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SUMMARY

TRIM58 is an E3 ubiquitin ligase superfamily member
implicated by genome-wide association studies to
regulate human erythrocyte traits. Here, we show
that Trim58 expression is induced during late eryth-
ropoiesis and that its depletion by small hairpin
RNAs (shRNAs) inhibits the maturation of late-stage
nucleated erythroblasts to anucleate reticulocytes.
Imaging flow cytometry studies demonstrate that
Trim58 regulates polarization and/or extrusion of
erythroblast nuclei. In vitro, Trim58 directly binds
and ubiquitinates the intermediate chain of the
microtubulemotor dynein. In cells, Trim58 stimulates
proteasome-dependent degradation of the dynein
holoprotein complex. During erythropoiesis, Trim58
expression, dynein loss, and enucleation occur
concomitantly, and all are inhibited by Trim58
shRNAs. Dynein regulates nuclear positioning and
microtubule organization, both of which undergo
dramatic changes during erythroblast enucleation.
Thus, we propose that Trim58 promotes this pro-
cess by eliminating dynein. Our findings identify an
erythroid-specific regulator of enucleation and eluci-
date a previously unrecognized mechanism for con-
trolling dynein activity.

INTRODUCTION

Humans produce about 2 million red blood cells (erythrocytes)

each second to replace those lost by senescence (McGrath and

Palis, 2008). Erythropoiesis is accompanied by several special-

ized cell divisions associated with activation of erythroid-specific

genes (Cheng et al., 2009;Welch et al., 2004), repression of alter-

nate lineage genes (Cheng et al., 2009; Kingsley et al., 2013;
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Welch et al., 2004), global DNA demethylation (Shearstone

et al., 2011), reduced cell volume (Dolznig et al., 1995), and ejec-

tion of the nucleus to yield a reticulocyte, which develops further

into amature redbloodcell (Liu et al., 2010). Themechanisms that

govern these processes are incompletely understood.

Expulsion of nuclei from erythroblasts (Keerthivasan et al.,

2011; Konstantinidis et al., 2012) occurs exclusively in mammals

and may represent an evolutionary adaptation to optimize

erythrocyte rheology for transport through small capillary beds

(Gaehtgens et al., 1981; Mueller et al., 2008). Erythroblast

enucleation is preceded by nuclear condensation and requires

histone deacetylation (Ji et al., 2010; Popova et al., 2009) and

suppression of the Myc proto-oncogene (Jayapal et al., 2010).

The condensed nucleus polarizes to one side of the cell via

transport mechanisms that require microtubules and phosphoi-

nositide 3-kinase (Wang et al., 2012), followed by Rac GTPase-

mediated formation of a contractile actomyosin ring between

the incipient reticulocyte and nucleus (Ji et al., 2008; Konstanti-

nidis et al., 2012). Forces generated by the contractile ring pro-

mote further nuclear extrusion (Ji et al., 2008; Wang et al.,

2012). Final separation between the reticulocyte and nucleus is

facilitated by transport of lipid vesicles to the interface, which

promotes remodeling and resolution of the plasma membrane

surrounding both structures (Keerthivasan et al., 2010; Keerthi-

vasan et al., 2011). In vivo, the ejected nucleus with surrounding

plasma membrane, termed a pyrenocyte (McGrath et al., 2008),

is scavenged by macrophages (Soni et al., 2006; Yoshida et al.,

2005), while reticulocytes are released into the circulation and

undergo further maturation (Gifford et al., 2006). Enucleation

shares several features with cytokinesis (Keerthivasan et al.,

2010; Konstantinidis et al., 2012). All of the proteins currently

known to participate in erythroblast enucleation are ubiquitously

expressed, with functional roles in mitosis. How erythroblasts

co-opt generalized mitotic machinery for enucleation is un-

known. Presumably, this is mediated in part by the expression

of one or more erythroid-restricted proteins.

Here, we identify a role for the erythroid protein Trim58 in

erythroblast enucleation. Trim58 is a member of the tripartite
evier Inc.
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Figure 1. Trim58 Is Expressed during

Late-Stage Erythropoiesis and Regulates

Erythroid Maturation

(A) Composite of three images showing Trim58

mRNA (red) and DNA (DAPI, blue) in an E14.5

mouse embryo. Note strong Trim58 expression in

fetal liver, the site of definitive erythropoiesis.

(B) E14.5 fetal liver erythroblasts were flow cy-

tometry purified (Pop et al., 2010), and Trim58

mRNAwas analyzed by semiquantitative real-time

PCR. The y axis shows relative mRNA expression,

normalized to S0 cells, which were assigned a

value of 1. The x axis shows progressive devel-

opmental stages from less to more mature. The

results represent mean ± SEM for three biological

replicates. *p < 0.05.

(C) ChIP-seq analysis of transcription factor

binding to the Trim58 locus in E14.5 fetal liver

erythroblasts (M. Pimkin, A.V. Kossenkov, T.

Mishra, C.S. Morrissey, W. Wu, C.A. Keller, G.A.

Blobel, D. Lee, M.A. Beer, R.C. Hardison, and

M.J.W., unpublished data). The blue line depicts

the Trim58 gene, with exons shown as rectangles.

Transcription factor binding sites are indicated

in red.

(D) Trim58 knockdown studies. E14.5 murine fetal

liver erythroid precursors were purified, infected

with retroviruses encoding Trim58 or control

shRNAs, and cultured for 24–72 hr in expansion

medium with puromycin (Puro) to inhibit terminal

maturation and select for infected cells. The cells

were then switched to maturation medium, which

facilitates development to the reticulocyte stage

over �48 hr. Late-stage S4/5 cells are small and

hemoglobinized with condensed nuclei (see B)

(Pop et al., 2010). Dex, dexamethasone. Scale bar,

10 mm.

(E) Western blot for Trim58 in erythroblasts ex-

pressing Trim58 or control shRNAs after 48 hr

maturation. Luc, luciferase; Scr, scrambled. The

asterisk represents a nonspecific band. ‘‘Long’’

and ‘‘short’’ exposures are from the same blot.

(F) Enucleation of control (shLuc) and Trim58-deficient (shTrim58 #4) erythroblasts measured by flow cytometry the indicated time points. During maturation,

erythroblasts become smaller, indicated by decreased forward scatter, and ultimately enucleate to become Hoechst� reticulocytes (boxed regions).

(G) Percent enucleation over time in cultures treated with control (shLuc) or Trim58 shRNA #4. Mean ± SD for three biological replicates. **p < 0.01; ns, not

significant.

(H) Representative histology of control (shLuc) and Trim58-deficient (shTrim58 #4) erythroid cultures after 36 hr maturation. Examples of anucleate reticulocytes

(R), nucleated erythroblasts (E), extruded nuclei (N), and erythroblasts in the process of enucleation (En) are shown. Scale bar, 20 mm.

(I) Summary of reticulocyte fractions from (H). Six hundred cells were counted on each slide.

See also Figures S1 and S2.
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motif-containing family of proteins that frequently possess E3

ubiquitin ligase activities and function broadly in physiology

and disease (Napolitano and Meroni, 2012). Genome-wide

association studies (GWAS) show that SNPs linked to the hu-

man TRIM58 gene associate with variations in the size and/

or number of circulating erythrocytes (Kamatani et al., 2010;

van der Harst et al., 2012). However, SNPs identified by

GWAS do not necessarily reflect the activity of the nearest

gene (Sankaran and Orkin, 2013). We performed functional

studies to investigate the role of Trim58 in erythropoiesis. Our

findings suggest that Trim58 facilitates erythroblast enucleation

by inducing proteolytic degradation of the microtubule motor

dynein. Thus, we identify a lineage-restricted protein that par-

ticipates in erythroblast enucleation, likely by targeting a ubiq-
Developmen
uitous protein complex that is essential for most other eukary-

otic cells.

RESULTS

Trim58 Is Induced during Late-Stage Erythropoiesis
TRIM58 expression is particularly high in the erythroid lineage

(Figures S1A and S1B available online) and is strongly induced

during late maturation (Figure S1C). Trim58mRNA was predom-

inantly expressed in embryonic day (E)14.5 mouse fetal liver, an

erythropoietic tissue (Figure 1A). Real-time PCR showed that

Trim58mRNA is upregulated >100-fold in late-stage murine fetal

liver erythroid precursors (Figure 1B). Chromatin immunoprecip-

itation sequencing (ChIP-seq) of primary murine erythroblasts
tal Cell 30, 688–700, September 29, 2014 ª2014 Elsevier Inc. 689
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demonstrated that the essential erythroid transcription factors

Gata1 and SCL/Tal1 bind the Trim58 locus within the first intron,

a common location for erythroid enhancers (Figure 1C) (Cheng

et al., 2009; M. Pimkin, A.V. Kossenkov, T. Mishra, C.S. Morris-

sey,W.Wu, C.A. Keller, G.A. Blobel, D. Lee, M.A. Beer, R.C. Har-

dison, and M.J.W., unpublished data). Thus, Trim58 is strongly

and specifically expressed during late erythroid maturation, in

part via direct activation by key hematopoietic transcription

factors.

The expression pattern of Trim58 contrasts with other E3

ubiquitin ligases that regulate earlier stages of erythroid develop-

ment, such as Trim10/Herf1 (Harada et al., 1999), Trim28 (Ho-

soya et al., 2013), Mdm2 (Maetens et al., 2007), and Mdm4

(Maetens et al., 2007) (Figure S1D). Trim58 mRNA was not

detected during induced maturation of the murine erythroid cell

lines G1E-ER4 (Weiss et al., 1997) or murine erythroleukemia

(MEL), likely because they do not mature to late stages

(Figure S1E).

Trim58 Regulates Erythroblast Enucleation
We used small hairpin RNAs (shRNAs) to suppress Trim58

expression during in vitro maturation of primary murine fetal

liver erythroblasts (Figure 1D) (Zhang et al., 2003). We infected

purified E14.5 erythroid precursors with retroviruses encoding

Trim58 or control shRNAs, along with green fluorescent protein

(GFP) and puromycin resistance cassettes (Hemann et al.,

2003), and then cultured them for 1–3 days with dexamethasone,

stem cell factor (SCF), erythropoietin (Epo), and puromycin to

promote expansion of transduced immature erythroblasts. Shift-

ing to medium containing Epo as the sole cytokine induced ter-

minal maturation. Four different shRNAs reduced Trim58 mRNA

and protein by 60%–90% (Figures 1E and S2A). During late

maturation, erythroblasts expel their nuclei to become anucleate

Hoechst� reticulocytes (Figure 1F). The kinetics of enucleation

were delayed in Trim58-deficient cultures (Figure 1G), and

enucleation was consistently inhibited at 48 hr maturation by

all four Trim58 shRNAs compared to controls (Figures 1F, 1G,

and S2B). Histological staining confirmed these findings,

showing reduced proportions of reticulocytes in Trim58-defi-

cient cultures (Figures 1H and 1I). Trim58 suppression also

increased the proportions of mature erythroblasts containing

two or more nuclei (Figure S2C).

Numerous parameters of erythroid maturation were not

altered by Trim58 knockdown, including downregulation of the

cell surface marker CD44 (Figure S2D) (Chen et al., 2009), he-

moglobin accumulation (Figure S2E) and nuclear condensation

(Figure S2F). Trim58 knockdown produced only small and incon-

sistent effects on erythroblast proliferation (Figure S2G) and

viability (Figure S2H). Overall, these findings demonstrate that

Trim58 depletion causes selective defects specifically during

late-stage erythropoiesis, including reduced enucleation and

increased formation of multinucleated cells.

Trim58 Binds the Molecular Motor Dynein
Trim58 is predicted to be an E3 ubiquitin ligase with several func-

tional modules, including a PRY-SPRY (PS) domain that medi-

ates substrate interactions (Figure 2A) (James et al., 2007;

Woo et al., 2006). We performed pull-down studies to identify

Trim58-binding proteins, including potential ubiquitination
690 Developmental Cell 30, 688–700, September 29, 2014 ª2014 Els
substrates. We used the isolated PS domain for these studies

because ectopic expression of full-length wild-type (WT)

Trim58 was toxic to erythroblasts (data not shown). We ex-

pressed the FLAG epitope-tagged PS domain in the erythroblast

cell line G1E (Weiss et al., 1997), which contains no endogenous

Trim58 protein (Figure S1E), conducted IP with FLAG antibody,

and fractionated the recovered proteins by SDS-PAGE. This

analysis identified five discrete protein bands (Figure 2B). Mass

spectrometry revealed that these bands contained multiple sub-

units of the dynein cytoplasmic microtubule motor protein com-

plex (Table 1), as well as nuclear pore complex proteins, a Golgi

component, and several other proteins (Table S1). Dynein regu-

lates nuclear positioning and microtubule structure within cells

(McKenney et al., 2010; Splinter et al., 2010). Since erythroblast

enucleation is microtubule dependent (Konstantinidis et al.,

2012; Wang et al., 2012), we focused on the interaction between

Trim58 and dynein.

We confirmed the Trim58 PS domain-dynein interaction in

G1E cells and transiently transfected 293T cells by FLAG-IP

followed by western blots for dynein intermediate chain (DIC)

and dynein heavy chain (DHC) (Figures 2C and S3A). Further-

more, DIC IP from mouse fetal liver recovered Trim58, de-

monstrating an interaction between the endogenous proteins

(Figure 2D). Bacterially expressed glutathione S-transferase

(GST)-tagged Trim58 PS domain captured purified holodynein

complex, indicating a direct interaction (Figures 2E and S3B).

PS domains from Trim protein 9, 10, 27, or 36 did not bind

dynein, demonstrating specificity for the interaction with

Trim58 (Figures S3A and S3B). The dynein multisubunit com-

plex contains DHC, DIC, light intermediate chains, and light

chains. DIC mediates dynein interactions with several acces-

sory proteins, mainly via the amino terminus (McKenney

et al., 2011; Vallee et al., 2012). To test whether Trim58 inter-

acts with DIC, we expressed hemagglutinin (HA)-tagged seg-

ments of the DIC amino terminus in 293T cells, incubated

lysates with GST proteins and glutathione-Sepharose beads,

and analyzed interacting polypeptides (Figure 2F). Western

blots for HA showed that PS interacted with DIC through an

interface within the first 73 amino acids. We used size-exclu-

sion chromatography (SEC) coupled to multiangle laser light

scattering (MALLS) to confirm this interaction in vitro (residues

1–120). Purified bacterially expressed PS and GST-DIC (1–120)

each eluted in gel filtration as a single peak when run individu-

ally (Figure 2G). The MALLS data, which provide a reference-

free estimate of solution molecular weight (MW), showed that

PS eluted as a monomer (observed MW = 25.6 kD; expected

mass = 23.3 kD), whereas GST-DIC (1–120) ran as a dimer

(observed MW = 91.2 kD; expected mass of dimer = 79.6

kD), reflecting the known dimerization of GST (Fabrini et al.,

2009). An equimolar mixture of PS and GST-DIC eluted pre-

dominantly as a distinct single peak with a shorter retention

time, indicating formation of a complex. The MW of this signal

calculated from MALLS data (126.2 kD) is consistent with a 2:2

complex (expected mass = 114.4 kD) that represents a 1:1

Trim58-DIC interaction that additionally dimerizes through the

GST moiety. Together, these data show that the Trim58 PS

domain binds dynein directly through the DIC amino terminus

(Figure 2H). This region of DIC contains a coiled coil domain

that interacts with other dynein regulatory proteins, including
evier Inc.
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Figure 2. Trim58 Binds Directly to the Mo-

lecular Motor Dynein

(A) Modular structure of Trim58 showing the RING,

BBox, coiled coil (CC), and immunoglobulin-like

PS domains, with relevant amino acids numbered.

In some Trim proteins, the RING domain recruits

E2 conjugases carrying activated ubiquitin and the

PS domain binds substrates.

(B) FLAG-tagged Trim58 PS domain or vector (V)

were stably expressed in the G1E proerythroblast

line. Lysates were immunoprecipitated with FLAG

antibody, fractionated by SDS-PAGE, and stained

with Coomassie blue silver. Numbers denote

visible bands from PS immunoprecipitates that

were excised for mass spectrometric analysis

(MS). The same regions from the control (V) lane

were analyzed similarly. MS identified exclusively

in the PS lane peptides from DHC, DIC, dynein

light intermediate chains 1/2 (DLIC), and Trim58

PS, as indicated for each band (Table 1). IP,

immunoprecipitation; Inp, input (1%).

(C) Lysates fromG1E cells expressing FLAG-PS or

V were immunoprecipitated with FLAG antibody

and analyzed by western immunoblotting (IB) for

DHC, DIC, FLAG, and Codanin1 (Cdan1, negative

control). Inp, input (5%).

(D) E14.5 murine FL erythroblasts were lysed,

immunoprecipitated with anti-DIC antibody or

immunoglobulin G (IgG) control, and analyzed by

western blotting for the indicated proteins. a

globin represents a negative control. Inp, input

(0.5%).

(E) Recombinant purified GST-Trim58 PS domain

(GST-PS) or GST was incubated with purified

bovine holodynein complex and glutathione-Se-

pharose beads. Bound proteins were analyzed by

western blotting. Equal percentages of total input

(Inp), pull-down (PD), and supernatant (SN) sam-

ples were loaded.

(F) 293T cells were transfected with expression plasmids encoding HA fused to the indicated DIC amino acids. After 24 hr, cells were lysed and incubated with

GST-PS or GST and glutathione-Sepharose beads. Bound proteins were analyzed by anti-HA western blotting. PD, pull-down; SN, supernatant (1%).

(G) SEC-MALLS data for PS, GST-DIC (1–120), and a 1:1 mixture. Protein concentration was measured on an inline refractive index detector. Light scattering

data points converted to MW are shown above or within chromatography peaks and relate to the right-hand y axis. The observed MWs are consistent with a 1:1

interaction between the two proteins augmented by the dimerization of the GST tag appended to DIC (1–120). arb., arbitrary.

(H) DIC domain structure showing the amino-terminal coiled-coil (CC) motif, which binds Trim58. aa#, amino acid number of DIC.

See also Figure S3 and Tables 1 and S1.
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the dynactin subunit p150Glued and NudE (Ma et al., 1999;

McKenney et al., 2011).

Trim58 Ubiquitinates Dynein and Promotes Its
Proteasomal Degradation
We expressed FLAG/mCherry-tagged full-length WT Trim58 in

HeLa cells, which do not express endogenous Trim58, and as-

sessed the effects on dynein protein levels. As controls, we ex-

pressed vector alone or a ‘‘RING-dead’’ (RD) Trim58 containing

two missense mutations predicted to abrogate E3 ligase activ-

ity (Figure 3A) (Zhang et al., 2012). The cultures were treated

with puromycin for 3 days to enrich for infected cells and

analyzed by western blotting (Figure 3B). Although WT Trim58

slowed cell proliferation, we were able to create viable, stably

expressing lines. Compared to the RD mutant, WT Trim58

was poorly expressed, possibly because of its autoubiquitina-

tion and subsequent proteasomal degradation, which occur

with other Trim proteins (Versteeg et al., 2013). Dynein subunits
Developmen
DHC and DIC were nearly absent from cells expressing WT

Trim58 but not from cells expressing the RD version or vector

alone (Figure 3B; data not shown). In contrast, the level of

DYNC1I2 mRNA was unaffected by WT Trim58 expression,

despite reduction of the corresponding DIC protein (Figure S4).

Treatment with the proteasome inhibitor MG132 partially

restored dynein and Trim58 expression (Figure 3B). E. coli-

derived recombinant Trim58 exhibited autoubiquitination activ-

ity (Figure 3C). In vitro, recombinant WT, but not RD, Trim58

ubiquitinated GST-DIC (1–120) (Figure 3D). These data indicate

that Trim58 polyubiquitinates dynein to mediate its proteasomal

degradation in cells.

We investigated whether Trim58 expression elicited cellular

phenotypes characteristic of dynein loss. Dynein transports

Golgi bodies along microtubules into perinuclear stacks at the

microtubule-organizing center (MTOC) (Quintyne et al., 1999). In-

hibition of dynein by expression of CC1, a portion of p150Glued

that interferes with the DIC-dynactin interaction, causes Golgi
tal Cell 30, 688–700, September 29, 2014 ª2014 Elsevier Inc. 691



Table 1. The Trim58 PS Domain Interacts with Multiple Dynein Subunits

Protein Name Accession Numbers MW Bands Unweighted Spectra Unique Peptides Percent Coverage

Cytoplasmic dynein 1

Heavy chain 1 IPI00119876 532 kD 1 189 95 19

Intermediate chain 2 IPI00131086 68 kD 3 16 7 14

Light intermediate chain 1 IPI00153421 57 kD 3, 4 38 12 27

Light intermediate chain 2 IPI00420806 54 kD 4 12 7 16

Trim58 PRY-SPRY (bait)

Trim58 IPI00353647 55 kD 4, 5 91 14 26

FLAG-Trim58 PS domain or empty vector was expressed in G1E erythroblasts, purified by FLAG IP, and fractionated by SDS-PAGE. Protein bands

depicted in Figure 2Bwere analyzed bymass spectrometry. Trim58 PS-interacting dynein subunits are indicated in this table, and all other proteins are

shown in Table S1. Accession numbers refer to the International Protein Index database.
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fragmentation and dispersal throughout the cytoplasm (Quintyne

et al., 1999). We verified this finding in HeLa cells and showed

that WT, but not RD, Trim58 produced similar effects (Figure 3E).

Dynein also functions in mitotic spindle checkpoint inactivation

to facilitate anaphase onset (Howell et al., 2001). Ectopic expres-

sion of WT Trim58 in HeLa cells caused mitotic defects charac-

teristic of dynein inhibition, including prolonged interval between

cell rounding and anaphase (Figures 3F and 3G; Movies S1A–

S1D) and cell death after rounding (Figure 3G, right panel; Movie

S1C) compared to cells expressing vector or RD Trim58. Thus,

ectopic expression of Trim58 in heterologous cells induces phe-

notypes that are consistent with dynein deficiency.

Trim58 Expression in Erythroblasts Coincides with Loss
of Dynein and Enucleation
In murine erythroblast cultures undergoing semisynchronous

maturation, upregulation of endogenous Trim58 at 24 hr corre-

lated with loss of dynein subunits (DIC and DHC; Figure 4A)

and the onset of enucleation (Figure 4C, black bars). The

absence of dynein in late stages of erythroid maturation is

consistent with proteomic studies of murine (Pasini et al., 2008)

and human (Goodman et al., 2007) erythrocytes. In contrast,

Trim58-deficient cells retained endogenous dynein protein aber-

rantly (Figures 4B and S5), and enucleation was delayed (Fig-

ure 4C, gray bars). Dynein protein levels still declined in Trim58

knockdown erythroblasts, but with an approximate 12 hr delay.

The eventual degradation of most dynein by 44 hr in knockdown

cells may be due to incomplete suppression of Trim58 or, more

likely, alternate protein degradation mechanisms. Thus, expres-

sion of Trim58 destabilizes dynein and promotes enucleation,

supporting a model in which these two processes are mechanis-

tically linked.

Trim58 Regulates Nuclear Polarization
We used the ImageStream, which combines flow cytometry

with fluorescent microscopy, to compare specific steps of

enucleation in Trim58-depleted and control erythroblasts under-

going semisynchronous maturation (Figure 5) (Konstantinidis

et al., 2012). Erythroblasts infected with shRNA-containing re-

troviruses were identified by GFP expression, and nuclei were

stained with the cell-permeable DNA dye Draq5. We first

measured changes in nuclear diameter over time to assess

nuclear condensation during maturation (Figures 5A–5D). No

significant differences were observed between control and
692 Developmental Cell 30, 688–700, September 29, 2014 ª2014 Els
Trim58-depleted cells (Figure 5D), in agreement with indepen-

dent morphometric analysis (Figure S2F). We next measured

the aspect ratio (minor/major axis) and D centroid (distance be-

tween centers of the nucleus and cytoplasm) to distinguish

spherical nucleated cells from oblong ones that were extruding

their nuclei (Figures 5A–5F). Spherical cells accumulated in

Trim58-depleted cultures (Figure 5E), while the emergence of

oblong cells undergoing nuclear extrusion was delayed (Fig-

ure 5F). Thus, Trim58 facilitates enucleation downstream of the

nuclear condensation phase.

We assessed whether Trim58 regulated nuclear positioning,

specifically within a population of spherical cells depicted in Fig-

ure 5E, by measuring their D centroid distribution (Figures 5G

and 5H). At 32 and 36 hr maturation, the mean D centroid was

significantly reduced in Trim58-depleted spherical cells, indi-

cating impaired nuclear polarization. Treatment of control eryth-

roblasts with the microtubule depolarizing agent nocodazole

produced similar, albeit stronger, effects (Figure S6), consistent

with previous studies (Konstantinidis et al., 2012; Wang et al.,

2012). Thus, erythroblast nuclear polarization is Trim58 depen-

dent and microtubule dependent.

We used immunofluorescence to examine relationships be-

tween microtubule structure and nuclear positioning during

enucleation. Erythroblast nuclei are surrounded by a network

or ‘‘cage’’ of microtubules, similar to what occurs in most cells

(Figure 6Ai) (Tsai et al., 2010; Wilson and Holzbaur, 2012). During

enucleation, the nucleus moves away from a single MTOC (Fig-

ure 6A) (Konstantinidis et al., 2012; Wang et al., 2012), opposite

to what would occur with minus-end-directed dynein transport.

Later, the microtubule cage partially collapses, becoming de-

tached from the cell cortex and nucleus as the latter is extruded

(Figures 6Aii–6Aiv). Dynein stabilizes microtubules and tethers

them to the cell cortex (Hendricks et al., 2012). Thus, events

observed during enucleation, including directional nuclear

movement and microtubule cage collapse (Figure 6B), may be

facilitated by dynein loss (Figure 4A).

DISCUSSION

GWAS suggest that the E3 ubiquitin ligase superfamily member

TRIM58 regulates human erythrocyte traits, including cell size

and number (Kamatani et al., 2010; van der Harst et al., 2012).

The current study supports a role for Trim58 in erythropoiesis

and provides insight into associated mechanisms. Trim58 binds
evier Inc.
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DIC directly, polyubiquitinates it in vitro, and induces proteaso-

mal degradation of the dynein holocomplex in vivo. During eryth-

ropoiesis, Trim58 expression correlates with dynein loss and

enucleation, both of which are inhibited by Trim58 depletion.

Thus, we propose that Trim58mediates erythroblast enucleation

by interfering with the established ability of dynein to regulate nu-

clear positioning and/or microtubule structure within cells (Fig-

ure 6B) (McKenney et al., 2010; Splinter et al., 2010; Tanenbaum

et al., 2011; Tsai et al., 2010; Wilson and Holzbaur, 2012). Our

findings provide functional correlates for GWAS and identify a

lineage-specific protein that alters the ubiquitous features of

microtubule motor dynamics to regulate the specialized process

of erythroblast enucleation.

According to our model (Figure 6B), delayed enucleation

caused by Trim58 deficiency should be alleviated by inhibiting

dynein through alternate mechanisms. However, our attempts

to inhibit dynein in WT and Trim58-deficient erythroblasts using

dynein subunit shRNAs, overexpressed CC1 (Quintyne et al.,

1999), or the chemical inhibitor ciliobrevin (Firestone et al.,

2012) killed maturing erythroblasts prior to enucleation (data

not shown). Similarly, retroviral expression of ectopic Trim58 in

erythroblasts prior to their enucleation was toxic. These findings

indicate that the timing and magnitude of endogenous Trim58

expression must be regulated precisely during late erythropoi-

esis in order to preserve dynein-dependent processes required

during earlier stages.

In most cells, networks or ‘‘cages’’ of microtubules surround

the nucleus and regulate its spatial orientation through the ac-

tions of directionally opposed dynein and kinesin motors (Wilson

and Holzbaur, 2012). During erythroblast enucleation, the nu-

cleus moves away from the MTOC (Konstantinidis et al., 2012;

Wang et al., 2012) and is ultimately released from the encom-

passing microtubule cage (Figure 6A). By degrading dynein,

Trim58 could facilitate these processes via two potential mech-

anisms (Figure 6B). On one hand, movement of the nucleus

during enucleation is directionally opposed to the minus-end-

directed motor actions of dynein. Thus, Trim58-mediated sup-

pression of dyneinmay create a ‘‘microtubulemotor imbalance,’’
Figure 3. Trim58 Ubiquitinates Dynein and Promotes Its Proteasomal D

(A) Vector (V) and full-length Trim58 constructs with amino-FLAG and carboxyl-mC

ubiquitin ligase activity.

(B) Trim58-expressingHeLa cells were infectedwith retrovirus encoding FLAG-Tri

western blotting before or after treatment with the proteasome inhibitor MG132

(C) In vitro ubiquitination assay. Recombinant GST-tagged proteins were incubate

by western blotting for HA or GST. Trim63 was used as a positive control. The h

(D) In vitro ubiquitination assay. GST-DIC (1–120) was incubated with WT or RD

blotting using an anti-DIC antibody. Two arrowheads indicate DIC protein, wher

asterisk represents a nonspecific band.

(E) Golgi distribution in HeLa cells expressing Trim58. Cells were transfected wi

inhibitor (Quintyne et al., 1999). After 36 hr, the cells were fixed, stained for th

microscopy. The percentages of mCherry-positive cells that displayed normal pu

three independent experiments, with >100 cells counted per experiment. **p < 0

(F) Mitotic progression in HeLa cells expressing Trim58-mCherry proteins, as a

gression in outlined cells. Expression of WT Trim58 delayed progression from ce

expressing vector or RD Trim58. BF, bright field; mCh, mCherry. Scale bar (uppe

(G) Quantitative analysis of mitosis in Trim58-expressing HeLa cells. The grap

mean ± SD for all observed mitotic cells. The percentages of cells with delayed

anaphase are shown on the right. (V, n = 134 normal mitoses;WT, n = 50 normal, 1

ns, not significant.

See also Figure S4 and Movie S1.
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allowing the plus-end-directed actions of kinesins to polarize the

nucleus away from theMTOC. Alternatively, dynein normally sta-

bilizes microtubules and mediates their attachment to the cell

cortex (Hendricks et al., 2012). Thus, Trim58-mediated dynein

degradation in late-stage erythroblasts may destabilize microtu-

bules, promoting their detachment from the cell cortex and nu-

clearmembrane (i.e., ‘‘microtubule cage collapse’’) and, thereby,

facilitating nuclear movement and release. Of note, Trim58-

directed shRNAs delayed, but did not prevent, dynein loss and

enucleation during late erythropoiesis (see Figure 4). This may

be explained by incomplete suppression of Trim58. Furthermore,

redundant systems, including other erythroid ubiquitin ligases,

autophagy, and/or proteases, may cooperate with Trim58 to

degrade dynein. This possibility is consistent with the extensive

repertoire of proteolytic systems present in late-stage erythro-

blasts (Khandros and Weiss, 2010).

Kinesin-1 regulates nuclear movement in numerous cell types

(Tanenbaum et al., 2011) and its Kif5b isoform is abundant in

murine (Kingsley et al., 2013) and human (Merryweather-Clarke

et al., 2011) erythroblasts. Knockdown of Kif5b by shRNAs

did not antagonize the deleterious effects of Trim58 deficiency

on enucleation (data not shown), as would be predicted by

the ‘‘microtubule motor imbalance’’ model. This finding sup-

ports the alternative mechanism of microtubule cage collapse.

However, at least ten additional kinesin family members are

expressed during erythropoiesis (Kingsley et al., 2013; Merry-

weather-Clarke et al., 2011; data not shown). Systematic inhibi-

tion of these kinesins, either separately or in combinations, may

determine whether any participate in nuclear polarization during

erythropoiesis.

Several lines of evidence suggest important roles for ubiquitin

proteasome-mediated proteolysis during erythroblast matura-

tion (Khandros and Weiss, 2010) and enucleation (Chen et al.,

2002), but only a few specific pathways are defined. For

example, the generally expressed ubiquitin ligases Mdm2

and Mdm4 foster erythropoiesis by inhibiting p53 (Maetens

et al., 2007), and the ubiquitin ligase Cul4A regulates erythropoi-

esis by targeting the cell cycle inhibitor p27 (Li et al., 2006).
egradation

herry tags. The RDmutant contains two missense mutations that abrogate E3

m58 (WT or RD) or vector (V), selected in puromycin for 3 days, then analyzed by

(10 mM) for 4 hr at 37�C.
d with E1, E2 (UBE2D3), and HA-tagged ubiquitin (Ub) for 1 hr at 37�C, followed

igh MW smears indicate poly-HA-Ub attachment to the GST fusion proteins.

Trim58, E1 and E2 enzymes, and HA-Ub for 1 hr at 37�C, followed by western

e the higher one denotes GST-DIC (1–120) and the lower is DIC (1–120). The

th expression plasmids encoding Trim58-mCherry or CC1-mCherry, a dynein

e Golgi matrix protein GM130 and DNA (DAPI), and visualized by confocal

nctate perinuclear Golgi body distribution are shown at right as mean ± SD for

.01 versus vector control; ns, not significant.

nalyzed by time-lapse microscopy. Representative images show mitotic pro-

ll rounding (approximately metaphase) to anaphase onset, compared to cells

r left panel), 16 mm.

h on the left shows time elapsed between cell rounding and anaphase with

(>200 min) or failed mitosis manifested as cell death between rounding and

3 delayed, 11 failedmitoses; RD, n = 100 normal, 7 delayedmitoses). **p < 0.01;

evier Inc.
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Figure 4. Trim58 Expression Correlates with Loss of Dynein and

Enucleation during Erythroid Maturation

(A and B) Fetal liver erythroblasts were infected with retrovirus encoding

shRNA against (A) Luciferase (shLuc) or (B) Trim58 (shRNA #4), cultured in

expansion medium for 72 hr, and then shifted to maturation medium at time

0 (see also Figure 1D). Whole cell lysates were prepared at the indicated time

points, and endogenous proteins were analyzed by western blotting. The lane

marked ‘‘+’’ in (B) indicates endogenous Trim58 expression in shLuc-ex-

pressing cells at 44 hr.

(C) Kinetics of enucleation in cells from (A) and (B), determined as shown in

Figure 1F. The results represent mean ± SD for four biological replicates. *p <

0.05; **p < 0.01; ns, not significant.

See also Figure S5.
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Trim10/Herf1 (Harada et al., 1999), E2-20K, and E2-230K (Wefes

et al., 1995) are erythroid-enriched ubiquitin ligases of unknown

function. Here, we show that Trim58 is a functionally important

ubiquitin ligase in erythroid cells and identify dynein as a biolog-

ically relevant substrate. In principle, Trim58 could also interfere

with dynein activity by displacing other proteins that interact with

the DIC amino-terminal coiled coil domain, including dynactin/

p150Glued and NudE (McKenney et al., 2011). However, overex-

pression of the RD Trim58 mutant, which lacks ubiquitin ligase

activity but still interacts with DIC, did not elicit phenotypes char-

acteristic of dynein loss in HeLa cells (Figures 3E–3G).

It is also possible that Trim58 promotes erythroid maturation

via dynein-independent mechanisms. For example, IP studies

demonstrated Trim58 interactions with Nup50, Nup153, importin
Developmen
a, and importin b (Table S1), all of which can coexist in a complex

(Makise et al., 2012; Matsuura and Stewart, 2005). Trim58

may interact with this complex in postmitotic erythroblasts, for

example, through the C terminus of Nup153, which has been

localized to the cytoplasmic face of the nuclear pore complex

(Fahrenkrog et al., 2002). Moreover, some nuclear pore pro-

teins physically redistribute during erythropoiesis, which could

enhance their accessibility to Trim58 (Krauss et al., 2005);

Trim58 may also promote erythroid-specific restructuring of

the nuclear pore, either by acting as a scaffold or via ubiquitina-

tion-mediated effects on protein localization. Such effects may

be proteasome independent, as Trim58 does not appear to fa-

cilitate downregulation of Nup153 (Figures 4A and 4B; data not

shown).

GWAS offer a population-based approach to identify genes

that regulate health-related traits. However, GWAS typically

identify SNPs within linkage disequilibrium blocks that contain

multiple genes, and it can be challenging to identify the specific

gene(s) that influences the trait of interest (Hindorff et al., 2009;

Peters and Musunuru, 2012). Moreover, alleles discovered by

GWAS usually cause subtle alterations in gene expression or

function, providing a minimal estimate of the role for a particular

gene in the biological process of interest (Sankaran and Orkin,

2013). Our Trim58 overexpression and loss-of-function studies

address these general issues by demonstrating a specific role

for Trim58 in erythroid cells and by identifying a relevant molec-

ular pathway. GWAS also identify TRIM58 as a candidate gene

for regulating human platelet numbers (Gieger et al., 2011).

Trim58 mRNA is induced in megakaryocytes, likely via GATA1

and SCL/Tal1 (Figures S1F and S1G), similar to what we

observed in erythroid cells. These observations are interesting

in light of findings that dynein promotes platelet production

by regulating microtubule dynamics in megakaryocytes (Patel

et al., 2005). Thus, Trim58 may regulate platelet formation

through its interactions with dynein. Overall, our findings illus-

trate how mechanism-based investigations synergize with

GWAS to elucidate new biological pathways.

Considerable efforts have been directed toward under-

standing how dynein activities are regulated in different cellular

contexts. Dynein cargo preference and motor activity are

modulated largely by protein interactions and perhaps by post-

translational modifications (Vallee et al., 2012). Our findings

demonstrate that dynein is also regulated by precisely timed,

lineage-specific degradation. It will be interesting to investigate

whether dynein stability is regulated in nonerythroid tissues

through interactions with Trim58 or other functionally related

ubiquitin ligases.
EXPERIMENTAL PROCEDURES

Trim58 Cloning

Trim58 complementary DNA (cDNA) was initially isolated from a primary

murine fetal liver erythroblast cDNA library and cloned into various ex-

pression vectors. See Supplemental Experimental Procedures for primer

sequences.

Murine Fetal Liver Erythroblast Assay

The Institutional Animal Care and Use Committee of The Children’s Hospital of

Philadelphia approved all animal experiments. Erythroid precursors were pu-

rified, cultured, and infected with shRNA-expressing retrovirus as described
tal Cell 30, 688–700, September 29, 2014 ª2014 Elsevier Inc. 695
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Figure 5. Trim58 Regulates Nuclear Polarization and Extrusion during Erythropoiesis

(A) Morphology parameters to assess specific steps of erythroidmaturation by imaging flow cytometry. Declining nuclear diameter reflects condensation (broken

line). The D centroid (distance between centers of the nucleus, in red, and cytoplasm, in green) increases during nuclear polarization and extrusion. The aspect

ratio (minor axis, indicated by blue line, divided by major axis, indicated by red line) falls as cells become oblong during nuclear extrusion.

(B) Representative analysis of fetal liver erythroblasts at 36 hr maturation. Spherical nucleated erythroblasts are pink. Oblong cells extruding their nuclei

(decreased aspect ratio and increased D centroid) are orange. Cells in late mitosis, visualized to the left of the orange gate, exhibit low aspect ratio and low D

centroid.

(C) Representative images of cells from (B) that are (1) spherical with a noncondensed centralized nucleus; (2) spherical with a condensed centralized nucleus; (3)

spherical with a condensed polarized nucleus; or (4) oblong with a condensed extruding nucleus.

(D–F) Erythroblasts expressing GFP and control (shLuc) or Trim58 shRNA #4were analyzed by imaging flow cytometry at the indicated times duringmaturation. The

results represent mean ± SD for four biological replicates, �3,000 cells analyzed per replicate. (D) Average nuclear diameter over time showing progressive

condensation. (E) Percent spherical cells over time, including thosewith central or polarized nuclei. (F) Percent oblong cellswith extruding nuclei over time. *p < 0.05.

(legend continued on next page)
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Figure 6. Nuclear Movement during Eryth-

roblast Enucleation

(A) Primary murine fetal liver erythroblasts were

fixed, stained for microtubules (aTubulin, green)

and DNA (DAPI, blue), and analyzed by de-

convolution fluorescent microscopy. Arrow in-

dicates a single MTOC. Panels i, ii, and iii

indicate progressive stages of enucleation, and

panel iv indicates the reticulocyte stage. Scale

bar, 2 mm.

(B) Model for the actions of Trim58 during eryth-

roblast enucleation. At early stages of maturation,

the nucleus resides within a cage of microtubules

(green) and is maintained in close proximity to the

MTOC (yellow dot) by dynein. Trim58 causes

dynein degradation, which promotes nuclear

polarization through two potential mechanisms.

First, microtubule motor imbalance may allow

unopposed kinesin molecular motors to polarize

the nucleus (top). Second, loss of dynein pro-

motes detachment of microtubules from the nu-

cleus and/or cell cortex (cage collapse), thereby

enhancing polarization, extrusion, and enucle-

ation.
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elsewhere (Khandros et al., 2012). For flow cytometry, 5 3 105 cultured fetal

liver erythroblasts were stained sequentially with 5 mMHoescht 33342 (Sigma)

for 1 hr at 37�C in fetal liver maturationmedium; LiveDead near-IR fixable dead

cell stain (Invitrogen) for 30 min at 4�C in PBS, pH 7.5; and Ter119-PerCP-

Cy5.5 and CD44-AF647 (BioLegend) for 45 min at 4�C in PBS with 2% fetal

bovine serum. Cells were analyzed on an LSR Fortessa flow cytometer (BD

Biosciences).

Flow cytometry data were analyzed using FlowJo software (TreeStar). Cell

debris and free pyrenocytes (Forward Scatterlo, Hoechst+) were excluded

from the total cell population prior to analysis. Cell viability was calculated

as the percent live cells divided by the total number of cells. Enucleation

was calculated as the percent live, anucleate reticulocytes Forward Scatterlo,

Hoechst� divided by the total number of live cells. See Supplemental Experi-

mental Procedures for further protocol details and shRNA sequences.

Anti-Trim58 Antibody Generation

Anti-murine Trim58 antibodies were raised against a N-terminal peptide re-

presenting amino acids 7–29 (ERLQEEARCSVCLDFLQEPISVD) (Thermo

Scientific).
(G) D centroid distribution within spherical erythroblasts depicted in (B). Higher D centroid values indicate pola

for three time points. Dashed white bars indicate the mean D centroid value for each plot.

(H) Quantification of mean D centroid values in control (shLuc) or Trim58-deficient (shTrim58 #4) erythroblast

replicates, �3,000 cells analyzed per replicate. *p < 0.05; **p < 0.01.

See also Figure S6.
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Mass Spectrometry

Immunoprecipitates were size-fractionated by

SDS-PAGE (4%–15% gradient gel, BioRad),

stained with Coomassie blue silver overnight and

destained in deionized water. The prominent

visible protein bands were manually extracted,

digestedwith trypsin, and subjected to liquid chro-

matography and nanospray/linear trap quadru-

pole mass spectrometry using a ThermoFinnigan

LTQ linear ion trap mass spectrometer at the Uni-

versity of Pennsylvania Proteomics Core Facility.

Data were analyzed using Sequest and Scaffold3

software packages. The data shown in Tables 1
and S1 include proteins identified by R2 peptides with >99% protein/>95%

peptide confidence.

SEC-MALLS Experiments

Recombinant proteins were produced separately from E. coli Rosetta 2 (DE3)

cells and run individually or as a mixture on a Superdex 200 10/300 GL column

connected to a MiniDawn Treos (Wyatt Technology). See Extended Experi-

mental Procedures for purification techniques and further experimental details.

In Vitro Ubiquitination Assays

Recombinant E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating

enzyme (UBE2D3), and Trim63 were purchased from Boston Biochem. Full-

length Trim58 proteins were produced as GST fusions in E. coli BL21 and

purified from inclusion bodies using Sarkosyl extraction (Tao et al., 2010).

Ubiquitination reactions (20 ml) contained Mg-ATP (2 mM), 300 nM GST-

Trim58 or GST-Trim63 protein as positive control, HA-tagged ubiquitin

(1 mg), E1 (50 nM), and E2 (1 mM). In some experiments, 100 mM recombinant

purified GST-DIC (1-120) was added. Reactions were incubated for 1 hr at

37�C in ubiquitination buffer (50 mM HEPES, pH 8, 50 mM sodium chloride,
rized nuclei. Representative histograms are shown

cultures shown as mean ± SD for three biological

ptember 29, 2014 ª2014 Elsevier Inc. 697
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and 1 mM Tris 2-carboxyethyl phosphine) and terminated by addition of an

equal volume of 23 Laemmli buffer and heating at 95�C for 5 min. The reac-

tions were resolved by SDS-PAGE (4%–20% polyacrylamide) and analyzed

by western blotting using monoclonal HA, monoclonal GST, or polyclonal

DIC antibodies. Blots were incubated in denaturing buffer (6 M guanidine

HCl, 20 mM Tris-HCl, pH 7.4, 1 mM phenylmethylsulfonyl fluoride, and

5 mM b-mercaptoethanol) for 30 min at 4�C before the blocking step.

Immunofluorescence and Time Lapse Microscopy

HeLa cells and erythroblasts were prepared for imaging using standard tech-

niques (see Extended Experimental Procedures). Imaging was conducted on

microscopes maintained by the University of Pennsylvania Perelman School

of Medicine Cell and Developmental Biology Microscopy Core.

Amnis ImageStream Flow Cytometry

Erythroid cultures were fixed in 4% paraformaldehyde for 15 min at room tem-

perature, washed in PBS, stained with Draq5 (Abcam), and analyzed on an

Amnis ImageStream Mark II instrument at 403 magnification. GFP+ cells

were gated using IDEAS software (Amnis) and comprised the base population

for morphologic analysis based on aspect ratio and D centroid values. ‘‘Spher-

ical’’ and ‘‘oblong’’ cell gates were set by manual inspection of fluorescent cell

images. We designed aMATLAB program to identify nucleated cells within the

spherical cell population by excluding anucleate reticulocytes (Draq5 negative)

and multinucleated cells (detected by multiple Draq5-positive regions).

Nuclear diameter, measured by Draq5 staining, was quantified in MATLAB.

IDEAS software was used to calculateD centroid values within the Draq5-pos-

itive, spherical cell population for assessing nuclear polarization. For some ex-

periments, 16 mM nocodazole (Sigma) was added directly to culture media for

the indicated times.

Statistics

Statistical analysis was performed usingGraphPad Prism 6.0 software (Graph-

Pad Software). All multigroup comparisons were conducted using one-way

ANOVA. Comparisons between two groups were performed using Student’s

t test. Significance was set at p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, one table, and one movie and can be found with this article online

at http://dx.doi.org/10.1016/j.devcel.2014.07.021.
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