effect of UBE2O expression on the proteome was assessed by mass 

spectrometry, which quantified 7807 proteins (fig. S13, A and B, and Table S3). Upon 

UBE2O induction, we identified 685 proteins present at substantially lower levels (≤50%) 

than in UBE2O-CA by day 3 (Fig. 3B), with a clear preferential effect on basic proteins 

(Fig. 3D). Thus, ectopic UBE2O induction led to extensive proteome remodeling.

Among proteins whose levels were reduced more than 50% upon UBE2O induction, KEGG 

pathway enrichment analysis identified a highly significant down-regulation of RPs (Fig. 3, 

B and C). This was confirmed by immunoblotting for RPL29, RPL35, and RPL23a (Fig. 

3E). RPs were not degraded at comparable rates, inconsistent with what would be expected 

for an autophagocytic mechanism. Ribosome degradation might proceed in steps, with RPs 

showing the fastest degradation more likely to be direct substrates of UBE2O. We also 

observed significant enrichment in ribosome biogenesis and rRNA processing pathways, 

which are nonfunctional in reticulocytes, as they are enucleate (Fig. 3B and fig. S13, C to E). 

These effects of UBE2O are likely direct, because multiple ribosomal and nucleolar proteins 

were ubiquitinated by recombinant UBE2O when added to extracts of human embryonic 

kidney (HEK) 293 cells and analyzed by mass spectrometry (fig. S14, A to C, and Table S1).

After UBE2O induction, polysome profiles showed a strong reduction of the 80S monosome 

peak (Fig. 3F). Although reticulocytes cannot produce ribosomes de novo, a reduction of 

ribosome levels in 293-E2O cells could reflect either degradation of pre-existing ribosomes 

or interference with ribosome synthesis. To discriminate between these possibilities, we 

suppressed the transcription of new rRNA with a selective inhibitor of RNA polymerase I, 

CX-5461 (24, 25). Under these “chase” conditions, UBE2O drove the destabilization of RPs 

after 24–48 hours of inhibitor treatment, with no effect observed in the catalytic null mutant 

(fig. S15). Therefore, pre-existing ribosomal proteins can be eliminated by UBE2O.

Nguyen et al. Page 5

Science. Author manuscript; available in PMC 2018 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In summary, the 293-E2O cell data recapitulate a critical aspect of normal erythroid 

differentiation, and confirm the inducible breakdown of ribosomes—complexes that are 

thought to be highly stable under basal conditions. Furthermore, UBE2O is sufficient to 

drive ribosome elimination in non-erythroid cells in the absence of reticulocyte-specific 

factors, which suggests that the control of erythroid ribosome turnover may be dependent 

principally on UBE2O itself.

UBE2O executes a broad program of ubiquitination

On the basis of proteomic data on reticulocytes and 293-E2O cells, we selected seven 

potential nonribosomal targets of UBE2O for confirmation by immunoblotting. We observed 

strongly elevated levels of all of these proteins in mutant reticulocytes, including a 

chaperone for α-globin AHSP (α-hemoglobin stabilizing protein) (Fig. 4A). AHSP was 

strongly stabilized in a time-course study using ex vivo cultured Ube2o−/− reticulocytes (fig. 

S16A). However, elevated AHSP levels do not explain the erythroid phenotype of Ube2o−/− 

mutants, because an Ahsp−/− mutation did not alleviate the Ube2o−/− phenotype (fig. S16, B 

and C). In summary, immunoblot analysis validated the proteomics data and thus suggested 

that an extensive set of RPs and non-RPs is eliminated from reticulocytes under the control 

of UBE2O.

Our finding that UBE2O is sufficient to direct the degradation of its target proteins suggests 

that it may mediate direct recognition of these proteins. However, E3 rather than E2 

enzymes typically mediate substrate recognition (26). The molecular mass of UBE2O is 143 

kDa (Fig. 4B), whereas typical E2 enzymes are of 20–25 kDa. It therefore seemed likely that 

UBE2O may function as an E3 enzyme fused to an E2 (27–29). To test this model, we 

reconstituted the ubiquitination of candidate UBE2O substrates with purified components.

When partially purified ribosomes were tested by immunoblot analsis, we observed that 

ubiquitination of RPs was efficient relative to that of histone H2B, a model substrate of 

UBE2O (Fig. 4C). The ubiquitin acceptor proteins in this reaction were confirmed as RPs by 

LC-MS/MS-mediated ubiquitination site mapping (fig. S17 and Table S1). Although these 

proteins were added to the assay principally in the form of ribosome complexes, it is 

possible and perhaps likely that UBE2O prefers the free forms of these proteins as 

substrates. Indeed, when tested individually, recombinant RPL35, RPL36a, and RPL37 all 

proved to be UBE2O substrates (Fig. 4D). Other proteins predicted from proteomics data to 

be UBE2O substrates were all efficiently ubiquitinated, while calmodulin, a negative 

control, was not (Fig. 4D). UBE2O added multiple ubiquitin groups to these substrates, 

although almost exclusively in the form of multi-monoubiquitin modification (fig. S18). In 

summary, several in vivo targets of UBE2O were also modified by this enzyme in a purified 

system, which suggests that UBE2O, in addition to being an E2 enzyme, is also an E3–a 

specificity determining ubiquitination factor.

In addition to its E2 (or UBC) domain, UBE2O has four distinct evolutionarily conserved 

regions, CR1, CR2, CR3, and a predicted coiled-coil (CC) element (Fig. 4B). When 

truncated forms of UBE2O were assayed, the importance of the tested domains for 

conjugation rates varied depending on the substrate tested, consistent with CR1 and perhaps 
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other conserved domains being substrate specificity elements (Fig. 4C). The hypothesis that 

CR1 and CR2 are substrate recognition domains was assessed more directly by testing them 

for interaction with UBE2O substrates in pull-down binding assays. Both CR1 and CR2 

bound UBE2O substrates, although their binding specificity differed (Fig. 4E). CR1 and 

CR2 contain acidic patches, which may be involved in their binding to basic proteins. A 

confirmed acidic substrate, AHSP, did not show significant binding to CR1 or CR2 (Fig. 

4E), nor was its ubiquitination dependent on these domains (Fig. 4C). These results indicate 

that UBE2O is capable of multiple modes of substrate recognition. In summary, UBE2O has 

the expected features of an E2–E3 hybrid enzyme in which ubiquitin is charged by the UBC 

domain of UBE2O, to be subsequently donated to proteins that are recognized in most cases 

by the CR1 and CR2 domains.

Ribosomal proteins are degraded by the proteasome

Previous studies have shown that regulated ribosome degradation occurs via autophagy in 

yeast (30–33). In reticulocytes, however, inhibitors of autophagy do not affect ribosome 

breakdown (19). Selective autophagy in reticulocytes is mediated by NIX, but this factor 

drives the elimination of mitochondria rather than ribosomes (19, 23, 34).

To test whether RPs are eliminated by the proteasome, we incubated reticulocytes with 

proteasome inhibitors PS-341 and epoxomicin. After ex vivo differentiation, treated wild-

type reticulocytes retained thiazole orange staining, resembling Ube2o−/− reticulocytes that 

had not been exposed to proteasome inhibitor (Fig. 5A; see also fig. S19A). These data 

suggest that RPs are degraded by the proteasome. In fact, treated wild-type reticulocytes 

retained their thiazole orange staining more fully than did untreated Ube2o−/− reticulocytes 

(Fig. 5A), suggesting the existence of alternative pathways of ribosome elimination that are 

UBE2O-independent, but proteasome-dependent. In contrast to the proteasome, p97–which 

dissociates components of several multisubunit complexes in a ubiquitin-dependent manner 

(35)–had no detectable effect on ribosome elimination (fig. S20).

Ubiquitin depletion is evident in reticulocytes treated with the highest concentrations of 

proteasome inhibitors (fig. S19B). To address this potential caveat, we reconstituted RP 

degradation in a cell-free reticulocyte lysate system, which permitted supplementation of 

free ubiquitin. The degradation of RPs was reconstituted by adding back UBE2O to null 

reticulocyte lysate. RPs were not destabilized by UBE2O-CA, or under conditions of 

proteasome inhibitor treatment, while maintaining free ubiquitin levels (Fig. 5B and fig. 

S19C). However, the stabilizing effect of the inhibitors, although apparently complete for 

RPL29 and RPS23, was partial in the case of RPL35 and RPL36A, as judged from the 

intensity of the major protein band (Fig. 5B and fig. S19C). For both proteins, a high-

molecular weight species appeared upon proteasome inhibition, which likely represented 

ubiquitinated forms of RPL35 and RPL36A. To confirm that proteasome inhibitors 

completely blocked RP degradation, we treated the reaction with USP21 to deubiquitinate 

high-molecular weight forms of the protein. This treatment concentrated RPL35 into a single 

band that was constant in intensity over the time course of incubation (fig. S19D).
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The importance of the proteasome in remodeling the proteome in reticulocytes was further 

tested by metabolomic analysis. Amino acids such as Lys and Arg, which are abundant in 

RPs, were indeed depleted by proteasome inhibitors (Fig. 5C). We therefore considered 

whether UBE2O might cooperate with other ubiquitinating factors that may be induced in 

late erythroid differentiation. Using RNA-sequencing data for erythroid cells taken from 

progressive stages of differentiation (6–8), we identified eight E2 and E3 enzymes that are 

induced in late erythroid cells in parallel with UBE2O (Fig. 5D). We hypothesize that these 

enzymes work in concert to globally remodel the erythroid proteome. Expression of the vast 

majority of ubiquitinating enzymes is extinguished during this period (fig. S21, A and B), so 

that the UPS is not simply amplified during erythroid differentiation, but instead deeply 

reconfigured. The unique transformation of the UPS in these cells may reflect a strategy to 

eliminate thousands of cellular proteins from reticulocytes, thus enabling extreme 

concentration of globin.

DISCUSSION

In many cases of terminal cellular differentiation, the proteome is remodeled on a global 

scale to generate a highly specific cellular phenotype. The extreme case is erythroid 

differentiation, where a single species, hemoglobin, is concentrated to ~98% of soluble 

protein (1). Accomplishing this rapid transformation of the cellular phenotype requires not 

only highly active protein synthesis, but also degradation of a vast set of pre-existing, 

otherwise relatively stable, soluble proteins. This degradation must also be selective, so as to 

spare properly assembled globin and other components of the mature RBC. Despite this 

active degradation, most components of the ubiquitin pathway are downregulated 

transcriptionally during erythroid differentiation. However, a small subset of ubiquitin 

conjugating enzymes and ubiquitin ligases is induced, among them UBE2O. We propose 

that UBE2O plays a major role in proteomic remodeling, with tens and perhaps hundreds of 

proteins being eliminated through its activity.

As an E2–E3 hybrid enzyme, UBE2O functions autonomously and can thus remain active 

well into the reticulocyte stage, promoting maturation at a time when most E2 enzymes have 

been lost. The ability of UBE2O to promote reticulocyte maturation also depends upon its 

broad substrate specificity; multiple substrate recognition domains enable the recognition of 

diverse substrates and may, through avidity, allow coordinate low-affinity substrate 

interactions to be productive of ubiquitination. In an accompanying paper, Yanagitani et al. 
report that UBE2O is a quality-control ubiquitin ligase (36). Because quality-control ligases 

are characteristically broad in their specificity, a ligase of this type may be pre-adapted to 

serve in global proteome remodeling when induced to high levels.

UBE2O prefers basic substrates, including RPs, and this specificity may underlie a defining 

feature of the reticulocyte to erythrocyte transition, the elimination of ribosomes (17). 

Although the ubiquitination of ribosomes and of free RPs has previously been observed (21, 

37–39), our findings show that ubiquitination of RPs, in either their free or assembled state, 

can be used to promote the elimination of ribosomes from cells. Indeed, ribosome 

ubiquitination has previously been associated with the suppression of their turnover via 

autophagy (33).

Nguyen et al. Page 8

Science. Author manuscript; available in PMC 2018 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Contrary to the longstanding paradigm that multiubiquitin chains are required to initiate 

degradation, UBE2O-dependent ubiquitination events efficiently targeted substrates to the 

proteasome through multi-monoubiquitination events. Indeed, recent work from several 

groups supports the sufficiency of multi-monoubiquitination for proteasomal degradation, 

depending on the substrate (40–42).

The robust proteasome-dependent protein turnover seen during the reticulocyte stage of 

differentiation not only serves to eliminate proteins other than globin from these cells, but 

may also boost globin synthesis by supplying amino acids for late-stage synthesis of globin. 

The loss of amino acid transporters during erythroid maturation (7, 43) may impose a strong 

link between proteins synthesis and degradation in these cells. Consistent with the proposed 

interconnection between proteasome function and translation, UBE2O-deficient mice exhibit 

hypochromic anemia, and ribosome occupancy of the globin genes–the major synthetic 

output–is decreased. Loss of UBE2O accordingly ameliorates phenotypes attributable to α-

globin excess, as seen for a model of β-thalassemia. UBE2O is thus a potential therapeutic 

target, not only for mixed-lineage leukemia and other cancers, as recently proposed (44, 45), 

but also for β-thalassemia, one of the most prevalent inherited diseases worldwide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

Introduction

The reticulocyte-red blood cell transition is a canonical example of terminal 

differentiation. The mature red blood cell has one of the simplest cellular proteomes 

known, with hemoglobin remarkably concentrated to ~98% of soluble protein. During 

reticulocyte maturation, the proteome is remodeled through the programmed elimination 

of most generic constituents of the cell, in parallel with abundant synthesis of cell-type-

specific proteins, such as hemoglobin. The mechanisms that drive rapid turnover of 

soluble and normally stable proteins in terminally differentiating cells remain largely 

unclear.

Rationale

The ubiquitin-proteasome system (UPS) was discovered in reticulocytes, where it is 

highly active. However, its function in this developmental context has not been 

established. UBE2O is an E2 (ubiquitin-conjugating) enzyme that is co-induced with 

globin and expressed at elevated levels late in the erythroid lineage. We identified an 

anemic mouse line with a null mutation in Ube2o, and used multiplexed quantitative 

proteomics to identify candidate substrates of UBE2O in an unbiased and global manner. 

We found that the protein compositions of mutant and wild-type reticulocytes differed 

markedly, suggesting that UBE2O-dependent ubiquitination might target its substrates for 

degradation to effect remodeling of the proteome.

To test whether UBE2O was sufficient for proteome remodeling, we engineered a 

nonerythroid cell line to inducibly express UBE2O above its basal level. Upon induction, 

we observed the decline of hundreds of proteins from these cells, in many cases the same 

proteins as those eliminated from reticulocytes. Overexpression of an active-site mutant 

of UBE2O did not show these effects. Therefore, a major component of the specificity 

underlying differentiation-linked proteome remodeling appears to be carried by UBE2O 

itself. These results also indicate that UBE2O may function as a hybrid enzyme with both 

E2 and E3 (ubiquitin-ligating) activities. In support of this model, candidate substrates 

identified by proteomics were ubiquitinated by purified UBE2O without the assistance of 

additional specificity factors.

Results

The most prominent phenotypes of the Ube2o mutant are an anemia characterized by 

small cells with low hemoglobin content (microcytic hypochromic anemia), and a defect 

in the elimination of ribosomes, the latter being a key aspect of reticulocyte maturation. 

When we added recombinant UBE2O protein to reticulocyte lysates from the null 

mutant, ubiquitin was conjugated primarily to ribosomal proteins. Moreover, immunoblot 

analysis and quantitative proteomics revealed elevated levels of multiple ribosomal 

proteins in mutant reticulocytes. Sucrose gradient analysis indicated persistence of not 

only ribosomal proteins but of ribosomes themselves during ex vivo differentiation of 

mutant reticulocytes. Accordingly, ribosomes were eliminated upon induction of UBE2O 

in non-erythroid cells. The elimination of organelles from reticulocytes, as exemplified 
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by that of mitochondria, was not affected in the Ube2o mutant, indicating the specificity 

of its effects on programmed protein turnover.

Free ribosomal proteins were ubiquitinated by purified UBE2O, which suggests that 

these proteins are true substrates of the enzyme. However, UBE2O substrates are diverse 

in nature and not limited to ribosomal proteins. Individual domains of UBE2O bound 

substrates with distinct specificities. Thus, the broad specificity of UBE2O reflects the 

presence of multiple substrate recognition domains within the enzyme.

Proteasome inhibitors blocked the degradation of UBE2O-dependent substrates in 

reticulocytes, although UBE2O does not form polyubiquitin chains. Rather, UBE2O adds 

single ubiquitin groups to substrates at multiple sites. Proteasome inhibitor treatment ex 

vivo led to depletion of the pools of many amino acids, suggesting that the flux of 

ubiquitinated substrates through the reticulocyte proteasome is sufficient to supply amino 

acids needed for late-stage translation of mRNA. In late erythropoiesis, several ubiquitin-

conjugating enzymes and ligases are induced together with Ube2o while most 

components of the UPS disappear. We propose that the UPS is not simply amplified 

during erythroid maturation, but is instead broadly reconfigured to promote remodeling 

of the proteome.

Conclusion

A highly specialized UPS is expressed in the reticulocyte and is used to remodel the 

proteome of these cells on a global scale. UBE2O, a hybrid E2–E3 enzyme, functions as 

a major specificity factor in this process. In reticulocytes, and perhaps other differentiated 

cells such as in the lens, the induction of ubiquitinating factors may drive the transition 

from a complex to a simple proteome.

Caption

UBE2O drives remodeling of the proteome during erythroid differentiation.

The transformation of reticulocytes into erythrocytes involves the elimination of myriad 

proteins. UBE2O is an E2–E3 hybrid enzyme that directly recognizes and ubiquitinates 

proteins that are fated for elimination. The target protein is degraded by the proteasome; 

ubiquitin (Ub) is recycled. UBE2O substrates include ribosomal proteins, recognized in a 

free form or possibly within the ribosome complex.
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Fig. 1. Ube2o−/− reticulocytes are deficient in eliminating ribosomal proteins
(A) Proteins from reticulocyte lysates were resolved by SDS-PAGE and immunoblotted with 

an anti-ubiquitin antibody. Each sample is from a different mouse whose reticulocytes were 

induced by serial bleeding.

(B) Ubiquitination was reconstituted in Ube2o−/− reticulocyte lysates using recombinant 

UBE2O. Reactions were supplemented with biotin-tagged ubiquitin and ubiquitin activating 

enzyme (UBE1), and incubated for 45 min at 37°C. Samples were resolved by SDS-PAGE. 

Proteins were electroblotted and visualized using streptavidin-HRP. The catalytically 

inactive C1037A mutant (UBE2O-CA) was used as a control. UBE2O-CA did not have 

conjugating activity in lysates, as the only bands evident in this case were biotin-ubiquitin 

and autoubiquitinated E1. In the absence of lysate, UBE2O was autoubiquitinated, as 

previously reported (27). W, UBE2O-WT; C, UBE2O-CA.

(C) UBE2O ubiquitinates ribosomal proteins in reconstituted Ube2o−/− lysates. Ubiquitin 

conjugates (see Fig. 2A) purified by NeutrAvidin-biotin pulldown were digested on beads 

with trypsin. Peptides containing di-glycine modified lysines (ubiquitination sites) were 

identified and mapped by LC-MS/MS. All ribosomal protein ubiquitination events were 

unique to the wild-type UBE2O sample. Δ spectral counts denotes subtraction of all spectral 

counts collected in the UBE2O-CA sample from those of the UBE2O-WT reaction for a 

given di-glycine peptide over six replicate experiments. Ub sites, unique ubiquitination sites 

identified.

(D), Levels of ribosomal proteins from Ube2o−/− and wild-type reticulocytes assessed by 

immunoblotting. GAPDH and β-spectrin are loading controls. 100 μg of protein was loaded 

per lane.

(E) Volcano plot of quantitative proteomics analysis, representing the relation of the log10 of 

the p-value adjusted using Benjamini-Hochberg correction [-log (adj. p-value)] and the log2 

of the fold change [log2 (Ube2o−/−/Ube2o+/+)]. Proteins significantly (adj. p-value < 0.05) 
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upregulated or downregulated at least 25% in Ube2o−/− samples were displayed in red and 

blue respectively. Highly significant enrichment of ribosomes (adj. p-value=3.23 x 10−6) was 

found by KEGG pathway enrichment analysis of all proteins upregulated significantly and 

by more than 25% in Ube2o−/− reticulocytes. Brackets, number of proteins per group.
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Fig. 2. Ube2o−/− reticulocytes have elevated levels of ribosomes
(A) Polysome profiles were generated by fractionating Ube2o−/− and WT reticulocyte 

lysates on 20–50% sucrose gradients. The X-axis represents position in the gradient, the Y-

axis OD260. Left, freshly-isolated Ube2o−/− reticulocytes showed an 80S monosome peak 

that is elevated in comparison to WT. Right, as above but after 31 hours of ex vivo 
differentiation.

(B) Flow cytometry analysis after ex vivo differentiation. WT CD71+ reticulocytes showed 

progressive loss of both MitoTracker Deep Red and thiazole orange staining. Ube2o−/− 

CD71+ reticulocytes retained thiazole orange staining after 72 hours of ex vivo 
differentiation (upper panels), with mitochondrial elimination unaffected (lower panels).
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Fig. 3. UBE2O is sufficient to drive the elimination of ribosomes in HEK293 cells
(A) UBE2O induction by doxycycline treatment in Flp-In T-REx 293 cells was assessed by 

immunoblotting, using antibodies to UBE2O. Full length human UBE2O-WT and UBE2O-

CA genes were genomically integrated in an untagged form, and induced with doxycycline 

for 24 hr. 20 μg of cell lysate was loaded per lane. GAPDH is a loading control.

(B, C) Mass spectrometry (TMT) quantification of 7,808 proteins after UBE2O (WT or CA) 

induction for 0, 12, 24, 48 and 72 hours. All 685 proteins that were downregulated more 

than 50% after 72h of UBE2O-WT induction, in comparison to UBE2O-CA, are shown in 

(B). Coloring reflects Pearson correlation (r) to the median pattern from high (red) to low 

(black). The bar graph represents results from KEGG pathway enrichment analysis, which 

indicated highly significant enrichment (adj. p-value=2.77 x 10−6) of ribosomes, with 18 

proteins downregulated (shown in C).

(D) Isoelectric point (pI) comparison of all quantified proteins (red), and all downregulated 

proteins (blue), based on data from panel B. pI values were obtained from the proteome pI 

database (46).

(E) After induction of UBE2O (WT or CA) for the indicated times (48 and 72 hours), 

ribosomal protein levels were analyzed by immunoblotting. GAPDH is a loading control. 20 

μg of cell lysate was loaded per lane, and all samples were from the same experiment.

(F) Sucrose gradient analysis of cells overexpressing UBE2O-WT showed a reduced 80S 

monosome peak after 72 hours of doxycycline treatment.
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Fig. 4. UBE2O recognizes substrates directly
(A) Immunoblotting of Ube2o−/− and WT reticulocyte lysates showed an elevation of 

putative non-ribosomal UBE2O substrates. GAPDH and β-spectrin are loading controls. 100 

μg of protein was loaded per lane.

(B) Schematic representation of domains within UBE2O. The T1 construct lacks conserved 

region 1 (CR1), whereas T2 lacks both CR1 and CR2. In the CA mutant, the active-site 

Cys1037 is substituted with Ala. Domain assignment is described in the Methods.

(C) In vitro ubiquitination assays were performed in a purified system with UBE1, HA-

ubiquitin, UBE2O (WT or CA, W and C respectively) and the indicated candidate substrates 

for 4 hours at 37°C. Histone H2B is a model substrate of UBE2O (27). N-terminal 

truncations (T1 and T2) abrogate the ubiquitination of ribosomal proteins and of H2B, but 

do not prevent modification of AHSP. Samples were analyzed by immunoblotting with 

either anti-HA or anti-AHSP antibodies, after SDS-PAGE. The left and right panels 

represent different exposures from the same gel.

(D) Left, UBE2O can directly recognize and ubiquitinate putative non-ribosomal substrates 

DDX56, NOL12, NOP16, and PTRF, which are elevated in either Ube2o−/− reticulocytes or 

decreased in 293-E2O cells. Right, purified UBE2O can ubiquitinate individual ribosomal 

proteins outside of the 80S complex. Samples were analyzed by immunoblotting with anti-

HA antibodies, after gradient SDS-PAGE. W, UBE2O-WT; C, UBE2O-CAThe apparent 

molecular masses of substrates (in kDa) were determined by SDS-PAGE followed by 

Coomassie staining (data not shown): calmodulin, 17; DDX56, 64; NOL12, 27; NOP16, 25; 

PTRF, 55–65; RPL35, 17; RPL36a, 16; RPL37, 15.

(E) CR1 and CR2 provide substrate-recognition with distinct specificities. The CR1 and 

CR2 fragments were expressed in E. coli in a biotin-tagged form, and loaded onto 

streptavidin resin, using amounts sufficient to saturate the resin’s binding capacity. Purified 

UBE2O substrates were mixed with resin at 20-fold excess in the presence of carrier. The 
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resin was washed in 50 mM NaCl, 20 mM Tris-HCl (pH 7.4). Bound material was eluted 

and 25% of the eluate was resolved by SDS-PAGE followed by immunoblotting. The input 

represents 2.5% of the total sample; consequently CR1 and CR2 are not visualized in the 

input lanes, though present. Note, rows 6–8 are from the same experiment.
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Fig. 5. The ubiquitin-proteasome system in late erythroid differentiation
(A) WT and Ube2o−/− reticulocytes were differentiated ex vivo at 37°C for 48 hours with 

proteasome inhibitors (50nM epoxomicin and 50nM PS-341) or DMSO vehicle control, then 

analyzed by FACS.

(B) Reconstitution of ribosomal protein degradation in Ube2o−/− reticulocyte lysates. 

Ubiquitin levels were supplemented to prevent depletion of free ubiquitin upon proteasome 

inhibition. Proteasomes were inhibited by adding PS-341 (50 nM) and epoxomicin (50 nM) 

together. GAPDH is a loading control. 100 μg of protein was loaded per lane.

(C) WT reticulocytes were treated with proteasome inhibitors (50 nM epoxomicin and 50 

nM PS-341) and differentiated ex vivo for 48 hours. Quantitative metabolomic profiling of 

treated and untreated WT reticulocytes showed a depletion of multiple free amino acids due 

to proteasome inhibition, with Lys and Arg most strongly affected. Significance was 

calculated by two-sample t-test. *p<0.05, **p<0.01, ***p<0.001.

(D) An ensemble of ubiquitin ligases and ubiquitin conjugating enzymes is induced in late 

erythroid differentiation. Stages are arranged in a temporal progression. Stage 1 includes 

proerythroblasts and early basophilic erythroblasts; stage 2, early and late basophilic 

erythroblasts; stage 3, polychromatophilic and orthochromatophilic erythroblasts; and stage 

4, late orthochromatophilic erythroblasts and reticulocytes. The induction of globin mRNA 

is shown for comparison. Raw RNA-seq data are taken from (6).
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