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Abstract 32 
The development of haematopoietic stem cells into mature erythrocytes – erythropoiesis – is a 33 
controlled process characterized by cellular reorganisation and drastic reshaping of the 34 
proteome landscape. Failure of ordered erythropoiesis is associated with anaemias and 35 
haematological malignancies. Although the ubiquitin (UB) system is a known crucial post-36 
translational regulator in erythropoiesis, how the erythrocyte is reshaped by the UB system is 37 
poorly understood. By measuring the proteomic landscape of in vitro human erythropoiesis 38 
models, we found dynamic differential expression of subunits of the CTLH E3 ubiquitin ligase 39 
complex that formed distinct maturation stage-dependent assemblies of structurally 40 
homologous RANBP9- and RANBP10-CTLH complexes. Moreover, protein abundance of 41 
CTLH’s cognate E2-conjugating enzyme UBE2H increased during terminal differentiation, 42 
which depended on catalytically active CTLH E3 complexes. CRISPR-Cas9 mediated 43 
inactivation of all CTLH E3 assemblies by targeting the catalytic subunit MAEA, or UBE2H, 44 
triggered spontaneous and accelerated maturation of erythroid progenitor cells including 45 
increased heme and haemoglobin synthesis. Thus, the orderly progression of human 46 
erythropoiesis is controlled by the assembly of distinct UBE2H-CTLH modules functioning at 47 
different developmental stages. 48 
  49 
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INTRODUCTION 50 
 51 
Cellular differentiation in multicellular organisms is often accompanied by programmed 52 
proteome reshaping and cellular reorganisation to accomplish cell-type specific functions. For 53 
instance, during myogenesis proliferative myoblasts undergo a differentiation programme with 54 
induction of specialised cytoskeletal proteins to form myofibrils in terminally differentiated 55 
myofibers (Chal & Pourquie, 2017; Le Bihan et al, 2015), whereas adipose stem cells induce 56 
differentiation cues controlling expression of proteins involved in lipid storage and lipid 57 
synthesis (Tsuji et al, 2014). Recently, global temporal proteomic analysis during neurogenesis 58 
of human embryonic stem cells revealed large-scale proteome and organelle remodelling via 59 
selective autophagy (Ordureau et al, 2021). A striking example of proteome remodelling is 60 
mammalian erythropoiesis, which is required for the generation of disc-shaped enucleated 61 
erythrocytes, whose unique topology dictates function of efficient red blood cell movement 62 
through the vasculature (Figure 1A). After several specialized cell divisions, erythroid 63 
progenitors progress through morphologically distinct differentiation stages known as pro-64 
erythroblasts (ProE), early and late basophilic erythroblasts (EBaso and LBaso, respectively), 65 
polychromatic erythroblasts (Poly), and orthochromatic erythroblasts (Ortho), a process 66 
associated with erythroid-specific gene expression (Cantor & Orkin, 2002; Cross & Enver, 67 
1997; Perkins et al, 1995; Pevny et al, 1991; Shivdasani et al, 1995), reduction of cell volume 68 
(Dolznig et al, 1995), chromatin condensation (Zhao et al, 2016), and haemoglobinization. 69 
Ejection of the nucleus at the reticulocyte stage (Keerthivasan et al, 2011) is followed by the 70 
elimination of all remaining organelles such as Golgi, mitochondria, endoplasmic reticulum, 71 
peroxisomes, and ribosomes (Moras et al, 2017; Nguyen et al, 2017). The progression of 72 
erythroid maturation must be tightly controlled, although the molecular regulation of this 73 
process is not fully understood. 74 
 75 
Our current knowledge of protein dynamics during erythropoiesis has been deduced largely 76 
from epigenetic and transcriptomic studies (reviewed in (An et al, 2015)), which used in vitro 77 
differentiation systems where erythroid progenitors, such as primary multipotent CD34+ 78 
haematopoietic stem and progenitor cells (HSPC) or immortalized CD34+-derived lines (known 79 
as HUDEP2 and BEL-A) (Kurita et al, 2013; Trakarnsanga et al, 2017), possess an autonomous 80 
differentiation programme with a capacity to complete terminal differentiation when cultured 81 
with cytokines and other factors (Seo et al, 2019). However, the dynamics of mRNA expression 82 
during erythropoiesis does not accurately predict protein expression (Gautier et al, 2016). We 83 
recently mapped the erythroid proteome landscape of defined precursors generated by in vitro 84 
differentiation of normal donor CD34+ cells (Karayel et al, 2020). Our findings provided insight 85 
into cellular remodelling at protein resolution and indicated high level of post-transcriptional 86 
regulation. 87 
 88 
Ubiquitin (UB)-mediated protein degradation pathways are likely to play prominent roles in 89 
post-transcriptional regulation of erythropoiesis. Components of the E3 ubiquitin ligation 90 
machinery and deubiquitylases have been implicated in regulating protein stability and turnover 91 
in erythroid cell proliferation and maturation (Liang et al, 2019; Maetens et al, 2007; Mancias 92 
et al, 2015; Minella et al, 2008; Randle et al, 2015; Thom et al, 2014; Xu et al, 2020). The E2 93 
enzyme UBE2O is greatly upregulated in reticulocytes and required for clearing ribosomes 94 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 18, 2022. ; https://doi.org/10.1101/2022.01.18.476717doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.18.476717
http://creativecommons.org/licenses/by-nc/4.0/


 4 

(Nguyen et al., 2017). Recently, a functional role of the multi-protein C-terminal to LisH 95 
(CTLH) E3 ligase complex was implicated in mammalian erythropoiesis. The CTLH subunits 96 
MAEA and WDR26 have been shown to be expressed in a differentiation stage-dependent 97 
manner and be implicated in maintaining erythroblastic islands in the bone marrow and 98 
regulating nuclear condensation in developing erythroblasts, respectively (Wei et al, 2019; 99 
Zhen et al, 2020). The tight correlation between protein abundance and functionality in 100 
differentiation suggested that large scale proteome profiling is a potential way to identify 101 
proteins that are important for the functional specialization of erythroid cells. Here, we profiled 102 
protein abundance of E2-E3 modules in erythroid differentiation uncovering a dynamic 103 
regulation of CTLH E3 ligase subunits and CTLH’s cognate E2 conjugating enzyme UBE2H. 104 
Interestingly, UBE2H amounts are dependent on active CTLH E3, suggesting a coupled E2/E3 105 
regulation. We further show that CTLH complex compositions are remodelled and discrete 106 
complex assemblies are formed in a maturation stage-dependent manner. Our study indicates 107 
that unique UBE2H-CTLH assemblies are organized and co-regulated in functional E2-E3 108 
modules and are required for the orderly progression of terminal erythroid maturation. 109 
 110 
RESULTS 111 
 112 
Stage-dependent expression of UBE2H and CTLH complex subunits in erythropoiesis 113 
Reshaping of the erythropoietic proteome is thought to be regulated in part by the transient 114 
presence of stage-specific E2-E3 ubiquitin targeting machineries. To identify potential E2-E3 115 
components, we applied a system-wide approach and established differentiation stage-specific 116 
proteomes of human erythropoiesis from two in vitro erythropoiesis cell model systems: CD34+ 117 
and HUDEP2 cells (Figure 1 supplemental figure 1A, 1B). We recently described the stage-118 
specific proteomes from in vitro differentiated CD34+ cells (Karayel et al., 2020). HUDEP2 119 
cells proliferate in immature progenitor state and can be induced to undergo terminal erythroid 120 
differentiation by modulating cell culture conditions (Figure 1 supplemental figure 1B) 121 
(Kurita et al., 2013). In this study, HUDEP2 cells were shifted to differentiation conditions and 122 
semi-synchronous bulk cell populations were obtained at different time points (day 0, 3, 6, 9, 123 
and 12) corresponding to maturation stages spanning from proerythroblast to orthochromatic 124 
stages. Each population was processed in three biological replicates, and their proteomes were 125 
acquired by measuring single 100-minute gradient runs for each sample/replicate in data-126 
independent acquisition (DIA) mode (Aebersold & Mann, 2016; Gillet et al, 2012; Karayel et 127 
al., 2020; Ludwig et al, 2018). We measured HUDEP2 proteomes by DIA, as it provides 128 
sensitive and in-depth stage-specific proteome analysis of human erythropoiesis by maintaining 129 
a broad dynamic range of peptide detection in the presence of very abundant species, such as 130 
haemoglobin peptides, that accumulate to very high levels at late erythroid maturation stages 131 
(Karayel et al., 2020). DIA raw files were searched with direct DIA (dDIA), yielding 6,727 132 
unique proteins and quantitative reproducibility with Pearson correlation coefficients higher 133 
than 0.9 between the biological replicates of all populations (Figure 1 supplemental figure 134 
1C, 1D and supplemental table 1). When we clustered the 2,771 differentially expressed 135 
proteins (ANOVA, FDR<0.01 and S0=0.1) we observed dynamic changes of the proteome 136 
between early (day 0) and late (day 12) time points across erythroid differentiation (Figure 1 137 
supplemental figure 1E). The majority of proteins cluster into two co-expression profiles: 138 
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continuous decrease or increase of protein levels that ultimately resulted in a reshaped 139 
erythrocyte-specific proteome. 140 
 141 
We next examined our proteome data for all (~40) annotated human E2 conjugating enzymes. 142 
The levels of most E2s detected in HUDEP2 cells varied across maturation, with a cluster of 143 
six enzymes progressively accumulating until day 12 (Figure 1B). Included among them was 144 
UBE2O, which mediates ribosomal clearance in reticulocytes (Nguyen et al., 2017). We 145 
expanded the analysis to stage-specific proteomes from in vitro differentiated CD34+ cells 146 
(Figure 1C) (Karayel et al., 2020), which revealed a similar cluster of E2s upregulated at poly- 147 
and orthochromatic stages. Notably, UBE2B, UBE2O, CDC34 (aka UBE2R1), and UBE2H 148 
enzymes exhibited similar protein abundance profiles during HUDEP2 and CD34+ maturation 149 
suggesting important roles for these E2s during terminal erythropoiesis. CDC34, the cognate 150 
E2 for cullin-1 RING ligase (CRL1) complexes, is essential for cell cycle regulation (Kleiger 151 
et al, 2009; Skaar & Pagano, 2009). UBE2B (aka RAD6B) regulates DNA repair pathways, 152 
histone modifications, and proteasomal degradation (Kim et al, 2009; Varshavsky, 1996; 153 
Watanabe et al, 2004). We focused on UBE2H because it is transcriptionally regulated by the 154 
essential erythroid nuclear protein TAL1 and it accumulates to high levels during terminal 155 
maturation (Lausen et al, 2010; Wefes et al, 1995). Immunoblotting confirmed UBE2H protein 156 
upregulation during maturation of HUDEP2 and CD34+ cells, which was paralleling induction 157 
of the erythroid membrane protein CD235a (Glycophorin A, GYPA) and haemoglobin 158 
expression (Figure 1D and 1E). 159 
 160 
The stage-dependent regulation of UBE2H suggested that a cognate E3 partnering with UBE2H 161 
would have a similar expression profile during erythropoiesis. In vitro ubiquitylation reactions 162 
indicate that UBE2H is the preferred E2 of the CTLH E3 complex (Lampert et al, 2018; Sherpa 163 
et al, 2021). The multi-protein CTLH complex consists of at least RANBP9 and/or RANBP10 164 
(orthologous subunit of yeast Gid1), TWA1, ARMC8, WDR26 and/or MKLN1 (orthologous 165 
subunit of yeast Gid7), the catalytic module – MAEA and RMND5a that mediate ubiquitin 166 
transfer, and the substrate receptor GID4 (Kobayashi et al, 2007; Lampert et al., 2018; 167 
Mohamed et al, 2021; Sherpa et al., 2021; Umeda et al, 2003). Our analyses of the stage-168 
dependent proteomes of differentiated HUDEP2 (Figure 1F) and CD34+ cells (Figure 1G) 169 
revealed that protein levels of most annotated CTLH subunits increased during erythroid 170 
maturation, in parallel with UBE2H. Interestingly, the homologues RANBP9 and RANBP10 171 
showed an inverse expression pattern: RANBP9 levels were high at progenitor stages and 172 
dropped at later stages, whereas RANBP10 levels exhibited the opposite pattern. Taken 173 
together, analyses of differentiation-resolved proteomes revealed stage-dependent expression 174 
of CTLH subunits and UBE2H suggesting a dynamic assembly of distinct CTLH complexes 175 
linked to erythrocyte development. 176 
 177 
RANBP9 and RANBP10 assemble into distinct CTLH E3 complexes 178 
To monitor CTLH complex assemblies, we next fractionated whole cell lysates from non-179 
differentiated (day 0) or differentiated (day 6) HUDEP2 cells on 5-40% sucrose density 180 
gradients and detected CTLH subunits by immunoblot analysis. All CTLH subunits sedimented 181 
at ≥660 kDa, apparently corresponding to the supramolecular CTLH assemblies we previously 182 
described (Figure 2A) (Sherpa et al., 2021). However, RANBP9 amounts in the CTLH fraction 183 
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were higher at day 0 compared to day 6, while RANBP10 amounts had the opposite pattern, 184 
suggesting stage-specific modulation of CTLH complex composition and/or stoichiometry 185 
during differentiation. To further test this, we immunoprecipitated (IP) CTLH complexes from 186 
day 0 and day 6 lysates using an anti-ARMC8-specific nanobody. This resulted in 187 
coprecipitation of predominantly RANBP9 from day 0 cell lysates, whereas RANBP10 was 188 
found in elevated levels in lysates from day 6 differentiated HUDEP2 cells (Figure 2B). Next, 189 
we asked whether RANBP9 and RANBP10 can independently form CTLH complexes. Using 190 
CRISPR-Cas9 editing, we deleted either RANBP9 or RANBP10 in HUDEP2 cells (Figure 2C). 191 
Notably, we observed elevated RANBP10 amounts in RANBP9-/- cells, and slightly increased 192 
RANBP9 amounts in RANBP10-/- cells, suggesting a possible reciprocal compensatory effect 193 
for the loss of either homologue. Whole cell lysates of parental and KO lines were analysed 194 
using sucrose density gradients and immunoblot analysis to assess the sedimentation of 195 
RANBP9 and RANBP10 (Figure 2D). The sedimentation of the supramolecular CTLH 196 
complex containing RANBP9 was similar in parental and RANBP10-/- cells. Likewise, 197 
RANBP10-CTLH assemblies sedimented similarly in parental and RANBP9-/- cells. These data 198 
indicate that RANBP9 and RANBP10 assemble in distinct CTLH E3 supramolecular 199 
complexes. 200 
 201 
RANBP9 and RANBP10 form homologous CTLH E3 complexes that cooperate with 202 
UBE2H to promote ubiquitin transfer 203 
Recent cryo-EM maps of human CTLH sub- and supramolecular complexes revealed that 204 
RANBP9 supports complex assembly (Sherpa et al., 2021). Beyond an N terminal extension 205 
unique to RANBP9, RANBP9 and RANBP10 have a common domain architecture (Figure 3 206 
supplemental figure 2A). Hence, we reasoned that RANBP10 may form similar parallel 207 
interactions with other CTLH subunits. To test this, we expressed and purified a core CTLH 208 
subcomplex, containing a scaffold module (RANBP10, TWA1, a-ARMC8), the catalytic 209 
module (MAEA and RMND5a), and the substrate receptor GID4 (named thereafter RANBP10-210 
CTLHSR4). In parallel, we generated the previously described homologous complex where 211 
RANBP9 replaced RANBP10 (RANBP9-CTLHSR4) (Mohamed et al., 2021; Sherpa et al., 212 
2021). The two complexes eluted at similar range in size exclusion chromatography (SEC), 213 
indicating they had comparable subunit stoichiometry (Figure 3A). Cryo-EM analysis of the 214 
RANBP10-CTLHSR4 peak fraction yielded a reconstitution at ~12 Å resolution (Figure 3B). 215 
Comparison to the previously determined RANBP9-CTLHSR4 map (EMDB: EMD-12537) 216 
revealed an overall structural similarity and the clamp-like assembly of substrate receptor 217 
scaffolding (SRS) and catalytic (Cat) modules conserved in related yeast GID complexes (Qiao 218 
et al, 2020; Sherpa et al., 2021) (Figure 3 supplemental figure 1). Furthermore, atomic 219 
coordinates of a-ARMC8, hGID4 and TWA1 derived from the RANBP9-CTLHSR4 structure 220 
(PDB: 7NSC), along with crystal structure of RANBP10-SPRY domain (PDB: 5JIA) fit into 221 
the 7.3 Å resolution focused refined map of RANBP10-CTLHSR4 map (Figure 3C). To 222 
accurately position RANBP10, the crystal structure of the RANBP10’s SPRY domain (PDB: 223 
5JIA) was superimposed to the structure of the recently published RANBP9-CTLHSR4 (Figure 224 
3 supplemental figure 2A and B). Thus, at an overall level, the RANBP10-CTLHSR4 and 225 
RANBP9-CTLHSR4 complexes are structurally homologous. 226 
 227 
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We next asked whether the structural similarity of RANBP10-CTLHSR4 and RANBP9-228 
CTLHSR4 complexes extended to the mechanism of ubiquitin transfer activity. First, we 229 
assessed the physical association between UBE2H and CTLH complex subunits in HUDEP2 230 
or erythroleukemia K562 cells using anti-UBE2H IPs (Figure 3D, 3E) (Andersson et al, 1979). 231 
Endogenous UBE2H specifically co-precipitated the Cat-module subunit MAEA in whole cell 232 
lysates from both cell lines, indicating that UBE2H can form a reasonably stable E2-E3 enzyme 233 
module. Next, we tested ubiquitin transfer activity by in vitro ubiquitylation assays with a 234 
fluorescently labelled model peptide substrate (Sherpa et al., 2021). This model substrate 235 
consisted of an N-terminal PGLW sequence, that binds human GID4 (Dong et al, 2020; Dong 236 
et al, 2018), and a 30 residue linker sequence with the target lysine (K) towards the C-terminus 237 
at position 23 (PGLW[X]30K23) (Figure 3F). In a reaction with UBE2H, both RANBP9-CTLH 238 
and RANBP10-CTLH promoted polyubiquitylation of the model substrate peptide in a GID4-239 
dependent manner, although RANBP10-CTLH was less active under these conditions than the 240 
homologous RANBP9-CTLH complex. Cumulatively, biochemical and structural data 241 
revealed that RANBP9 and RANBP10 can assemble in distinct homologous CTLH complexes 242 
capable of activating UBE2H-dependent ubiquitin transfer activity. More broadly, CTLH may 243 
represent a larger family of E3 ligase complexes generated by assembly of different variable 244 
members with invariable core scaffold subunits. 245 
 246 
Catalytically inactive CTLH E3 complexes and UBE2H deficiency cause deregulated 247 
proteome dynamics 248 
To investigate potential functional roles of CTLH E3 complex assemblies and UBE2H in 249 
erythroid cells, we edited HUDEP2 cell lines with CRISPR-Cas9 to disrupt either UBE2H or 250 
MAEA (Figure 4 supplemental figure 1A and 1B). Presumably, deletion of MAEA, the 251 
enzymatic subunit in all CTLH E3 assemblies, will result in a complete loss of all CTLH 252 
complex E3 ligase activities. As terminal erythropoiesis is characterized by a stage-dependent 253 
proteome remodelling (Figure 1 supplemental figure 1)(Gautier et al., 2016; Karayel et al., 254 
2020), we first assessed how UBE2H and MAEA deficiency might alter the global proteome. 255 
Global proteomic analysis of undifferentiated parental, UBE2H-/- (clone 13), and MAEA-/- 256 
(clone 3-1) HUDEP2 cells identified 6,210 unique proteins in total (Figure 1 supplemental 257 
figure 1C and 1D and supplemental table 2) (Student t-test with FDR<0.05 and S0=0.1). We 258 
found that 18% (1,170) and 6.5% (404) of all proteins were significantly changed in UBE2H-/- 259 
vs. parental and MAEA-/- vs. parental comparisons, respectively (Students t-test with FDR<0.05 260 
and S0=0.1)(Figure 4A and 4B). Notably, 271 of these proteins were differentially changed in 261 
both, a MAEA- and UBE2H-dependent manner (Figure 4C). These included several erythroid-262 
specific proteins including haemoglobin subunits (HBD, HBG2, and HBM) and Band3 263 
(SLC4A1) in both comparisons indicating an erythroid-typical remodelled proteome (Figure 264 
4D). In Gene Ontology (GO) enrichment analysis proteins associated with annotations related 265 
to erythropoiesis such as ‘haemoglobin complex’ and ‘oxygen binding’ were significantly 266 
enriched in both MAEA-/- and UBE2H-/- cells compared to parental cells (Figure 4E). Next, we 267 
turned to network analysis of physically interacting or functionally associated proteins that were 268 
significantly up-regulated in both MAEA-/- and UBE2H-/- cells compared to parental. 269 
Overrepresentation analysis revealed significant enrichment of protein networks involved in 270 
terms including ‘haemoglobin-haptoglobin complex’ and ‘regulation of erythrocyte 271 
differentiation’ (Benjamini Hochberg, FDR 5%) (Figure 5F). Consistent with accelerated 272 
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erythroid maturation, we detected a 3-6-fold higher levels of cellular heme compared to parental 273 
cells in lysates of MAEA-/- and UBE2H-/- cells (Figure 4G). To test the temporal nature of the 274 
proteome changes, we obtained and compared differentiation time-specific proteomes (day 0 275 
to day 12) of parental and MAEA-/- (clone 3-1) cells (Figure 1 supplemental figure 1C and 276 
Figure 4 supplemental figure 2A and 2B). The five distinct temporal stages of erythroid 277 
differentiation clustered separately by principal component analysis (PCA) with high 278 
consistencies between the three biological replicates (Figure 4H). Remarkably, parental versus 279 
MAEA-/- clusters progressively diverged up to differentiation day 6 and remained separated to 280 
day 12, suggesting a MAEA-dependent proteome remodelling at early stages of differentiation 281 
(Figure 5H). PCA analysis based on 28 erythroid-specific marker proteins (Figure 4I) revealed 282 
that the separation of parental versus MAEA-/- cluster was pronounced even at early 283 
differentiation time points day 0 (Figure 4J). In fact, the MAEA-/- cluster at day 0 shows a closer 284 
correlation with the parental cluster at day 3 than day 0. Together, UBE2H-/- and MAEA-/- cells 285 
are characterized by enhanced proteome-wide changes towards an erythroid-specific proteome 286 
signature. 287 
 288 
MAEA and UBE2H deficiency cause aberrant erythroid differentiation 289 
The deregulated proteome landscapes of UBE2H-/- and MAEA-/- cells indicate a functional role 290 
of UBE2H-CTLH modules in the initiation of erythroid differentiation of progenitors and/or 291 
the progression through erythropoiesis. First, we used K562 cells as a surrogate erythroid cell 292 
model that expresses erythroid markers, including CD235a/GYPA and haemoglobins upon 293 
treatment with the pan histone deacetylase inhibitor Na-butyrate (NaB) (Andersson et al., 294 
1979). We generated K562 UBE2H-/- and MAEA-/- cells by CRISPR-Cas9 editing (Figure 5A 295 
and Figure 4 supplemental figure 1B). Parental and knock out cell lines were either mock or 296 
NaB-treated and erythroid differentiation was assessed by CD235a/GYPA surface expression 297 
via flow cytometry. At baseline cell conditions (mock) MAEA-/- and UBE2H-/- lines showed 298 
increased CD235a/GYPA positive (CD235a+) cells comparable to NaB-treated parental cells 299 
(Figure 5B and Figure 5 supplemental figure 1C). Furthermore, immunoblot analysis 300 
showed increased CD235a/GYPA expression in whole cell lysates of MAEA-/- and UBE2H-/- 301 
lines treated at low dose of NaB suggesting that MAEA and UBE2H deficiency might promote 302 
erythroid differentiation (Figure 5C). To further substantiate the observation, we expanded the 303 
analysis to MAEA- and UBE2H-deficient HUDEP2 cell lines. Flow cytometry analysis revealed 304 
an elevated proportion of CD235+ cells in clones lacking MAEA (cl3-1 and cl23) or UBE2H 305 
(cl13 and cl16), indicating spontaneous erythroid maturation in expansion medium (Figure 5E 306 
and 5F). Next, we induced erythroid differentiation for three days and evaluated erythroid 307 
markers CD49d (Integrin alpha 4) and Band3 (SLC4A1). Each MAEA-/- and UBE2H-/- clone 308 
showed higher CD49d+/Band3+ cell populations compared to parental HUDEP2, indicating 309 
either precocious or accelerated maturation (Figure 5E and 5G). To determine whether MAEA-310 
/- and UBE2H-/- cells mature faster compared to controls, we sorted Band3- cells to generate 311 
“synchronous” non-differentiated populations prior to differentiation. CD49d+/Band3+ 312 
measurement after day 4 confirmed an accelerated maturation in the absence of UBE2H or 313 
MAEA (Figure 5H and 5I). Taken together, the data suggest that UBE2H and MAEA 314 
deficiencies share the common defects of spontaneous erythroid differentiation of cells while 315 
propagated in expansion media and accelerated initial stages of erythroid maturation. 316 
 317 
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Cellular abundance of UBE2H is coupled to functional MAEA 318 
Evidence for a regulatory relationship between UBE2H and MAEA during erythropoiesis was 319 
provided by an unexpected observation that UBE2H protein levels are dependent on MAEA. 320 
Proteomics and immunoblot analyses showed consistently lower UBE2H levels in K562 and 321 
HUDEP2 MAEA-/- cell lines (Figure 4D and Figure 5A and 5D). Moreover, differentiating 322 
MAEA-/- cells failed to express increased UBE2H protein levels at terminal maturation stages 323 
(day 9 and 12) (Figure 6A). UBE2H mRNA levels, however, were not significantly different 324 
between parental and MAEA-/- cells at day 9 of differentiation (Figure 6B), indicating that 325 
transcriptional regulation of UBE2H is not affected. We next expanded our analysis to the K562 326 
cells (Figure 6C). Parental and knock-out K562 cell lines were ether treated with NaB to induce 327 
erythroid-like or with 12-O-Tetradodecanoyl-phorbol-13 acetate (TPA, chemical activator of 328 
PKC kinase) to induce megakaryocyte-like differentiation (Tabilio et al, 1983). Both, NaB and 329 
TPA efficiently induced UBE2H protein levels in parental cells suggesting that UBE2H 330 
regulation is not restricted to erythroid differentiation (Figure 6D and 6E). In contrast, MAEA-331 
/- cells had constitutively less and only marginally induced UBE2H protein levels in response 332 
to NaB or TPA. Ectopic expression of Myc-tagged MAEA in MAEA-/- cells rescued UBE2H 333 
protein levels, confirming that the presence of MAEA is critical for maintaining UBE2H protein 334 
levels (Figure 6 supplemental figure 1A). Notably, cells either lacking CTLH’s substrate 335 
receptor GID4 or subunits of the supramolecular module, WDR26 and MKLN1, showed 336 
UBE2H abundance and regulation similar to parental cells (Figure 6D, 6E, and Figure 6 337 
supplemental figure 1D). The assessment of UBE2H mRNA levels revealed no significant 338 
difference of NaB-induced UBE2H transcription between parental and MAEA-/- cells (Figure 339 
6F). 340 
 341 
To further investigate the mechanism that underlies regulation of UBE2H protein level and 342 
stability we first asked whether UBE2H is targeted by proteasomal degradation. K562 parental 343 
and MAEA-/- cells were mock or NaB-treated followed by a time course treatment with 344 
proteasomal inhibitor (MG132). Whereas MG132 treatment for 2 hours had only a modest 345 
effect on UBE2H levels, 6-24 hours exposure resulted in an increasing stabilisation of UBE2H 346 
in MAEA-/- cells (lane 6 and 8) matching levels of parental cells (lane 2 and 4) (Figure 6G and 347 
6H). Notably, NaB-induced UBE2H levels are comparable to 24 hours MG132 treated parental 348 
cells. Second, we asked whether MAEA activity is required for UBE2H abundance and 349 
stability. To this end, we studied the MAEA Y394A mutation (MAEA-Y394A) that abolishes 350 
activity of the Cat-module in vitro (Sherpa et al., 2021), but maintains binding capacity to 351 
UBE2H in immune precipitation (IP) experiments (Figure 6 supplemental figure 1B and 1C). 352 
Ectopic expression of Flag-tagged MAEA-Y394A in MAEA-/- cells revealed no rescued 353 
UBE2H protein levels, whereas wild type MAEA expression resulted in a significant increase 354 
of UBE2H abundance (compare lane 7 and 8) (Figure 6I). Hence, association with MAEA is 355 
itself not sufficient to maintain UBE2H protein levels, but rather the catalytic activity of MAEA 356 
is required. Overall, we conclude that UBE2H protein levels are coupled to the presence of 357 
active MAEA and are controlled by differentiation-induced transcription and post-358 
transcriptionally by proteasomal degradation. 359 
 360 
DISCUSSION 361 
 362 
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We demonstrate here that in-depth analysis of dynamic proteome profiles obtained from 363 
different in vitro reconstituted erythropoiesis systems is an effective method to uncover 364 
differentiation stage-dependent expression of protein and protein complexes with functional 365 
roles in erythropoiesis. We observed that UBE2H and CTLH E3 complex assemblies form co-366 
regulated E2-E3 modules required for erythropoiesis. Importantly, distinct protein profiles of 367 
the CTLH subunit homologues RANBP9 and RANBP10, suggest a remodelling of CTLH 368 
complex and the presence of stage-dependent CTLH assemblies. 369 
 370 
The activity and substrate specificity of multi-subunit E3 ligases are generally regulated by the 371 
control of complex subunit assembly. One of the best studied E3 ligase complexes are members 372 
of the CRL family which engage interchangeable substrate receptor/adapter complexes for 373 
substrate-specific ubiquitylation. Substrate receptor assembly is kept in a highly dynamic state 374 
(Reitsma et al, 2017; Straube et al, 2017), whereby specific expression of substrate receptors 375 
in response to external and internal cellular cues, as well as in a cell-type and tissue specific 376 
way, allows the formation of CRLs for selective and efficient client substrate ubiquitylation 377 
(Gupta et al, 2013; McGourty et al, 2016; Ravenscroft et al, 2013). Recently, the activity of the 378 
multiprotein yeast GID (orthologue of human CTLH complex) was shown to be predominantly 379 
regulated by engaging interchangeable substrate receptors, which conceivably target distinct 380 
substrates for degradation (Chrustowicz et al, 2021; Kong et al, 2021; Liu & Pfirrmann, 2019; 381 
Melnykov et al, 2019; Shin et al, 2021)(Langlois et al. 2021 BioRxiv 382 
doi: https://doi.org/10.1101/2021.09.02.458684). However, the regulation of human CTLH 383 
activity via substrate receptor assembly is not well understood. Here we show that protein levels 384 
of GID4 – the only substrate receptor identified in higher eukaryotes – did not significantly 385 
change in the HUDEP2 differentiation system, suggesting that GID4 may not be the critical 386 
regulatory subunit of CTLH complex during erythropoiesis. In contrast, other CTLH subunits 387 
were significantly up or down regulated with correlating protein intensity profiles indicating 388 
distinct classes of CTLH assemblies. In particular, the homologues scaffold module subunits 389 
RANBP9 and RANBP10 displayed inverse expression profiles. As a consequence, non-390 
differentiated HUDEP2 cells preferentially assembled RANBP9-CTLH complexes, whereas 391 
differentiated cells showed increased levels of RANBP10-CTLH complexes. These complexes 392 
were formed independently in cells, and additional structural/biochemical characterization of 393 
recombinant complexes revealed overall similar architectures of catalytic and scaffold modules 394 
exerting E3 ligase activities in vitro with UBE2H. 395 
 396 
Despite the compelling evidence of distinct CTLH assemblies in differentiating erythroid cells, 397 
we can only speculate about the mechanism of assembly and remodelling of complex subunits. 398 
RANBP9 and RANBP10 are unlikely to exchange freely within the CTLH complexes given 399 
that both subunits form extended surface interactions with ARMC8 and TWA1 forming the 400 
core of the scaffold module (Sherpa et al., 2021). Indeed, depleting RANBP9 destabilized 401 
CTLH in cell lysates (Maitland et al, 2019). Hence, RANBP9 and RANBP10 are likely to 402 
assemble CTLH complexes de novo, dependent on their availability and expression profiles. 403 
Furthermore, we observed increased protein levels of RANBP10 in RANBP9-/- cells (and 404 
increased RANBP9 in RANBP10-/- cells), suggesting that the cellular stoichiometry of CTLH 405 
subunits allows a “compensatory” assembly of RANBP10-CTLH complexes. Importantly, our 406 
description of RANBP9-CTLH and RANBP10-CTLH complexes substantiate the notion that 407 
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CTLH complexes exist in multiple compositions and architectures thereby expanding the 408 
complexity of the CTLH E3 family (Sherpa et al., 2021). 409 
 410 
To determine the biological role of all possible CTLH complexes in erythropoiesis, we focused 411 
on MAEA knock-out cells. MAEA deficiency in K562 and HUDEP2 cells caused significantly 412 
lower protein amounts of RMND5a and UBE2H, suggesting the ubiquitin transfer activity of 413 
most - if not all - cognate UBE2H-CTLH modules was eliminated. Analysis of MAEA and 414 
UBE2H in HUDEP2 cells, that were cultured under expansion growing (non-differentiating) 415 
conditions, showed increased haemoglobinization and enrichment of erythroid marker proteins, 416 
resembling a spontaneously differentiated cell population. Hence, these knock out cells might 417 
be more susceptible to signals that promote erythropoiesis. Therefore, we reasoned that MAEA 418 
and UBE2H are required to maintain HUDEP2 cells in a dormant/quiescent progenitor stage. 419 
The in vitro reconstitution of erythropoiesis by the HUDEP2 system does not fully recapitulate 420 
in vivo erythropoiesis. However, our findings are supported by MAEA knock out studies in 421 
mice. Conditional MAEA deletion in murine haematopoietic stem cells (HSCs) impaired HSC 422 
quiescence, leading to a lethal myeloproliferative syndrome (Wei et al, 2021). The authors 423 
proposed a mechanism whereby the absence of MAEA leads to a stabilisation of several 424 
haematopoietic cytokine receptors causing prolonged intracellular signalling (Wei et al., 2021). 425 
A similar concept might apply to the observed phenotypes of HUDEP2 MAEA-/- cells. Besides 426 
overrepresentation of several erythroid plasma membrane proteins, these cells have increased 427 
TFRC (Transferrin receptor 1) levels, and hence, are potentially more responsive to 428 
extracellular ferritin, enabling increased heme and haemoglobin production. Furthermore, 429 
mouse studies, that either conditionally deleted MAEA in central macrophages of erythroblastic 430 
islands or in erythroid progenitors, have revealed abnormal erythroblast maturation in the bone 431 
marrow showing altered profiles with distinct accumulation of maturation stages (Wei et al., 432 
2019). This phenotype is, in part, recapitulated in MAEA- and UBE2H-deficient HUDEP2 cells 433 
by an apparent accumulation of early maturation stages. 434 
 435 
The functions of E2-E3 ubiquitylation modules are typically considered to be regulated via the 436 
E3 enzyme. However, E3 ubiquitylation involves different E2s which themselves can be 437 
regulated by multiple mechanisms (Stewart et al, 2016), such as modulation by 438 
transcriptional/translational control (Mejia-Garcia et al, 2015; Whitcomb et al, 2009; Ying et 439 
al, 2013). Apart from transcriptionally regulation of UBE2H in mammalian erythropoiesis 440 
(Lausen et al., 2010; Wefes et al., 1995), its Drosophila orthologue Marie Kondo (Kdo) was 441 
shown to be translationally upregulated upon oocyte-to-embryo transition (Zavortink et al, 442 
2020), suggesting that UBE2H levels are regulatory nodes in developmental processes of higher 443 
eukaryotes. In agreement with transcriptional upregulation of UBE2H mRNA in terminal 444 
erythroid maturation (Lausen et al., 2010), we observe a substantial increase in UBE2H protein 445 
at orthochromatic stages of differentiating HUDEP2 cells. Surprisingly, absence of MAEA 446 
caused reduced protein but not mRNA levels of UBE2H, suggesting a MAEA-dependent post-447 
transcriptional mode of regulation. A MAEA mutant that still can bind UBE2H, but is defective 448 
in E3 ligase activity, does not efficiently rescue UBE2H levels in MAEA-/- cells. Therefore, in 449 
the absence of an active CTLH complex, UBE2H might become an “orphan” E2, which is 450 
subsequently targeted for proteasomal degradation. To our knowledge, UBE2H-CTLH is the 451 
first E2-E3 module described whereby E2 levels are coupled to the activity of the cognate E3.  452 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 18, 2022. ; https://doi.org/10.1101/2022.01.18.476717doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.18.476717
http://creativecommons.org/licenses/by-nc/4.0/


 12 

 453 
Cumulatively, our work features a mechanism of developmentally regulated E2-E3 454 
ubiquitylation modules, which couples remodelling of multi-protein E3 complexes with 455 
cognate E2 availability. This mechanism assures assembly of distinct erythroid maturation 456 
stage-dependent UBE2H-CTLH modules, required for the orderly progression of human 457 
erythropoiesis, thus establishing a paradigm for other E2-E3 modules involved in development 458 
processes. 459 
 460 
 461 
MATERIALS AND METHODS 462 
 463 
HUDEP2 and K562 cell culture and manipulation 464 
HUDEP2 cells were cultured as described (Kurita et al., 2013). Immature cells were expanded 465 
in StemSpan serum free medium (SFEM; Stem Cell Technologies) supplemented with 50 ng/ml 466 
human stem cell factor (hSCF) (R&D, ‘7466-SC-500), 3 IU/ml erythropoietin (EPO) (R&D, 467 
#287-TC-500), 1 µm dexamethasone (Sigma, #D4902), and 1µg/ml doxycycline (Sigma, 468 
#D3072). Cell densities were kept within 50x103-0.8x106 cells/ml and media replaced every 469 
other day. To induce erythroid maturation, HUDEP2 cells were cultured for three days (phase 470 
1) in differentiation medium composed of IMDM base medium (GIBCO) supplemented with 471 
2% (v/v) FCS, 3% (v/v) human serum AB-type, 3 IU/ml EPO, 10 µg/ml insulin, 3 U/ml heparin, 472 
1 mg/ml holo-transferrin, 50 ng/ml hSCF, and 1 µg/ml doxycycline, followed by 9 days (phase 473 
2) in differentiation medium without hSCF. Erythroid differentiation and maturation were 474 
monitored by flow cytometry (LSRFortessa, BD Biosciences), using PE-conjugated anti-475 
CD235a/GYPA (BD Biosciences, clHIR2, #555570), FITC conjugated anti-CD49d (BD 476 
Biosciences, cl9F10, #304316), and APC-conjugated anti-Band3/SLC4A1 (gift from Xiulan 477 
An lab, New York Blood Centre) and analysed with FlowJo software. 478 
The erythroleukemia cell lines K562 was obtained from ATCC (CCL-243TM) and cultured in 479 
IMDM (GIBCO) supplemented with 10% (v/v) FCS (GIBCO) and antibiotics (100 U/ml 480 
penicillin, 0.1 mg/ml streptomycin, GIBCO), and regularly checked for the absence of 481 
mycoplasma contamination. To induce erythroid-like differentiation, K562 cells were treated 482 
with 0.3 mM or 0.6 mM Na-butyrate (NaB, Millipore) for 24 hrs, and megakaryocyte-like 483 
differentiation was induced with 10 nM or 50 nM 12-O-Tetradodecanoyl-phorbol-13 acetate 484 
(TPA, Sigma) for 24 hrs. Where indicated, cells were treated with 10 µM proteasome inhibitor 485 
MG132 (Sigma) for different time phases. 486 
 487 
Plasmid preparation and mutagenesis 488 
The cDNAs for MAEA and UBE2H, corresponding to the canonical UniProt sequences, were 489 
obtained from human cDNA library (Max-Planck-Institute of Biochemistry). 3xFlag- and 490 
6xMyc-tagged constructs, using pcDNA5-FRT/TO as parental vector, were generated by 491 
classic recombinant cloning methods. Mutant versions of MAEA and UBE2H were prepared 492 
by the QuickChange protocol (Stratagene). All coding sequences were verified by DNA 493 
sequencing. 494 
 495 
K562 cell transfections, generation of CRISPR-Cas9 knock out cell lines 496 
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K562 cells were transformed by electroporation with Nucleofector Kit V (Bioscience, Lonza) 497 
according to the manufacturer’s protocol. Briefly, 1 x 106 cell were harvested, washed once 498 
with 1xPBS (at room temperature), resuspended in 100µl Nucleofector solution, and mixed 499 
with 5 µg plasmid DNA. After electroporation, cells were recovered in 3 ml medium and 500 
cultured for 48 hrs. For immune precipitation (IP) experiments, three electroporation reactions 501 
with 1 x 106 cells were done in parallel, transformed cells pooled and cultured for 48hrs. 502 
MAEA-/-, MKLN1-/-, and WDR26-/- knock out cell lines were described previously (Sherpa et al., 503 
2021). To generate CRISPR-Cas9-(D10A) nickase-mediated functional knock outs of UBE2H, 504 
paired sense and anti-sense guide RNAs (gRNA) were designed to target exon 2 of UBE2H 505 
(Figure 4 Supplemental figure 1B). Sense and antisense gRNAs were cloned into pBABED-506 
U6-Puromycine plasmid (gift from Thomas Macartney, University of Dundee, UK) and pX335-507 
Cas9(D10a) (Addgene) (Cong et al, 2013), respectively. The plasmid pair was co-transfected 508 
into K562 cells using Lipofectamine LTX reagent (Invitrogene) according to the 509 
manufacturer’s protocol. Twenty-four hours after transfection, cells were selected in 2 µg/ml 510 
puromycin for two days, followed by expansion and single cell dilution to obtain cell clones. 511 
Successful knock out of UBE2H was validated by immunoblot analysis and genomic 512 
sequencing of the targeted locus (Figure 4A and figure 4 Supplemental figure 1B). 513 
 514 
Generation of CRISPR-Cas9-edited HUDEP2 knock out cell lines 515 
To generate CRISPR-Cas9-(D10A) nickase-mediated functional knock outs of UBE2H in 516 
HUDEP2 cells, the same gRNA pair as described for the K562 knock out cell line has been 517 
used. For the functional knock outs of MAEA, RANBP9, and RANBP10 paired sense and anti-518 
sense guide RNAs (gRNA) were designed to target exon 2 (MAEA), exon1 (RANBP9), and 519 
exon 7 (RANBP10) (Figure 2 Supplemental figure 1 and Figure 4 Supplemental figure 520 
1A). The plasmid pairs were co-electroporated into HUDEP2 cells using Nucleofector Kit 521 
CD34+ (Bioscience, Lonza) according to the manufacturer’s protocol. Twenty-four hours after 522 
transfection, cells were selected in 2 µg/ml puromycin for two days, followed by expansion and 523 
single cell dilution to obtain cell clones. Cell densities were kept below 0.6 x 106 cells/ml 524 
throughout the process. Successful knock outs were validated by immunoblot analysis and 525 
genomic sequencing of targeted loci (Figure 2C and 4D, Figure 2 Supplemental figure 1, 526 
and Figure 4 Supplemental figure 1A and 1B). 527 
 528 
Cell lysate preparation, immunoblot analysis, fractionation by sucrose density gradient, 529 
immunoprecipitation 530 
To generate K562 and HUDEP2 cell lysates, cells were harvested by centrifugation at 360 x g, 531 
washed once with ice-cold 1xPBS, and resuspended in lysis buffer (40 mM HEPES pH7.5, 120 532 
mM NaCl, 1mM EGTA, 0.5% NP40, 1mM DTT, and Complete protease inhibitor mix (Roche), 533 
and incubated on ice for 10 min. Cells were homogenized by pushing them ten times through a 534 
23G syringe. The obtained lysates were cleared by centrifugation at 23,000 x g for 30 min at 535 
4°C, and protein concentration was determined by Micro BCA-Protein Assay (Thermo 536 
Scientific, # 23235). 537 
For immunoblot analysis lysates were denatured with SDS sample buffer, boiled at 95°C for 5 538 
min, separated on SDS PAGE, and proteins were visualized by immunoblotting using indicated 539 
primary antibodies: RMND5a (Santa Cruz), MAEA (R&D systems), RANBP9 (Novus 540 
Biologicals), RANBP10 (Invitrogen, #PA5-110267), TWA1 (Thermo Fisher), ARMC8 (Santa 541 
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Cruz), WDR26 (Bethyl Laboratories), MKLN1 (Santa Cruz), YPEL5 (Thermo Fisher), GID4 542 
(described in (Sherpa et al., 2021)), CD235a/GYPA (Abcam), HBD (Cell-Signaling), HBG1/2 543 
(Cell-Signaling), and Flag (Sigma). Antibodies that recognize UBE2H were generated by 544 
immunizing sheep with GST-UBE2H (full length). Blots were developed using Clarity Western 545 
ECL Substrate (BioRad) and imaged using Amersham Imager 600 (GE Lifesciences). For 546 
quantitation described in Figure 6H, immunoblots from at least three biological repetitions 547 
were scanned with an Amersham Biosciences Imager 600 (GE Healthcare) and analyzed using 548 
ImageJ software. 549 
For the sucrose gradient fractionation, 3 mg of total protein were loaded on to of a continues 550 
5%-40% sucrose gradient (weight/volume in 40 mM HEPES pH7.5, 120 mM NaCl, 1mM 551 
EGTA, 0.5% NP40, 1mM DTT, and Complete protease inhibitor mix (Roche)) and centrifuged 552 
in a SW60 rotor at 34,300 rpm for 16 hours at 4°C. Thirteen 300 µl fractions were collected 553 
from top of the gradient, separated by SDS-PAGE, followed by immunoblotting using indicated 554 
antibodies. 555 
Flag-tagged proteins were captured from 1 mg total cell lysate using anti-Flag affinity matrix 556 
(Sigma) for 1 hour at 4°C. For immunoprecipitation of endogenous proteins, 50 µg of antibody 557 
(ARMC8 or UBE2H) was incubated overnight with 4 mg of cell lysate at 4°C. In all, 30 µl of 558 
Protein-G agarose (Sigma) was added and the reaction was incubated for a further 2 hours. All 559 
immunoprecipitation reactions were washed in lysis buffer to remove non-specific binding, 560 
immunoadsorbed proteins eluted by boiling in reducing SDS sample buffer, separated by SDS-561 
PAGE followed by immunoblotting using indicated antibodies. 562 
 563 
Nanobody production 564 
Phage display selections: Purified human RANBP9-CTLH complex was coated on 96-well 565 
MaxiSorp plates by adding 100 µL of 1 µM proteins and incubating overnight at 4°C. Five 566 
rounds of phage display selections were then performed following standard protocols (Tonikian 567 
et al, 2007). The phage-displayed VH library used was reported before (Nilvebrant & Sidhu, 568 
2018). Individual phage with improved binding properties obtained from round 4 and round 5 569 
are identified by phage ELISA and subjected to DNA sequencing of the phagemids to obtain 570 
VH sequences. Phage ELISA with immobilized proteins were performed as described before 571 
(Zhang et al, 2016). 572 
Cloning and protein purification: The nanobody cDNA was cloned into a vector containing 573 
either a C-terminal His tag (used for cryo-EM experiments) or an N-terminal GST tag (used for 574 
in vivo pulldown assays). The nanobody expression was carried out using BL21 pRIL cells and 575 
was purified from E. coli using either a Ni-NTA or a glutathione affinity chromatography, 576 
followed by size exclusion chromatography (SEC) in the final buffer containing 25 mM HEPES 577 
pH 7.5, 200 mM NaCl and 1 mM DTT. 578 
 579 
Determination of heme in cell lysates 580 
HUDEP2 cell lines in proliferation media were allowed to grow to a maximum cell density of 581 
0.8x106 / ml in 12-Well plates. Cells were counted by an automated cell counter (Luna II, Logos 582 
Biosystems) before they were collected by centrifugation for 3 min, 300 x g. Cell pellets of 583 
1.5x106 cells were flash frozen in liquid nitrogen and stored at -80°C until further use. Cells 584 
were lysed in ice-cold HEPES-Triton-Lysis buffer (40 mM HEPES pH 7.5, 120 mM NaCl, 1 585 
mM EDTA, 1 % Triton X-100, and cOmplete protease inhibitor (Roche)) with 1 µl of Lysis 586 
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buffer per 104 cells and kept on ice for 5 min. Cell lysates were cleared by centrifugation for 20 587 
min, at 21000 x g at 4 °C and carefully transferred into new tubes. A second centrifugation step 588 
and transfer was performed to remove lipid residues. Protein concentration was determined by 589 
Micro BCA-Protein Assay (Thermo Scientific, # 23235). Lysate samples were diluted to 1 590 
µg/µl with DPBS (GIBCO) and spectra analyses were done with 1.5 µl on a Nanodrop 591 
Spectrophotometer (Implen, NP80). The wavelength scans with peak maxima around 414 nm 592 
correspond to globin bound heme in differentiated HUDEP2 cell supernatants (Ghosh et al, 593 
2018). 594 
 595 
RNA isolation and RT-qPCR 596 
Cells were treated with indicated concentrations of Sodium butyrate (NaB) and TPA, 597 
respectively. 10x106 cells were lysed in 1 ml Trizol (ThermoScientific, #15596018). 200 µL 598 
chloroform (FisherChemical, C496017) was added and samples were vigorously mixed. For 599 
phase separation, samples were then centrifuged at 10000x g for 10 min at 4°C. Subsequently, 600 
400 µl of the upper clear phase were transferred into a new tube containing 500 µL isopropanol, 601 
mixed and incubated for 30min on ice, followed by centrifugation at 10000x g at 4°C for 10 602 
mins. Pellet was washed once with 500 µl 70% ethanol and resuspended in RNase free water 603 
(Invitrogen, 10977-035). Samples were stored at -80°C until analysis. cDNA was generated 604 
using SuperScript IV First Strand Synthesis System (Invitrogen, 18091050) according to the 605 
manufacturer’s protocol. For qRT-PCR, cDNA, primers and SsoAdvanced Universal SYBR 606 
Green Supermix (BioRad, 1725274) were mixed and run on a CFX96 Touch Deep Well Real 607 
Time PCR System (Biorad) as per manufacturer’s protocol. Following forward/reverse primer 608 
pairs were used: for GAPDH 5’ GTTCGACAGTCAGCCGCATC / 5’ 609 
GGAATTTGCCATGGGTGGA; UBE2H 5’ CCTTCCTGCCTCAGTTATTGGC / 5’ 610 
CCGTGGCGTATTTCTGGATGTAC; GYPA 5’ ATATGCAGCCACTCCTAGAGCTC / 5’ 611 
CTGGTTCAGAGAAATGATGGGCA. Data was analyzed with BioRad CFX Manager using 612 
GAPDH for normalization. 613 
 614 
Protein expression and purification 615 
The human RANBP10- and RANBP9-CTLH (TWA1-ARMC8-MAEA-RMND5A with either 616 
RANBP10 or RANBP9) complexes were purified from insect cell lysates using StrepTactin 617 
affinity chromatography, followed by anion exchange chromatography and size exclusion 618 
chromatography (SEC) in the final buffer containing 25 mM HEPES pH 7.5, 200 mM NaCl 619 
and 5 mM (for Cryo EM) or 1 mM DTT (for biochemical assays). N terminal GST-tagged 620 
version of hGid4(D1-99) and UBE2H were expressed in bacteria and purified by glutathione 621 
affinity chromatography followed by overnight cleavage using tobacco etch virus (TEV) 622 
protease. Further purification was carried out by anion exchange chromatography followed by 623 
size exclusion chromatography (SEC) in the final buffer containing 25 mM HEPES pH 7.5, 624 
200 mM NaCl and 1 mM DTT. To obtain saturated RANBP10-CTLH complex with hGid4 for 625 
cryo EM analysis, it was added in 2-fold excess to TWA1-ARMC8-MAEA-RMND5A-626 
RANBP10 before final SEC. 627 
Untagged WT ubiquitin used for in vitro assays was purified via glacial acetic acid method 628 
(Kaiser et al, 2011), followed by gravity S column ion exchange chromatography and SEC. 629 
 630 
Ubiquitylation assay 631 
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The in vitro multi-turnover ubiquitylation assays with RANPB9-CTLH or RANBP10-CTLH 632 
complexes were performed using a C-terminally fluorescent-tagged model peptide with an N-633 
terminal hGID4-interacting sequence PGLW and a single lysine placed at the 23rd or 27th 634 
position from the N terminus. The reaction was started by mixing 0.2 µM Uba1, 1 µM Ube2H, 635 
0.5 µM RANBP9-TWA1-ARMC8-RMND5A-MAEA or RANBP10-TWA1-ARMC8-636 
RMND5A-MAEA complex,1 µM hGid4, 1 µM fluorescent model peptide substrate and 20 µM 637 
Ub. The reaction was quenched in sample loading buffer at different timepoints and visualized 638 
by scanning the SDS-PAGE in the Typhoon Imager (GE Healthcare). 639 
 640 
Analytical SEC for RANBP10- and RANBP9-CTLH complexes 641 
To see if the RANBP10 and RANBP9 complexes assemble and migrate at similar molecular 642 
weight range, analytical size exclusion chromatography was performed in a Superose 6 column 643 
(GE Healthcare) which was fitted to the Thermo Scientific Vanquish HPLC system. The 644 
column was equilibrated with 25 mM Hepes 7.5, 150 mM NaCl and 5 mM DTT and a 60 µl 645 
each of 10 µM purified RANBP10/TWA1/ARMC8/hGid4/RMND5A/MAEA and 646 
RANBP9/TWA1/ARMC8/hGid4/RMND5A/MAEA complexes were run through the HPLC 647 
system consecutively. The SEC fractions obtained were analyzed with Coomassie-stained SDS-648 
PAGE. 649 
 650 
Cryo EM sample preparation and processing 651 
Cryo EM grids were prepared using Vitrobot Mark IV (Thermo Fisher Scientific) maintained 652 
at 4°C and 100% humidity. 3.5 µl of the purified RANBP10-CTLH (RANBP9-TWA1-653 
ARMC8-RMND5A-MAEA-hGid4) complex at 0.6 mg/ml was applied to Quantifoil holey 654 
carbon grids (R1.2/1.3 300 mesh) that were glow-discharged separately in Plasma Cleaner. 655 
After sample application grids were blotted with Whatman no. 1 filter paper (blot time: 3 s, blot 656 
force: 3) and vitrified by plunging into liquid ethane.  657 
 658 
For the nanobody bound RANBP9-CTLH complex, the purified nanobody was first mixed to 659 
the RANBP9-CTLH complex and ran on size exclusion chromatography. The peak fraction 660 
was then concentrated and prepared for Cryo-EM using the same approach as mentioned above. 661 
 662 
Both the Cryo EM data were collected on a Talos Arctica transmission electron microscope 663 
(Thermo Fisher Scientific) operated at 200 kV, equipped with a Falcon III (Thermo Fisher 664 
Scientific) direct electron detector, respectively. The data collection was carried out using EPU 665 
software (Thermo Fisher Scientific). 666 
 667 
The Cryo EM data processing was carried out with Relion (Fernandez-Leiro & Scheres, 2017; 668 
Scheres, 2012; Zivanov et al, 2018). For processing the micrographs, frames were first motion-669 
corrected using Relion’s own implementation of MotionCor like algorithm by Takanori Nakane 670 
followed by contrast transfer function estimation using CTFFind 4.1. Particles were auto-671 
picked using Gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/) using a template of 672 
RANBP9-CTLHSR4 (EMDB: EMD-12537). The extracted particles were subjected to several 673 
rounds of 2D classification and 3D classification followed by auto-refinement without and with 674 
a mask. To improve the quality of maps obtained for RANBP10-CTLH complex, a focused 3D 675 
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classification without particle alignment was performed with a mask over CTLHSRS. The best 676 
class with most features were chosen and auto-refinement with mask over the CTLHSRS was 677 
performed followed by post-processing. 678 
 679 
MS-based proteomics analysis of HUDEP2 samples 680 
Cell pellets were lysed in SDC buffer (1% sodium deoxycholate in100 mM Tris pH 8.5) and 681 
then heated for 5 min at 95°C. Lysates were cooled on ice and sonicated for 15 min at 4°. 682 
Protein concentration was determined by Tryptophan assay as described in (Kulak et al, 2014) 683 
and equal amount of proteins were reduced and alkylated by 10 mM TCEP and 40 mM 2-684 
Chloroacetamide, respectively, for 5 min at 45°C. Proteins were subsequently digested by the 685 
addition of 1:100 LysC and Trypsin overnight at 37°C with agitation (1,500 rpm). Next day, 686 
around 10 µg of protein material was processed using an in-StageTip (iST) protocol (Kulak et 687 
al., 2014). Briefly, samples were at least 4-fold diluted with 1% trifluoro-acetic acid (TFA) in 688 
isopropanol to a final volume of 200 µL and loaded onto SDB-RPS StageTips (Empore). Tips 689 
are then washed with 200µL of 1% TFA in isopropanol and 200µL 0.2% TFA/2% ACN 690 
(acetonitrile). Peptides were eluted with 80 µl of 1.25% Ammonium hydroxide (NH4OH)/80% 691 
ACN and dried using a SpeedVac centrifuge (Concentrator Plus; Eppendorf). MS loading 692 
buffer (0.2% TFA/2%ACN (v/v)) was added to the dried samples prior to LC-MS/MS analysis. 693 
Peptide concentrations were measured optically at 280 nm (Nanodrop 2000; Thermo Scientific) 694 
and subsequently equalized using MS loading buffer. Approximately, 300-500 ng peptide from 695 
each sample was analyzed using a 100 min gradient single shot DIA method.  696 
 697 
LC-MS/MS analysis and data processing 698 
Nanoflow LC-MS/MS measurements were carried out on an EASY-nLC 1200 system (Thermo 699 
Fisher Scientific) coupled to the Orbitrap instrument, namely Q Exactive HF-X and a nano-700 
electrospray ion source (Thermo Fisher Scientific). We used a 50 cm HPLC column (75 µm 701 
inner diameter, in-house packed into the tip with ReproSil-Pur C18-AQ1.9 µm resin (Dr. 702 
Maisch GmbH)). Column temperature was kept at 60°C with an in-house developed oven.  703 
Peptides were loaded in buffer A (0.1 % formic acid (FA) (v/v)) and eluted with a linear 80 min 704 
gradient of 5–30 % of buffer B (80 % acetonitrile (ACN) and 0.1% FA (v/v)), followed by a 4 705 
min increase to 60 % of buffer B and a 4 min increase to 95 % of buffer B, and a 4 min wash 706 
of 95% buffer B at a flow rate of 300 nl/min. Buffer B concentration was decreased to 4% in 4 707 
min and stayed at 4% for 4 min. MS data were acquired using the MaxQuant Live software and 708 
a data-independent acquisition (DIA) mode (Wichmann et al, 2019). Full MS scans were 709 
acquired in the range of m/z 300-1,650 at a resolution of 60,000 at m/z 200 and the automatic 710 
gain control (AGC) set to 3e6. Full MS events were followed by 33 MS/MS windows per cycle 711 
at a resolution of 30,000 at m/z 200 and ions were accumulated to reach an AGC target value 712 
of 3e6 or an Xcalibur-automated maximum injection time. The spectra were recorded in profile 713 
mode. 714 
The single shot DIA runs of HUDEP2 samples were searched with direct DIA (dDIA) mode in 715 
Spectronaut version 14 (Biognosys AG) for final protein identification and quantification. All 716 
searches were performed against the human SwissProt reference proteome of canonical and 717 
isoform sequences with 42,431 entries downloaded in July 2019. Carbamidomethylation was 718 
set as fixed modification and acetylation of the protein N-terminus and oxidation of methionine 719 
as variable modifications. Trypsin/P proteolytic cleavage rule was used with a maximum of two 720 
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miscleavages permitted and a peptide length of 7–52 amino acids. A protein and precursor FDR 721 
of 1% were used for filtering and subsequent reporting in samples (q-value mode).  722 
 723 
Bioinformatics data analysis 724 
We mainly performed data analysis in the Perseus (version 1.6.0.9 and 1.6.1.3) (Tyanova et al, 725 
2016). Protein intensities were log2-transformed for further analysis. Data sets were filtered to 726 
make sure that identified proteins showed expression in all biological triplicates of at least one 727 
experimental group and the missing values were subsequently replaced by random numbers 728 
that were drawn from a normal distribution (width = 0.3 and down shift = 1.8). PCA of 729 
experimental groups and biological replicates was performed using Perseus. Multi-sample test 730 
(ANOVA) for determining if any of the means of experimental group was significantly different 731 
from each other was applied to protein data set. For truncation, we used permutation-based 732 
FDR which was set to 0.01 or 0.05 in conjunction with an S0-parameter of 0.1. For hierarchical 733 
clustering of significant proteins, median protein abundances of biological replicates were z-734 
scored and clustered using Euclidean as a distance measure for row and/or column clustering. 735 
Gene Ontology (GO) enrichments in the clusters were calculated by Fisher’s exact test using 736 
Benjamini-Hochberg FDR for truncation. Mean log2 ratios of biological triplicates and the 737 
corresponding P-values were visualized with volcano plots and significance was based on a 738 
FDR < 0.05 or 0.01. Network representation of significantly regulated proteins was performed 739 
with the STRING app (1.5.1) in Cytoscape (3.7.2). 740 
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FIGURES 960 
 961 
 962 

 963 
 964 
Figure 1. In-depth proteome profiling reveals stage-dependent expression of UBE2H and 965 
CTLH complex subunits in erythropoiesis. A) Cartoon indicating key features of mammalian 966 
erythropoiesis. B) Heat map of z-scored protein abundance (log2 DIA intensity) of differentially 967 
expressed E2 enzymes in differentiated HUDEP2 cells. C) Heat map of z-scored protein 968 
abundance (log2 DIA intensity) of differentially expressed E2 enzymes in differentiated CD34+ 969 
cells. D) HUDEP2 cells were differentiated in vitro and analysed by immunoblotting with 970 
indicated antibodies. E) CD34+ cells were differentiated in vitro, cell populations enriched by 971 
FACS and analysed by immunoblotting with indicated antibodies. F) Heat map of z-scored 972 
protein abundance (log2 DIA intensity) of differentially expressed CTLH complex subunits in 973 
differentiated HUDEP2 cells. G) Heat map of z-scored protein abundance (log2 DIA intensity) 974 
of differentially expressed CTLH complex subunits in differentiated CD34+ cells. 975 
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 977 
 978 
Figure 2. RANBP9 and RANBP10 assemble in distinct CTLH E3 complexes. A) HUDEP2 979 
cell lysates from differentiation day 0 and day 6 were separated on sucrose gradients, and 980 
fractions analysed by immunoblotting with indicated antibodies. B) Immunoprecipitation (IP) 981 
of HUDEP2 cell lysates from differentiation day 0 and day 6 with IgG control (mock) and 982 
ARMC8-specific nanobody, and immunoblot analysis with indicated antibodies. C) 983 
Immunoblots of lysates of HUDEP2 parental, RANBP9-/-, and RANBP10-/- cells probing for 984 
RANBP9 and RANBP10. Actin serves as loading control. D) Sucrose gradient fractionation of 985 
HUDEP2 cell lysates from RANBP9-/- or RANBP10-/- knock out lines, fractions were analysed 986 
by immunoblotting with indicated antibodies. 987 
  988 
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 989 
 990 
Figure 3. RANBP9 and RANBP10 form homologous CTLH E3 complexes that promote 991 
ubiquitin transfer in cooperation with UBE2H. A) Chromatograms (top) and Coomassie-992 
stained SDS PAGE gels (bottom) from size exclusion chromatography of recombinant 993 
RANBP10-CTLHSR4 and RANBP9-CTLHSR4 complexes. B) Cryo-EM map of RANBP10-994 
CTLHSR4 (left) and RANBP9-CTLHSR4 (EMD:12537) (right) with Cat-module and SRS-995 
module indicated. C) Focused refined map of the RANBP10-CTLH SRS-module with coloured 996 
subunits: ARMC8, purple; TWA1, salmon; hGid4, red; RANBP10 SPRY-domain, green; D) 997 
Immunoprecipitation (IP) from HUDEP2 cell lysates with IgG control and UBE2H-specific 998 
antibody and immunoblot analysis. E) Immunoprecipitation (IP) from K562 cell lysates with 999 
IgG control and UBE2H-specific antibody and immunoblot analysis. IgG light chain (IgG-LC), 1000 
IgG heavy chain (IgG-HC). F) Fluorescence scan of SDS-PAGE gels presenting time course 1001 
of in vitro ubiquitylation assay with fluorescently-labelled model substrate peptide PGLW(X)n-1002 
23K with lysine at position 23 (pep*), in the presence of UBE2H, RANBP10-CTLH or 1003 
RANBP9-CTLH, and GID4. 1004 
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Figure 4. Catalytically inactive CTLH E3 complexes and UBE2H deficiency cause 1007 
deregulated proteome dynamics. A) Volcano plots of p-values (-log10) versus protein 1008 
abundance (log2) differences between parental and UBE2H-/-cl13 cells with erythroid marker 1009 
proteins highlighted in red. B) Volcano plots of p-values (-log10) versus protein abundance 1010 
(log2) differences between parental and MAEA-/-cl3-1 cells with erythroid marker proteins 1011 
highlighted in red. C) Overlap between proteins with abundance differences of UBE2H-/- versus 1012 
parental and MAEA-/- versus parental comparisons. D) Proteins with abundance differences 1013 
(log2) of UBE2H-/- versus parental blotted against proteins with abundance differences (log2) 1014 
MAEA-/- versus parental comparisons. Commonly enriched proteins are highlighted (top right 1015 
quadrant). E) Gene Ontology (GO) enrichment analyses of up-regulated protein in MAEA-/- 1016 
versus parental and UBE2H-/- versus parental comparisons performed using Fisher’s exact test 1017 
(Benjamini-Hochberg, FDR 5%). F) Overrepresentation analysis revealed the significant 1018 
enrichment of protein networks (Benjamini-Hochberg, FDR 5%) based on physically 1019 
interacting or functionally associated proteins which were significantly up-regulated in both 1020 
MAEA-/- and UBE2H-/- versus parental cells. G) Spectra of cleared cell lysates of indicated cell 1021 
lines showing Soret absorbance peak at 414 nm corresponding to heme-bound haemoglobins 1022 
(left). Relative Soret absorbance peak intensity calculated from spectra of cleared cell lysates 1023 
of indicated cell lines. Results are mean ± SD of n=3 experiments. H) Principal Component 1024 
Analysis (PCA) of erythroid differentiation stages (day 0, green; day 3, purple; day 6, orange; 1025 
day 9, blue; day 12, brown) of HUDEP2 parental (par) and MAEA-/-cl3-1 (∆M) cell lines with 1026 
their biological replicates based on expression profiles of all quantified proteins. I) Heat map 1027 
of z-scored protein abundance (log2 DIA intensity) of differentially expressed erythroid marker 1028 
proteins in differentiating HUDEP2 parental and MAEA-/-cl3-1 cells. J) PCA as in H), but 1029 
based on expression profiles of selected erythroid marker proteins in I). 1030 
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 1032 
 1033 
Figure 5. MAEA and UBE2H deficiency cause aberrant erythroid differentiation. A) 1034 
Immunoblots of lysates of K562 parental, MAEA-/-cl1-1, UBE2H-/-cl1-5 cells probing for 1035 
MAEA and UBE2H. Actin serves as loading control. B) Graph shows fraction of CD235a-1036 
expressing K562 parental, MAEA-/-cl1-1, UBE2H-/-cl1-5 cells in the presence of Na-butyrate 1037 
(NaB) or mock treated. Error bars represent mean ±STDEV of n=3 biological replicates. C) 1038 
Immunoblot analysis of cell lysates from K562 parental, MAEA-/-cl1-1, UBE2H-/-cl1-5 treated 1039 
with 0, 0.3, or 0.6 mM NaB for 24 hrs. Anti-GYPA/CD235a antibody detects variant forms of 1040 
glycosylated GYPA. Actin serves as loading control. D) Immunoblots of lysates of HUDEP2 1041 
parental, MAEA-/-, and UBE2H-/- knock out clones probing for MAEA and UBE2H. Actin 1042 
serves as loading control. E) Flow cytometry blots of indicated HUDEP2 cell lines showing 1043 
CD235a (top) and CD49d/Band3 (bottom) expression in expansion growing media condition 1044 
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(top) or day 3 after induced erythroid differentiation (bottom). F) Quantitation of E) with graph 1045 
showing fraction of CD235a+ cells. Error bars represent mean ± SD of n=2 to 5 biological 1046 
replicates. G) Quantitation of E) with graph showing fraction of CD49d+/Band3+ cells. Error 1047 
bars represent mean ± SD of n=2 to 4 biological replicates. H) Indicated HUDEP2 cell lines, 1048 
cultured in expansion media, were sorted for CD49d+/Band3- (flow cytometry blots, top) 1049 
followed by induction of erythroid maturation. Flow cytometry blots of indicated HUDEP2 cell 1050 
lines showing CD49d/Band3 expression at day 4 after induced erythroid maturation. I) 1051 
Quantitation of H) with graph showing fraction of CD49d+/Band3+ cells. Error bars represent 1052 
mean ± SD of n=2 biological replicates. 1053 
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Figure 6. Cellular abundance of UBE2H is coupled to functional MAEA. A) HUDEP2 1056 
parental and MAEA-/- (clone 3-1 and 11) cells were differentiated in vitro and analysed by 1057 
immunoblotting to detect UBE2H protein levels. B) mRNA determination by RT-qPCR of 1058 
HUDEP2 parental and MAEA-/-cl3-1 cells at differentiation stage day 9. Results (normalized 1059 
to GAPDH) are mean ± SD of n=2 experiments. C) K562 cell can be either induced with Na-1060 
butyrate (NaB) for erythroid-like differentiation, or induced with 12-O-Tetradodecanoyl-1061 
phorbol-13 acetate (TPA) for megakaryocyte-like differentiation. D) K562 parental and knock 1062 
out cell lines were treated with NaB for 24 hrs and analysed by immunoblotting with indicated 1063 
antibodies. E) K562 parental and knock out cell lines were treated with TPA for 24 hrs and 1064 
analysed by immunoblotting with indicated antibodies. F) K562 parental and MAEA-/-cl1-1 1065 
cell lines were treated with either NaB or TPA for 24 hrs, and UBE2H mRNA levels 1066 
determination by RT-qPCR. Results (normalized to GAPDH) are mean ± SD of n=6 to 8 1067 
experiments. G) K562 parental and MAEA-/-cl1-1 cell lines were mock or 0.6 mM NaB treated 1068 
for 24 hrs, followed by 2, 6, and 24 hours proteasome inhibition with 20 µM MG132 and 1069 
immunoblot analysis of cell lysates for UBE2H. Actin serves as protein loading control. H) 1070 
Quantitation of UBE2H immunoblot signals from G) normalized to Actin and relative to 1071 
parental mock values. Graph shows results by mean ± SD of n=3 to 5 experiments. I) K562 1072 
parental and MAEA-/-cl1-1 cells were mock, empty vector, Flag-MAEA wildtype (WT), or 1073 
mutated Flag-MAEA-Y394A (Y394A) transfected and cell lysates were analysed for UBE2H 1074 
protein levels by immunoblotting. J) Model indicating stage-dependent CTLH complex 1075 
assemblies coupled with UBE2H abundance required in erythropoiesis. 1076 
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