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Erythropoietic Defect Associated with Reduced Cell Proliferation in
Mice Lacking the 26S Proteasome Shuttling Factor Rad23b
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Rad23a and Rad23b proteins are linked to nucleotide excision DNA repair (NER) via association with the DNA damage recogni-
tion protein xeroderma pigmentosum group C (XPC) are and known to be implicated in protein turnover by the 26S protea-
some. Rad23b-null mice are NER proficient, likely due to the redundant function of the Rad23b paralogue, Rad23a. However,
Rad23b-null midgestation embryos are anemic, and most embryos die before birth. Using an unbiased proteomics approach, we
found that the majority of Rad23b-interacting partners are associated with the ubiquitin-proteasome system (UPS). We tested
the requirement for Rad23b-dependent UPS activity in cellular proliferation and more specifically in the process of erythropoie-
sis. In cultured fibroblasts derived from embryos lacking Rad23b, proliferation rates were reduced. In fetal livers of Rad23b-null
embryos, we observed reduced proliferation, accumulation of early erythroid progenitors, and a block during erythroid matura-
tion. In primary wild-type (WT) erythroid cells, knockdown of Rad23b or chemical inhibition of the proteasome reduced sur-
vival and differentiation capability. Finally, the defects linked to Rad23b loss specifically affected fetal definitive erythropoiesis

and stress erythropoiesis in adult mice. Together, these data indicate a previously unappreciated requirement for Rad23b and

the UPS in regulation of proliferation in different cell types.

ammalian orthologues of the yeast RAD23 gene, Rad23a and

Rad23D, play a role in two distinct processes, nucleotide ex-
cision DNA repair (NER) and the ubiquitin-proteasome system
(UPS) (1-3). The role of Rad23a and Rad23Db in these processes
has been inferred from characterization of knockout mice, as well
as extrapolations from yeast studies (4-7).

NER is a genome maintenance pathway responsible for repair-
ing a wide variety of DNA bulky lesions, including those induced
by sunlight (8). Rad23p was first identified in yeast after mutant
screening for UV sensitivity and was shown to be implicated in
NER (4). In mammals, a trimeric complex consisting of xero-
derma pigmentosum group C (XPC), CEN2, and either RAD23A
or RAD23B (9) recognizes distortions in the DNA helix caused by
bulky lesions. After damage recognition, other NER factors are
recruited to complete the cut-and-patch-type repair (10, 11). The
role of Rad23b in NER is to stabilize Xpc and to facilitate effective
loading of Xpc on DNA lesions (5).

The UPS performs controlled protein degradation by the or-
chestrated targeting, ubiquitin labeling, and degradation of pro-
teins in such diverse processes as signal transduction, cell cycle
control, apoptosis, antigen presentation, and DNA repair (12—
17). Ubiquitylation of proteins occurs by the sequential action of
an ubiquitin activation enzyme (E1), a conjugation enzyme (E2),
aligase (E3), and in some cases a polyubiquitin chain conjugation
enzyme (E4). The Rad23 family proteins function in the UPS to
bind and shuttle polyubiquitylated proteins to the 26S protea-
some where actual degradation occurs, although it has also been
reported to protect proteins from degradation (1, 2). Rad23 pro-
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teins harbor two ubiquitin-binding (UBA) domains capable of
binding size-restricted polyubiquitin chains of 4 to 6 moieties (18,
19) and an amino-terminal ubiquitin-like (UBL) domain that in-
teracts with the 26S proteasome. In yeast, substrates targeted to
the proteasome for degradation by Rad23 include the G, cyclin-
Cdk inhibitor Farlp, the S Cdk inhibitor Siclp, the delta-9 fatty
acid desaturase Olelp, the 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase isozyme Hmg2p, and unsaturated fatty
acid synthesis transcription factor Spt23p (21-23). Rad23 activity
is partially redundant with the polyubiquitin-binding proteo-
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somal subunit Rpn10p and the UBL- and UBA-containing Dsk2p
(22, 24, 25). Proteasomes isolated from rad23A yeast have greatly
reduced proteasome activity toward synthetic polyubiquitylated
substrates, while 20S peptidase activity per se is not affected (23).

Although Rad23a-null mice are born normally (5), Rad23b-
null mice are born at sub-Mendelian ratios (approximately 10%
of expected) (6). Surviving mice suffer from facial dysmorpholo-
gies and exhibit male sterility. Rad23b-null midgestation embryos
are anemic. This condition develops from 12.5 days postcoitum
(dpc) onwards, is still present at 15.5 dpc, and might partly ac-
count for the embryonic lethality observed. However, the few sur-
viving Rad23b-null mice do not suffer from anemia (6), suggest-
ing a transient defect. Rad23b-null mice with only one Rad23a
allele display a more severe anemia and die at 14.5 dpc; Rad23a/
Rad23b double-knockout (KO) mice are the most severely af-
fected and die at 8.5 dpc (5). Although embryonic fibroblasts de-
rived from double-KO animals are deficient in NER (5), Rad23a
or Rad23Db single-KO fibroblasts are NER proficient (5, 6). Taken
together, these data suggest that Rad23a and Rad23b have over-
lapping functions in NER but that Rad23a can only partially com-
plement Rad23b in non-NER-related functions, including fetal
erythropoiesis.

Erythropoiesis is the process by which erythroid cells are
formed. There are two consecutive waves of erythropoiesis in
mammals: primitive and definitive (26). In the mouse, primitive
erythropoiesis starts in the yolk sac at 7.5 dpc. Primitive erythroid
cells are released nucleated to the embryonic bloodstream, where
they divide and eventually enucleate from 8.0 to 15.0 dpc (26).
Definitive erythropoiesis starts around 11 dpc in the fetal liver and
moves to the spleen and later to the bone marrow, which remain
the adult sites of hemato/erythropoeisis. Proliferation and termi-
nal differentiation are tightly linked in definitive erythropoiesis.
Proerythroblasts, which are committed erythroid progenitors,
proceed through four differentiation cell divisions, followed by
enucleation and finally maturation of reticulocytes into erythro-
cytes (27). This process requires orchestrated protein synthesis
and degradation in order to produce the enormous amount of
hemoglobin (HCB) relative to the total protein content of the cell.
The product of definitive erythropoiesis, the enucleated erythro-
cyte, appears in the blood at 11.0 to 12.0 dpc and gradually re-
places primitive erythroid cells by 16.0 dpc.

Here, we tested the hypothesis that Rad23b deficiency in mam-
mals would cause a malfunction in proteasomal degradation due
to the poor recognition/delivery of ubiquitylated proteins to the
proteasome, resulting in the observed midgestation anemia. Al-
though the anemia is likely to contribute to the high rate of em-
bryonic lethality, it is not the only process that is affected by
Rad23b deficiency. Since Rad23 targets in yeast include cell cycle
regulatory proteins (21), we anticipated that Rad23b deficiency in
mammals would also impact general cellular proliferation. To test
this hypothesis, we used an unbiased proteomics approach to
identify interacting partners of Rad23b and functional assays in
Rad23b-null embryos and cells to test the effects of Rad23b deple-
tion on cellular proliferation and erythropoiesis.

MATERIALS AND METHODS

Mice. Rad23b-null mice were generated previously and crossed into the
C57BL/6 background (6). Matings were set with heterozygous Rad23b-
null mice, and embryos were collected at 11.5 dpc to 13.5 dpc. Embryonic
blood and fetal liver single-cell suspensions were prepared as described
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previously (28), and cell counts were determined in an electronic cell
counter (CASY-1; Schirfe Systems).

In vivo transplantation and stress erythropoiesis assay. Wild-type
(WT) or Rad23b-null embryos at 12.5 dpc were isolated, fetal livers were
dissected and dissociated as previously described (29), and PCR genotyp-
ing was performed on a piece of tail. Intravenous injection of total fetal
liver cells (from male WT or Rad23b-null embryos) into irradiated adult
WT female recipients (C57BL/6) was performed as previously described
(30). Recipient mice received a split dose of 9 Gy of gamma irradiation
("37Cs source) prior to injection of 0.1 or 0.5 embryo equivalents (ee) of
fetal liver cells together with 2 X 10° spleen cells (recipient background) to
promote short-term survival. Blood obtained at 1 month posttransplan-
tation was used for semiquantitative PCR against a donor cell marker
(Ymt) to calculate the percentage of donor contribution relative to a stan-
dard curve of DNA control dilutions (from 0 to 100%). Recipients with
chimerism of greater than 50% were used for further analysis. Phenylhy-
drazine (PHZ) treatment was performed as described previously (31). All
animal experiments were approved by the animal ethics and welfare com-
mittee of Erasmus MC.

Cell culture. Fetal liver-derived single-cell suspensions were cultured
either in hanging drops or in suspension as described previously (31, 32),
in the presence of 0.5 M carboxyfluorescein diacetate succinimidyl ester
(CESE) (Invitrogen) or 5 uM MGI132 (proteasome inhibitor; Sigma)
when specified. The relative cell division was calculated by dividing the
CFSE mean fluorescence intensity (MFI) at the beginning of the culture by
the CFSE MFI at collection. Burst-forming unit erythroid (BFUe) colony
assays were performed as previously described (31-33).

The mouse I/11 proerythroblast cell line was cultured as described
previously (32). For proliferation assays, I/11 cells were cultured in the
presence of 5 uM, 0.5 uM, or 0.05 uM MG132 (proteasome inhibitor;
Sigma) or 5 wM, 0.5 wM, or 0.05 WM PS341 (proteasome inhibitor; Bio-
Vision) when specified and collected at days 1, 2, and 3 after treatment.
For differentiation assays, I/11 cells were treated with the same concen-
trations of proteasome inhibitors at day 0 (start of the differentiation
culture) and at day 1 or at day 2 after inducing differentiation and were
analyzed every 24 h until day 3 of differentiation.

Mouse embryonic fibroblasts (MEFs) were generated as described
previously (34). For serial passaging, cultures were trypsinized at ~80%
confluence, reseeded at a density of 3 X 10° cells/10-cm dish, and main-
tained at either 3% or 20% oxygen tension. For low- versus high-seeding-
density experiments, cells were seeded at an initial density of 2.5 X10°
(low) or 3.75 X 10° (high) cells/10-cm dish and cultured in a 3%0,—
5%CO, incubator. Acute-sensitivity assays were performed by seeding
40,000 cells per well of a six-well plate in duplicate and then treating them
the next day with UV light, gamma irradiation, or heat. Cells were
trypsinized and counted in a Coulter counter before the cells in the un-
treated control wells reached confluence.

Generation of Rad23b-YFP-FLAG embryonic stem cells and cul-
ture. Bacterial artificial chromosome (BAC) clone RP23-302N23, span-
ning 200 kb of genomic mouse C57BL/6 sequence including the entire
Rad23blocus, was ordered from the BACPAC Resource Center (BPRC) at
Children’s Hospital Oakland Research Institute (Oakland, CA, USA). A
yellow fluorescent protein (YFP)-FLAG-LoxP cassette was inserted into
the stop codon of the Rad23b gene using RecA-mediated recombination
in Escherichia coli (35). A kanamycin/neomycin gene driven by the dual
bacterial/mammalian gb2/Pgk promoter and flanked by LoxP sites was
inserted in the SacB gene of the BAC vector using A Red-mediated recom-
bination (36). Two Rad23b-YFP-FLAG 129 embryonic stem (ES) cell
clones, F11 and B11, were selected for further experiments based on
construct integrity (as analyzed by Southern blotting and fluorescent
in situ hybridization [FISH]) and YFP expression (as measured by flow
cytometry). Both had a correct karyotype and 2 and 3 tandem copies,
respectively, of the transgene. ES cells were cultured as described pre-
viously (5, 6).
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Flow cytometry. Flow cytometry analysis was performed on fresh sin-
gle-cell suspensions. Antibodies used were annexin V-fluorescein isothio-
cyanate (FITC), cKit-phycoerythrin (PE), cKit-PECy7, CD9-allophyco-
cyanin (APC), CD71-FITC, and Ter119-PE (all from BD Biosciences).
Intracellular staining of Gatal was done using the CytoFix/CytoPerm kit
(BD Biosciences) with the antibodies Gatal N6 (Santa Cruz) and anti-rat—
FITC (Dako). 7-Aminoactinomycin D (7AAD), propidium iodide, or
Hoechst-33342 (Molecular Probes, Invitrogen) was used to distinguish
dead cells. For prospective isolation of erythroid cells during differentia-
tion, 13.5-dpc fetal liver cells were stained with cKit, CD71, and Ter119
and sorted in the following populations: early (Ter119~ CD117%
CD717), maturing (CD117~ CD717" Ter119"), and mature (CD117~
CD717 Ter1197). Circulating blood cells at 13.5 dpc were stained with
Ter119 and CD9, and enucleated primitive cells were gated as Ter119™
CDY9™ SSC'. Cell cycle analysis was done by staining 5 X 10° cells fixed
in 75% ethanol (EtOH) with 8 g propidium iodide plus 80 g RNase in
400 w1 0.1% Triton X-100—phosphate-buffered saline (PBS). Cell sorting
was performed in a FACSAria I, and measurements were performed in a
FACScan (Becton, Dickinson Immunocytometry Systems). Data analysis
was done using FlowJo software (version 9).

Western blotting. Equal numbers of cells (4 X 107 cells/ml) were lysed
with 2X Laemmli buffer (4% SDS, 20% glycerol, 10% 2-mercaptoetha-
nol, 0.004% bromophenol blue, and 0.125 M Tris HCI, pH 6.8). Antibod-
ies included those against Gatal N6 (Santa Cruz) and mono- and polyu-
biquitinylated proteins (FK2 Enzo Life Sciences) and secondary
antibodies conjugated to horseradish peroxidase (Dako). Blots were de-
veloped with enhanced chemiluminescence (ECL) as described by the
manufacturer (GE Healthcare).

Immunoprecipitation and mass spectrometry. ES cells expressing
Rad23b-YFP-FLAG were lysed in radioimmunoprecipitation assay plus
(RIPA+) buffer (50 mM Tris [pH 8], 1 mM EDTA, 150 mM NaCl, 1%
NP-40, 0.25% sodium deoxycholate, 10% glycerol, protease inhibitors,
0.1 mM dithiothreitol [DTT]) on ice. Cleared extracts were incubated
with anti-FLAG beads (M2; Sigma A2220) for 3 h at 4°C, washed in
RIPA+ bulffer, and eluted with 3XFLAG peptide (Sigma F4799) for 15
min on ice. Eluates were analyzed by Western blotting and Coomassie
blue and silver staining and concentrated by trichloroacetic acid (TCA)
precipitation if necessary before analysis by mass spectrometry (MS) as
previously described (37). I/11 and fetal liver cells were lysed in RIPA+
buffer, and endogenous Rad23b and binding partners were coimmuno-
precipitated using Rad23b antibody (Abcam) and protein A-magnetic
beads (Dynabeads; Invitrogen) following the manufacturer’s guidelines.

Nanoflow liquid chromatography-tandem MS (LC-MS/MS) was per-
formed on an 1100 series capillary LC system (Agilent Technologies) cou-
pled to an LTQ-Orbitrap mass spectrometer (Thermo). Peak lists were
automatically created from raw data files using the Mascot Distiller soft-
ware (version 2.1; MatrixScience). The Mascot search algorithm (version
2.2; MatrixScience) was used for searching against the NCBInr database
(release NCBInr 20070812). The Mascot score cutoff value for a positive
protein hit was set to 60. Individual peptide MS/MS spectra with Mascot
scores below 40 were checked manually and either interpreted as valid
identifications or discarded. Typical contaminants, also present in immu-
nopurifications using beads coated with preimmune serum or antibodies
directed against irrelevant proteins, were omitted. Data were filtered,
compared, and analyzed with Ingenuity Pathway Analysis (Ingenuity Sys-
tems) in order to obtain a list of Rad23b-interacting partners common to
both clones. This list was compared with two previously published sets of
proteasome-interacting proteins (38, 39) to assess the percentage of
known proteasome-interacting proteins among the Rad23b-interacting
protein list. A graphic depiction of interacting partners was obtained with
the Pathway tool from Ingenuity Pathway Analysis and edited with Adobe
lustrator CS4. Gene ontology (GO) classification was performed using
Ensembl/Biomart. A similar procedure was followed to analyze Rad23b
immunoprecipitations from erythroid cells.
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Downregulation of Rad23b and Ubc in I/11 cells. The mouse 1/11
proerythroblast cell line was generated previously, and the cells were cul-
tured as described previously (32). TRC short hairpin RNA (shRNA) li-
brary (Sigma, St. Louis, MO, USA) clones TRCN0000127119 (R1),
TRCN0000127120 (R2), TRCN0000127121 (R3), TRCN0000127122
(R4), and TRCN0000127123 (R5) were used for knockdown of Rad23b,
and TRCN0000098655 (U1), TRCN0000098656 (U2), TRCN0000098657
(U3), TRCN0000098658 (U4), and TRCN0000098659 (U5) were used for
knockdown of Ubc. Lentivirus production was done as described previ-
ously (40). I/11 cells were transduced, and at 2 days after transduction the
cells were grown in the presence of 1 pug/ml puromycin for 4 days. Cul-
tures with verified Rad23b or Ubc downregulation were used for analysis.

qPCR. Total RNA (1 pg) was converted to cDNA using SuperScript I
reverse transcriptase according to the manufacturer’s instructions (Invit-
rogen, Carlsbad, CA, USA). Expression levels of mRNAs were analyzed by
quantitative real-time PCR (qPCR) with LightCycler SYBR green I PCR
master mix on a LightCycler carousel-based system (both from Roche
Applied Science). All reactions were performed in duplicate. Gene expres-
sion levels were calculated with the 27247 method (41). Target gene
expression was normalized to Gapdh/Hprt expression. Primers used were
as follows: Rad23b, 5'-ATGGCAACACTGGATAATGGC-3" and 5'-TGT
GAAGCAGCAACGATGAC-3'; Rad23a, 5'-GGAACCTGACGAGACGG
TAA-3" and 5'-TGCCAGCATAGATGAGTTTCTG-3'; Xpc¢, 5'-GGAGG
ATGATGAAGCGTTTC-3" and 5'-GCTGTCGGCAGATGCTATT-3';
Ubc, 5'-AGGTCAAACAGGAAGACAGACGTA-3" and 5'-TCACACCC
AAGAACAAGCACA-3"; Uba52, 5'-ATTGAGCCATCCCTTCGTC-3'
and 5'-CACTTCTTCTTGCGGCAGT-3'; Cenbl1, 5'-ACCAGAGGTGGA
ACTTGCT-3" and 5'-CGGGCTTGGAGAGGGATTAT-3'; Ccnb2, 5'-A
CACCAGTTCCCAAATCCG-3" and 5'-AAGAAGTGAAGTGGCAAAG
GTC-3'; Gapdh, 5'-CCTGCCAAGTATGATGACAT-3" and 5'-GTCCTC
AGTGTAGCCCAAG-3'; and Hprt, 5'-AGCCTAAGATGAGCGCAAG
T-3" and 5'-ATGGCCACAGGACTAGAACA-3'.

Statistical analysis. Two-tailed t tests were performed as indicated.

Proteasome activity. Briefly, fluorescence-activated cell sorter
(FACS)-sorted cells were washed with PBS, resuspended in 50 mM Tris
HCI, and lysed by sonication for 5 s. Protein lysates were incubated with
the substrate Suc—Leu-Val-Tyr—7-amino-4-methylcoumarin (AMC)
(Boston Biochem), and AMC liberated from the substrate by proteasome
activity was determined by measuring AMC fluorescence (Glomax Multi
Promega) using a filter set with excitation at 365 nm and emission at 410
to 460 nm.

RESULTS

Rad23-null embryos are anemic as a result of impaired defini-
tive erythropoiesis. Embryos from heterozygous Rad23b*’~
crosses were collected at 11.5 dpc and 13.5 dpc for analysis.
Rad23b-null embryos within their yolk sacs were paler (data not
shown) and had a smaller fetal liver than WT littermates at 13.5
dpc, while their overall size was slightly smaller but within the
normal range (Fig. 1A). We observed reduced cell counts in the
source of definitive erythropoiesis, i.e., the fetal liver (Fig. 1B), and
cytospin preparations of fetal liver cell suspensions showed that
mature erythroid cells are underrepresented in Rad23b-null fetal
livers (Fig. 1B). The anemia status was confirmed by embryonic
blood cell counts, which were consistently reduced in Rad23b-
null embryos relative to WT littermates at 13.5 dpc while being
normal at 11.5 dpc (Fig. 1C).

As embryonic blood at 13.5 dpc contains products of both
primitive and definitive erythropoiesis, we next looked at the ratio
of nucleated to enucleated erythrocytes in Rad23b-null embryos
and littermate controls (Fig. 1D). While the numbers of nucleated
and enucleated erythrocytes were equal in WT embryos (i.e., av-
erage ratio of 1), the ratio of enucleated to nucleated erythrocytes
was significantly lowered in Rad23b-null embryos due to a signif-
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FIG 1 Rad23b-null embryos at 13.5 dpc display anemia. (A) Representative pictures of WT and Rad23b-null (KO) embryos (upper two rows) with fetal livers
surrounded by red lines and of fetal livers (lower row). (B) Fetal liver total cell count. WT, n = 14; KO, n = 12. Cytospins of fetal liver cell suspensions are depicted.
Note the reduction of maturing cells in the KO sample. (C) Embryonic blood total cell countat 11.5 dpc (WT, n = 8; KO, n = 7) and 13.5 dpc (WT, n = 10; KO,
n = 8). (D) Analysis of 13.5-dpc embryonic blood. Upper left, ratio of enucleated to nucleated erythroid cells. Upper right, absolute number of nucleated blood
cells. Lower left, absolute number of enucleated blood cells. Lower right, absolute number of primitive enucleated blood cells, as calculated using flow cytometry.

SSC, side scatter. Asterisks indicate statistical significance.

icant reduction in the absolute number of enucleated blood cells
(Fig. 1D). Since in normal embryos at this stage, more than 80% of
the enucleated cells account for definitive erythroid cells (26, 42,
43), we conclude that the reduction in the ratio of enucleated to
nucleated cells is accounted for mainly by the absence of enucle-
ated definitive cells. In order to rule out a possible defect in the
enucleation of primitive erythrocytes, circulating red blood cells
were stained with Ter119 (present in all red blood cells) and CD9
(specific for primitive red cells). Differential exclusion of enucle-
ated primitive (Ter119" CD9* SSC'*") cells revealed normal enu-
cleation of primitive cells in Rad23b KO mice (Fig. 1D). Together,
these data suggest that the anemia in Rad23b-null embryos is
caused by a specific defect in definitive erythropoiesis.
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We next analyzed the erythroid compartment in the fetal liver
by flow cytometry. Staining with 7AAD revealed equal percent-
ages of live cells for the different genotypes (data not shown).
Staining fetal livers with cKit, a marker for hematopoietic stem
cells, early myeloid and erythroid progenitors, megakaryocytes,
and mast cells, showed a significant relative increase in the cKit*
live cell population in Rad23b-null fetal livers, while the absolute
numbers were slightly reduced (Fig. 2A). This suggests that colo-
nization of fetal livers by progenitor cells is not the main problem
affecting definitive erythropoiesis, but a blockade in subsequent
developmental steps might be.

Therefore, we set out to analyze the committed erythroid lin-
eage in fetal livers by staining with CD71 (transferrin receptor, a
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FIG 2 Defective definitive erythropoiesis in Rad23b-null embryos. (A) Representative flow cytometric analysis of cKit expression in fetal livers of WT and
Rad23b-null (KO) embryos. The percentage of live cKit™ cells is depicted in the contour plots of representative WT and KO livers. Absolute numbers (average
and standard deviation [SD] for WT [n = 14] and KO [n = 12]) are indicated in the table. (B) Flow cytometric analysis of CD71 and Ter119 expression in fetal
livers of WT and KO embryos. Populations I to IV represent subsequent stages during erythroid maturation (44). The percentage of live cells and the absolute
numbers are indicated in the table as average and SD (WT, n = 14; KO, n = 12). (C) Bar graphs representing burst-forming unit erythroid (BFUe) colony assays
and hanging-drop erythroid differentiation culture. Asterisks indicate statistical significance. (D) Western blot analysis of Gatal expression in fetal liver cells. The
same number of cells was used per lane. Coomassie blue staining is shown as loading control. (E) Flow cytometric analysis of intracellular Gatal expression in fetal
livers of WT and KO embryos. Populations I (FESC&" Gatal™&") and II (FSC'®™ Gatal'®™) represent subsequent stages during erythroid maturation. The
percentage of live cells and the absolute numbers are indicated in the table as average and SD (WT, n = 14; KO, n = 12).

marker for early erythroid progenitors) and Ter119 (a marker for
late erythroid cells). We classified erythroid populations I to IV in
order of maturation as described by Socolovsky et al. (44).
Rad23b-null fetal livers had increased relative numbers of ery-
throid progenitor cells (I). This was counterbalanced by a decrease
in more mature cells (IV) compared to those in WT littermates
(Fig. 2B). Absolute numbers revealed a normal contribution of
early erythroid committed progenitors (I) and a decrease in more
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mature cell types (I to IV) in Rad23b-null fetal livers. This is
consistent with a blockade during erythroid differentiation. To
test this possibility directly, we performed burst-forming unit ery-
throid (BFUe) colony assays. BFUe colonies from Rad23b-null
fetal livers were significantly reduced by 50% relative to those
from WT controls (Fig. 2C). Although their overall size was not
significantly different, a subset of Rad23b-null colonies was less
compact than WT (data not shown). To test the potential of later

mcb.asm.org 3883

1sanb Aq 810z ‘8 AeN uo /Bio wise gowy//:dny wolj papeojumog


http://mcb.asm.org
http://mcb.asm.org/

Bergink et al.

committed progenitors, we performed hanging-drop assays and
observed a reduction in the differentiation capacity of cultured
cells, as measured by the accumulation of intermediate maturing
cells, and reduction of mature cells (Fig. 2C). Furthermore, pro-
tein levels of the transcription factor Gatal were lowered (Fig.
2D), mainly due to a reduction in the number of Gatal™ cells as
measured by flow cytometry (Fig. 2E). Collectively, these data are
in concordance with the notion that in Rad23b-null embryos,
hematopoietic progenitors colonize fetal livers normally but are
unable to generate sufficient numbers of committed and late ery-
throid cells, resulting in anemia.

Characterization of the Rad23b interactome in ES cells and
erythroid cells. In order to elucidate non-NER related functions
of Rad23b, we performed an unbiased screen for Rad23b-interact-
ing partners. To this end, we generated embryonic stem (ES) cells
expressing a transgenic Rad23b-YFP-FLAG fusion protein and
performed FLAG affinity chromatography on RIPA extracts de-
rived from two independent Rad23b-YFP-FLAG-expressing
clones or WT ES cells lacking the transgene. Bound proteins,
eluted by FLAG peptide, were identified by mass spectrometry.
The common Rad23b interactome, defined by proteins enriched
at least 4-fold in Mascot score in eluted material from both trans-
genic clones compared to WT ES cells, is depicted in Fig. S1 in the
supplemental material. Based on Ingenuity Pathway Analysis and
Ensembl/Biomart GO term classification of the Rad23b-interact-
ing protein list, proteins were classified as either known protea-
some core constituents, known proteasome targets, or not previ-
ously described to interact with the proteasome. GO term
classification and Mascot scores for each entry are indicated in
Table S1 in the supplemental material.

In addition to the known interactions with Rad23a and Xpc, we
confirmed interactions with members of the UPS. In fact, UPS
members or related proteins and known targets accounted for
60% of the Rad23b interactome. Supporting this observation, In-
genuity Pathway Analysis reveals a predominance of the ubiqui-
tin-proteasome pathway (see Table S2 in the supplemental mate-
rial). Additional literature searches allowed classification of some
of the remaining entries, which are marked with a reference num-
ber linked to Table S3 in the supplemental material. These find-
ings strongly suggest that a role of Rad23b in the UPS rather than
DNA repair may be crucial for understanding the phenotype of
Rad23b-null mice.

We therefore pursued identification of binding partners of
Rad23b in erythroid cells, using an antibody suitable for immu-
noprecipitation of the endogenous protein followed by mass spec-
trometry analysis, in both I/11 cells under proliferation conditions
and fetal liver cells at 13.5 dpc. I/11 cells are an immortalized
erythroid cell line with the capacity to differentiate and enucleate
into mature erythrocytes upon stimulation with erythropoietin
(Epo) (32). We detected proteasome subunit members that have
been shown to directly interact with Rad23b (Psmcs and Psmds)
(see Fig. S2 in the supplemental material). In erythroid cells, UPS
members or related proteins and known targets accounted for
70% of the Rad23b interactome. Additional data from literature
searches, GO term classification, and Ingenuity Pathway Analysis
are shown in Tables S3 to S5 in the supplemental material. In
contrast to the case for the interactome of Rad23b in ES cells, we
coimmunoprecipitated with Rad23b a significant number of cell
cycle regulators (i.e., Cdks). This led us to investigate cell prolif-
eration in Rad23b-null cells.
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Rad23b-null cells show a proliferative defect. The interaction
of Rad23b with cell cycle regulators in erythroid cells and the
notion that yeast Rad23 substrates include G, and S cyclin-depen-
dent kinase inhibitors (21) pointed to a possible defect in cell cycle
control in Rad23b-null cells. To test this, we generated mouse
embryonic fibroblasts (MEFs) from 13.5-dpc embryos and main-
tained them in log-phase growth by serial passaging. We observed
a growth defect in multiple independent Rad23b-null MEF cul-
tures relative to growth of WT controls (Fig. 3A). MEFs cultured
at physiologic oxygen tension have reduced oxidative stress and
greater proliferative capacity than those cultured at atmospheric
oxygen tension (45). To exclude oxidative stress hypersensitivity
related to DNA repair deficiency of Rad23b-deficient MEFs being
causative of the proliferation defect, we cultured cells at 3% oxy-
gen. Despite an improved proliferative capacity at 3% versus 20%
oxygen, the difference in proliferation between WT and Rad23b-
null MEFs was similar at both oxygen tensions (Fig. 3A). Cell
density in vitro also influences growth rate; therefore, we repeated
the serial proliferation assay at 3% oxygen tension with two dif-
ferent seeding densities at each passage. Under these conditions,
the growth defect of Rad23b-null MEFs was density independent
(Fig. 3B). Finally, we tested the sensitivity of Rad23b-null cells to
acute genotoxic stress and heat shock. Consistent with previous
reports (5, 6), cells were not overtly sensitive to UV-C light, nor
were they hypersensitive to gamma irradiation, heat shock, or
proteasome inhibition (data not shown) (6). This suggests that the
proliferation defect of Rad23b-null cells is independent of geno-
toxic or heat shock responses and supports the notion that UPS
function is critical to the phenotype of Rad23b-null MEFs.

Since erythropoiesis is tightly coupled to cell proliferation, we
investigated whether the impaired differentiation we observed in
the Rad23b-null embryos could be due to a defect in proliferation.
Expansion of fetal liver progenitor cells in suspension cultures
under conditions favoring the proliferation of undifferentiated
erythroid cells (32) was consistent with a diminished proliferation
rate of Rad23b-null cells (Fig. 3C). To assess whether this is due to
areduced cell division rate, we performed hanging-drop differen-
tiation cultures of fetal liver cells previously stained with CFSE and
measured by flow cytometry the CFSE mean fluorescence inten-
sity (MFI) at the onset and 2 days after starting the cultures. This
revealed that at day 2, the Rad23b-null cells still displayed high
levels of CFSE, consistent with the notion that the reduction in cell
number is due to a defect in proliferation (Fig. 3D).

Rad23b and Ubc knockdown erythroid cells show a prolifer-
ative defect. To further substantiate these data, we tested the ef-
fects of Rad23b depletion in erythroid cells using lentiviral
shRNA-mediated knockdown in I/11 cells (32). We used several
Rad23b shRNA targeting constructs and a scrambled nontarget-
ing shRNA construct (Scr) as control.

After transduction with shRNA-expressing lentivirus and 4
days of puromycin selection, qPCR revealed an average 70% re-
duction of Rad23b expression levels (Fig. 4A). Equal numbers of
these cells were seeded and subjected to either proliferation or
differentiation conditions for 2 days. Knockdown of Rad23b by
either Rad23b shRNA targeting construct resulted in markedly
reduced cell numbers under both proliferation and differentiation
conditions (Fig. 4B and C). Importantly, under differentiation
conditions we failed to observe differentiating cells in Rad23b
knockdown samples as opposed to Scr control cells.

Cell cycle distribution analysis of propidium iodide-stained
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FIG 3 Proliferation defect in Rad23b-null cells. (A) Proliferation of WT and KO embryonic fibroblasts at 3% and 20% O, tension. (B) Proliferation of WT and
KO embryonic fibroblasts plated at low and high density upon serial passaging at 3% O, tension. (C) Expansion of WT and KO fetal liver erythroid cells cultured
under conditions that favor the proliferation of early erythroid progenitors, preventing their differentiation. (D) Hanging-drop CFSE erythroid differentiation
culture showing relative proliferation differences between WT and KO erythroid cells. Asterisks indicate statistical significance.

cells by flow cytometry indicated a significant reduction of Rad23b
knockdown cells in S phase and a trend toward accumulation in
G, under proliferation conditions (Fig. 4B). Both of these effects
were significant under differentiation conditions (Fig. 4C). This
result is concordant with previous studies, in which a delay in
G,/M cell cycle stage has been observed in Rad23 yeast mutants
(22, 46). Since terminally differentiating cells undergo G, arrest
prior to enucleation (47), the increase in G,-arrested cells may
provide, in part, an explanation for the observed inefficient termi-
nal erythroid differentiation.

It has been previously reported that loss of Ubc, an inducible
polymeric form of ubiquitin, results in fetal liver growth retarda-
tion and preterm mortality in mice, similar to the phenotype of
Rad23b-null mice (48). Ubc-null cells share the proliferative de-
fects and G,/M arrest that we observed in Rad23-null cells (48).
Therefore, we measured Ubc expression levels in Rad23 knock-
down cells. Interestingly, we found that these were reduced (Fig.
4A), and we performed Ubc knockdown experiments. We were
able to knock down Ubc levels to 50% of that of the Scr control
(Fig. 4A). We observed a proliferative defect that was more obvi-
ous under differentiation conditions (Fig. 4B and C), upon which
Ubc knockdown cells also failed to differentiate. These data are
substantiated by the aberrant morphology of Rad23b or Ubc
knockdown cultured cells as depicted in Fig. 4A (lower panels).
Under differentiation conditions, Rad23b and Ubc knockdown
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cells fail to undergo differentiation, as can be deduced from the
larger size of the knockdown cells than of Scr control cells.

In conclusion, these data show that the proliferation/differen-
tiation defect observed in erythroid cells from Rad23b-null mice is
cell intrinsic. Furthermore, although there are similarities in the
phenotype when comparing shRNA targeting of Rad23b and Ubc
in cultured erythroid cells, their functions appear not to overlap
completely.

UPS requirement at an early stage of erythroid differentia-
tion. To further test the requirement for proteasome function in
erythroid differentiation, we measured the effects of proteasome
inhibition on differentiation of WT fetal liver erythroid cells using
MG132, a peptide that saturates the proteasome machinery.
MG132 was added to hanging-drop cultures at day 0 or day 1, and
cultures were analyzed at day 1 or day 2. Western blot analyses
revealed an increase in mono- and polyubiquitinylated proteins and
a decrease in Gatal in the presence of MG132 within 1 day of culture
(Fig. 5A). Cultures treated with MG132 at the onset of the hanging-
drop cultures had 60% live cells after 1 day (T DO + 24 h) and only
30% live cells after 2 days (T DO + 48 h) (Fig. 5B). We noted that dead
cells were larger in MG132-treated cultures than in standard (ST)
cultures (Fig. 5B). Among the still-living cells, the cell size was not
decreased to the same extent after 2 days of culture as in untreated
cultures (Fig. 5B). These data are consistent with a requirement for
proteasome function in erythroid cell survival and differentiation.
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FIG 4 Intrinsic proliferation defect in Rad23b knockdown erythroid cells. (A) The relative fold enrichment (RFE) of cDNA expression as calculated by gPCR is
shown for Rad23b and Ubc. Several shRNA constructs were used to knock down Rad23b or Ubc, and control cells were transduced with a scrambled shRNA
lentivirus construct (Scr). P, proliferation conditions; D, differentiation conditions. Cytospins of knockdown cells under proliferation or differentiation
conditions are depicted in the lower panels. (B) Cell number (left) and cell cycle analysis (right) after 2 days under proliferation conditions, starting with 5 X 10°
cells. Rad23 knockdown (R KD) or Ubc knockdown (U KD) cells fail to proliferate and/or die compared to the cells transduced with a scrambled shRNA
lentivirus construct (Scr). Dead cells were scored as small cells (<4 wm) in the CASY cell counter, and percentages were confirmed by 7AAD staining and flow
cytometry (not shown). The average and SD are depicted for the 4 Rad23b shRNA lentivirus-transduced cells. (C) Cell number (left) and cell cycle analysis (right) after
2 days under differentiation conditions, starting with 5 X 10° cells. Rad23 knockdown (R KD) or Ubc knockdown (U KD) cells fail to proliferate and/or die compared
to the cells transduced with a scrambled shRNA lentivirus construct (Scr). Dead cells were scored as small cells (<4 um) in the CASY cell counter, and percentages were
confirmed by 7AAD staining and flow cytometry (not shown, 7ZAAD*). Differentiating cells were scored as smaller than 7 jum in the CASY cell counter, and percentages
were confirmed by flow cytometry (not shown, 7AAD ™~ FSC'°™). The average and SD are depicted for the Rad23b or Ubc shRNA lentivirus-transduced cells.

Interestingly, the percentage of live cells was not reduced to the
same extent when MG132 was added later during differentiation;
i.e., there were 79% live cells in cultures treated for 24 h after 1 day
differentiating in hanging drops (TD1 + 24 h) versus 60% live
cells in cultures treated for 24 h at the onset of setting the hanging
drops (T DO + 24 h) (Fig. 5B). This suggests that once cells start
differentiating, they are less sensitive to proteasome inhibition.

These results led us to test the effects of proteasome inhibition
in I/11 cells, which are a homogeneous erythroid population and
which when induced to differentiate do so in a synchronous man-
ner, as opposed to the mixed fetal liver composition. We therefore
treated I/11 cells with either MG132 or PS341 proteasome inhib-
itor for 24 h at the indicated differentiation stages and concentra-
tions. We always measured a reduction in cell number at the time
of collection in treated cells (data not shown). When we per-
formed the treatments in I/11 cells previously labeled with CFSE,
we were able to measure proliferation in living cells (Hoechst neg-
ative) at the time of collection (Fig. 6A). Independent of the dif-
ferentiation stage, we observed a proliferative defect in I/11 cells
treated with either of the two inhibitors. Interestingly, when mea-
suring the percentage of annexin V-positive cells in order to assess
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whether cell death or apoptosis contributes to the reduced cell
number, we observed that almost all cells were annexin V positive
when treated under proliferating conditions. The percentage of
annexin V-positive cells gradually decreased and was almost not
detectable when cells were treated later during differentiation, as if
they were resistant to apoptosis induction (Fig. 6B). Still, and as
previously described (20), proteasome inhibition at this late stage
had an impact on enucleation, as shown in Fig. 6C.

This implies that proteasome activity is essential for cell cycle
regulation of erythroid cells during differentiation and that its
inhibition compromises cell survival specifically at early stages,
while it compromises enucleation at later stages.

Proteasome activity decreases toward the end of erythroid
maturation. These data led to the prediction that proteasome ac-
tivity is highest in early erythroid progenitors and diminishes pro-
gressively in more mature stages. To test this, we measured pro-
teasome activity using a fluorescent substrate-based technique in
prospectively isolated WT fetal liver erythroid progenitors (Fig.
7A and B). Earlier progenitors sorted as cKit™ CD71" Ter119~
had the highest proteasome activity, followed by maturing pro-
genitors (cKit~ CD71" Ter119™) and more mature erythroid cells
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FIG 5 Proteasome activity is required early during erythroid differentiation. (A) Western blot analysis of poly- and monoubiquitylated proteins and Gatal
expression in 13.5-dpc fetal liver at the day of collection (D0) or at day 1 after hanging-drop culture (HD D1) under standard (ST) conditions or in the presence
of the proteasome inhibitor MG132. Loading was normalized by cell number. (B) Flow cytometry analysis of standard (ST) or MG132-treated hanging-drop
cultures at the onset of cultures (T D0) and analyzed at day 1 or 2 of culture (+24 h or + 48 h) or treated after 1 day in hanging-drop culture (T D1) and analyzed
a day later (+24 h). The percentage of live cells, the mean size of dead (7AAD™) cells, and the mean size of Ter119™ cells are depicted. *, P < 0.005. Values are
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(cKit™ CD71~ Ter119™), which displayed the lowest proteasome
activity (Fig. 7A and B). Notably, this marked reduction in pro-
teasome activity is accompanied by a gradual reduction in Rad23b
expression (Fig. 7D), which is in line with the notion that Rad23b-
and UPS-related activities lose their relevance toward the end of
erythroid differentiation. We also observed that Rad23b tran-
scripts are expressed to a much higher level than Xpc and Rad23a
transcripts (Fig. 7C), again supporting a prominent role for
Rad23b outside NER.

These data overall suggest that the proteasome or UPS is re-
quired for erythroid differentiation and that it exerts its main ac-
tions (i.e., those required for cell survival) in committed early
erythroid progenitors.

Rad23b loss impairs stress erythropoiesis in adult bone mar-
row chimeric mice. While most Rad23b-null mice die before
birth, those that survive to adulthood do not present with anemia
or other hematological defects (6), suggesting a developmental
specificity to the observed erythropoietic defect. Fetal erythropoi-
esis occurs in a relatively hypoxic intrauterine environment. It is
thus considered an example of stress erythropoiesis, which is dif-
ferent from steady-state erythropoiesis occurring in bone marrow
of adult animals. These considerations prompted us to investigate
Rad23b loss in adult erythropoiesis under both steady-state and
stress erythropoietic conditions. To this end, we injected WT or
Rad23b-null fetal liver cells into lethally irradiated mice (here re-
ferred to as WT or Rad23b-null chimeras, respectively). Mice with
an engraftment of 50% or higher were selected for further analysis.
Six weeks after transplantation, no significant differences were
found between Rad23b-null and WT chimeras with respect to
standard hematological parameters (Fig. 8A). In sharp contrast,
mice treated with the hemolytic agent PHZ to induce stress eryth-
ropoiesis had a significantly reduced hemoglobin (HGB) content
in blood, alower mean cell hemoglobin (MCH), a larger mean cell
volume (MCV), a lower mean corpuscular hemoglobin concen-
tration (MCHC), and a higher proportion of reticulocytes in cir-
culation (Fig. 8B). Enlarged spleens were observed in both
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Rad23b-null and WT chimeras (data not shown). Taken together,
these data suggest that while the initiation of extramedullary
erythropoiesis per se was unaffected, Rad23b-null chimeras had an
inefficient stress response and delayed erythroid recovery com-
pared to WT chimeras.

DISCUSSION

Here we showed that Rad23b loss affects proteasome function
rather than DNA repair, resulting in proliferation defects in at
least two different types of highly proliferating cells, MEFs and
erythroid cells. Indeed, Rad23b-null embryos are anemic, and
most of them die before birth. The few surviving mice suffer from
bone dysmorphologies, sterility, and growth retardation, al-
though without hematological defects (6). These features are
likely not derived from the known function of Rad23b in DNA
repair (7), as null cells are NER proficient (5) and not sensitive to
oxidative DNA damage, suggesting that other repair mechanisms
are not compromised by Rad23b absence (5, 6). The NER function
of Rad23b appears to be redundant with that of Rad23a, as only
double-KO (Rad23a~’~/Rad23b /") fibroblasts exhibit NER de-
ficiency (5). Rad23 proteins are essential for the stability of Xpc (5)
and for efficient binding of Xpc to DNA lesions (49). It is known,
however, that only a fraction of Rad23b is bound to Xpc, suggest-
ing that the non-Xpc-associated pool of Rad23b functions in other
pathways (50).

Several previous studies have shown that another important
function of Rad23 is its role as shuttling factor in the UPS pathway
(51). Here, proteomic profiling of Rad23b-interacting proteins,
purified under native conditions by affinity chromatography of
full-length FLAG-tagged Rad23b expressed at physiological levels,
revealed that 40 to 60% of the Rad23b interactome is related to the
UPS system. This corroborates the importance of the UPS system
in Rad23b function and confirms previous studies based on over-
expression of the ubiquitin binding domain of human Rad23a or
Rad23b (38, 39). Immunoprecipitation of endogenous Rad23b
protein in erythroid cells confirmed the interaction with the pro-

mcb.asm.org 3887

1sanb Aq 810z ‘8 AeN uo /Bio wise gowy//:dny wolj papeojumog


http://mcb.asm.org
http://mcb.asm.org/

Bergink et al.

A Relative cell division
Live cells (CFSE MFI)

Relative cell division
Live cells (CFSE MFI)

*xk Hkk *kk

*xx e **

xxx * *

*x Fxx e
*xx e **

— 100 _ 100

£ £

S 80 S 80

(%] (%]

‘S 60 S 60

3 3

8 40 g 40

c o

(] (]

S 20 e 20

(] (]

o o

O ~“prolT  DIffTD1 _ Diff TD2 ProlT  Diff TD1  Diff TD2
+24h +24h +24h +24h +24h +24h

mDMSO mMG132 0.5uM = DMSO mPS341 0.5uM

oMG1320.05uM ®MG132 5uM

B Annexin V+ cells

o PS341 0.05uM

mPS341 5uM

Annexin V+ cells

*kx *x *p<005
i 2 ** <0005
_ 600 _ 600
o [
= s
£ 500 £ 500
8 3
O 400 S 400
1) 5]
(]
é 300 g 300
< 200 c 200
[} [}]
S 100 S 100
o o
ProlT  Diff TD1  Diff TD2 Prol T Diff TD1  Diff TD2
+24h +24h +24h +24h +24h +24h
@DMSO BMG132 0.5uM @ DMSO B PS341 0.5uM
aMG1320.05yM EMG132 5uM ©PS3410.05.M  mPS341 5uM
C Enucleation D3
(TD2) bMso MG132 0.5uM
* . | Prol T
ey = @ o >
5 £ £
_ 100 g S H
[
€ 80
o 3
S 60 Forward Scatter Propidium lodide Propidium lodide
s MG132 0.5uM
8 4 Diff TD2
§ - > >
2 ] £ <
. g 5 3
o 8 < <
- . T < <
Diff TD2  Diff TD2
MG132 PS341
mDMSO @ Inhibitor 0.5uM Forward Scatter Propidium lodide Propidium lodide

oInhibitor 0.05uM  m Inhibitor 5uM

FIG 6 Effects of proteasome inhibitors on erythropoiesis depend on differentiation status. (A) Relative cell proliferation as measured by CFSE mean fluorescence
intensity (MFI) after culturing I/11 cells for 24 h in the presence of MG132 or PS341 proteasome inhibitor at the concentrations and culture stages indicated. (B)
Percentage of annexin V-positive cells after culturing I/11 cells for 24 h in the presence of MG132 or PS341 proteasome inhibitor at the concentrations and culture
stages indicated. Representative density plots are depicted below. (C) Percentage of enucleation, as measured by flow cytometry (Hoechst intermediate, forward
scatter small) after culturing I/11 cells for 24 h in the presence of MG132 or PS341 proteasome inhibitor at the indicated concentrations on day 2 of differentiation
(analysis was done on day 3). The results of one representative experiment out of three are depicted in the dot plots.

teasome and revealed a number of interacting proteins with functions
in cell cycle regulation that, if altered in abundance or localization,
could potentially explain the observed defects in erythroid differenti-
ation and more generally in fibroblast proliferation. Therefore, we
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aimed to understand how the role of Rad23b in protein turnover
could impact the anemia observed in Rad23b-null mice.

While the cause of death from 12.5 dpc onward in Rad23b-null
mice is not known, anemia is a highly penetrant phenotype that
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FIG 7 Proteasome activity is required early during erythroid differentiation. (A) Flow cytometry gating strategy to sort prospectively erythroid cells at different
stages of maturation from fetal livers. The order from immature to more mature is as follows: early, cKit" CD71" Ter119~; maturing, cKit~ CD71" Ter119™;
mature, cKit™ CD71~ Ter119™. Respective contour plots showing the purity of sorted populations are depicted. (B) Proteasome activity of representative
prospectively isolated erythroid populations. (C) mRNA expression levels as measured by qPCR of Rad23b and other transcripts in early FACS-sorted erythroid
cells, 12.5-dpc fetal liver cells, and proliferating I/11 cells. Relative fold enrichment (RFE) is depicted, setting Rad23b to 100. (D) mRNA expression levels as
measured by qPCR of Rad23b and other transcripts measured by qPCR during erythroid differentiation in FACS-sorted erythroid populations. Relative fold
enrichment (RFE) is depicted, setting the early cell population to 100 for each transcript. Representative analyses are shown.

can result in embryonic lethality. We thus characterized the eryth-
ropoietic compartments of 11.5-dpc and 13.5-dpc embryos and
concluded that Rad23Db loss specifically affects definitive erythro-
poiesis during the fetal stages, most likely through defects in pro-
teosomal function. Inhibition of the proteasome in erythroid cul-
tures resulted in a similar block in differentiation and increase in
cell death, most notably at early stages of erythropoiesis. Concor-
dant with results for fetal livers from Rad23b-null mice, Gatal
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protein levels in remaining live cells were significantly reduced
upon proteasome inhibition in this cell system. By means of len-
tivirus-mediated shRNA knockdown and generation of chimeric
mice, we also showed that the defect generated by loss of Rad23b is
cell intrinsic to erythroid cells and not dependent on the environ-
ment of a Rad23b-deficient embryo.

Because rare Rad23b-null mice that survive into adulthood do
not present with anemia, we tested the effects of Rad23b deficiency
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FIG 8 Rad23b-null chimeric mice show a delayed stress erythropoiesis response. (A) Blood hematological parameters of Rad23b-null and WT chimeric mice 6
weeks after transplantation measured on a Vet ABC hematocytocounter. (B) Blood hematological parameters of Rad23b-null and WT chimeric mice 8 weeks
after transplantation and 5 days after hemolysis induction with PHZ. Asterisks indicate statistical significance. RBC, red blood cell; HGB, hemoglobin; HCT,
hematocrit; MCV, mean cell volume; MCH, mean corpuscular hemoglobin; MCHC, mean cellular hemoglobin concentration. Histogram overlays on the right

show the scatter of RBC, with arrowheads pointing to reticulocyte peaks.

on erythropoiesis in adult chimeras. Similarly to Rad23b-null
mice, Rad23b-null bone marrow chimeras displayed no defects in
hematological parameters. However, because erythropoiesis in fe-
tal liver is a form of stress erythropoiesis, we also tested the effects
of Rad23b deficiency after induction of stress erythropoiesis by
treatment of chimeras with a hemolytic agent. Consistent with an
essential role of Rad23b specifically in stress erythropoiesis, a
number of hematological defects were seen after treatment with a
hemolytic agent.

The expression levels of Ubc, which has been described as a
“stress”-dependent ubiquitin as opposed to Uba, is induced dur-
ing early erythropoiesis, possibly due to an increased demand for
UPS activity. Ubc mRNA levels decrease through terminal differ-
entiation of erythroid cells. Interestingly, Ubc-null mice have a
phenotype similar to that of Rad23b-null mice; i.e., they die after
12.5 dpg, suffer from anemia and retarded fetal liver growth, and
have cell proliferative defects due to delayed G,/M transition (48).
Here, we observed significant downregulation of Ubc expression
levels in Rad23b knockdown erythroid cells. Upon Ubc knock-
down in I/11 erythroid cells, the cell numbers were reduced due to
a cell cycle defect, in a manner comparable to that for Rad23b
knockdown I/11 cells.
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In further support of a link between proteasome activity and
erythropoeisis, we note the involvement of UPS-related proteins
in hereditary human diseases with perturbations in erythroid
compartments. For example, defects in core components of a
complex with E3 ubiquitin ligase activity give rise to Fanconi ane-
mia (52, 53). It has been recently proposed that the proteasome
machinery is required to maintain the balance of alpha- and beta-
globin chains within a maturing erythroid cell and that protein
quality control is crucial in the erythropoietic process (54). Addi-
tionally, anemia, thrombocytopenia, and neutropenia are com-
mon secondary effects caused by proteasome inhibitors applied to
cancer patients (55). Of note, G,/M cell cycle arrest is also caused
by the proteasome inhibitor bortezomib (Velcade) in endothelial
cells (56).

Proteasome activity is believed to be required for enucleation
of erythroid cells (20). Although we could confirm that inhibition
of the proteasome at late stages of differentiation compromises
enucleation, our data suggest an additional and more stringent
requirement for proteasome activity in early committed erythroid
progenitors, i.e., cKit™ CD71% Terl197, prior to enucleation. In
support of this, we observed that inhibition of proteasome activity
later during differentiation had less of an impact on erythrocyte
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viability than when inhibition was under proliferation conditions,
while cell division was reduced at all stages. It has been suggested
that the proteolytic activity is greater in immature erythroid cells
and that it decreases with maturation (54, 57). Furthermore, we
demonstrated reduced proteasome activity and lower levels of
Rad23b in the later stages of erythroid differentiation in prospec-
tively isolated WT fetal liver cells. We hypothesize that Rad23b
deficiency results in impairment in the delivery of ubiquitylated
substrates to the UPS or in their protection from the UPS, which
has a profound effect on highly proliferative tissues. Taken to-
gether, our data support an increased demand for proteasome
activity during the early phase of erythroid maturation, followed
by a gradual decrease in later stages of maturation.

Our data support a cooperative role between Rad23b and the
proteasome in proliferation, with Rad23b loss leading to delayed
G,/M transition and subsequent cell death in differentiating ery-
throid cells. These data include reduced erythroid proliferation
under combined proliferation/differentiation conditions or iso-
lated proliferation conditions in Rad23b-null erythroid progeni-
tors, reduced proliferation of Rad23b-null MEFs, and reduced
proliferation/survival in erythroid cells depleted of Rad23b. Cur-
rently, we do not know whether Rad23b coordinates the degrada-
tion of a specific set of proteins or whether it cooperates with the
proteasome in a broader manner and how its loss and/or protea-
some saturation could affect transcription of ubiquitins. Boutet et
al. showed the specific requirement of Rad23b for Pax3 degrada-
tion in muscle (58), favoring the notion of Rad23b specificity. Our
mass spectrometry analysis of Rad23b-interacting proteins in two
different lineages, erythroid and embryonic stem cells, revealed an
interaction with core proteasome components, as well as with
known proteasome degradation targets representing 40% and
20% of the Rad23b interactome in erythroid and embryonic stem
cell lineages, respectively. This may indicate a specific role for
Rad23b in shuttling these proteins to the proteasome. However, in
DM2 muscular dystrophy, Rusconi et al. linked downregulation
of Rad23b with a decrease in ubiquitylated proteins (59), which
could be interpreted as an additional role for Rad23b in protecting
some proteins for degradation or a general reduction in ubiquitin
proteins due to a negative feedback upon proteasome saturation.
In erythroid lineages specifically, we found cell cycle regulators
interacting with Rad23b that could, if differentially regulated in
the absence of Rad23Db, explain proliferation defects observed in
null and knockdown cells of different lineages. However, the func-
tional relevance of these interactions must still be tested, as pro-
liferation/cell cycle defects might be either direct effects on stabil-
ity/instability of cell cycle regulators or indirect effects of Rad23b,
for example, on transcriptional differentiation programs (60),
that may or may not be a result of perturbations in protein degra-
dation. Future studies will be required to identify which, if any, of
these proteins are altered as a function of Rad23b deficiency. In-
deed, due to the predicted transient interaction of Rad23b with
substrates targeted for proteasomal degradation, the current strat-
egy may not be well suited to identify such proteins. Nonetheless,
these results strongly suggest that interaction with the UPS and
regulation of cell cycle progression are a key function of Rad23b in
mammals. The exact consequences of Rad23b loss in different
tissues that are subject to proliferative stress remain an intriguing
topic that deserves further attention, especially in light of the suc-
cessful usage of proteasome inhibitors as drug targets.
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