HEMATOPOIESIS

Regulated Expression and Functional Role of the Transcription Factor CHOP
(GADD153) in Erythroid Growth and Differentiation

By Margaret Coutts, Kunyuan Cui, Kerry L. Davis, Joan Cleves Keutzer, and Arthur J. Sytkowski

The hematopoietic growth factor erythropoietin (Epo) trig-
gers changes in the expression of genes that encode impor-
tant regulators of erythroid cell growth and differentiation.
We now report that Epo markedly upregulates chop
(gadd153) expression and that this transcription factor plays
a role in erythropoiesis. Using a differential hybridization
assay, we isolated a full-length cDNA of chop as an Epo
upregulated gene in Rauscher murine erythroleukemia cells.
RNase protection assays demonstrated that Epo or dimethyl
sulfoxide induction increased steady-state mRNA levels 10-
to 20-fold after 24 to 48 hours. Western blot analysis con-
firmed a marked increase in CHOP protein. Among the other
c/ebp family members, only c¢/ebp B was also upregulated
during erythroid differentiation. Among normal hematopoi-
etic cells examined, steady-state mRNA levels were highest
in erythroid cells, with levels peaking during terminal differ-

resulted in a significant increase in Epo- or dimethyl sulfox-
ide (DMSO)-induced hemoglobinization, further linking chop
upregulation to erythroid differentiation. Artificial downregu-
lation of chop in normal murine bone marrow cells with
antisense oligodeoxynucleotides inhibited colony-forming
unit-erythroid (CFU-E)-derived colony growth in a concentra-
tion-dependent manner. Burst-forming unit-erythroid (BFU-
E)-derived colony growth was not affected. Using a Far
Western type of analysis, we detected several potential
CHOP binding partners among the nuclear proteins of
Rauscher cells. Importantly, the number and relative abun-
dance of these proteins changed with differentiation. The
results strongly suggest that CHOP plays a role in erythropoi-
esis, possibly through interactions with both C/EBP and
non-C/EBP family members.
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entiation. Transient overexpression of chop in Rauscher cells

HE INTRACELLULAR signaling network triggered by interacts. Moreover, these potential alternative binding partners

the hematopoietic growth factor erythropoietin (Epo) change during erythroid differentiation.
modulates the expression of genes encoding important regula- CHOP was first isolated as growth arrest and DNA-damage
tory proteins. For example, the association of Epo with itsinducible gene 153gadd153.1214CHOP was also isolated on
receptor triggers activation of phospholipaser@nd protein  the basis of dimerization with C/ERF'3 CHOP and the other
kinase @. This signaling pathway is required for Epo’s gadd genes are induced by a wide variety of treatments that
upregulation of the transcription factomey@- and is associ- ~cause metabolic stress or cessa_ti_on of mito_sis._ Some_ of _these
ated with Epo’s mitogenic effect. Docking of Epo with its inducers are DNA alkylation, nutritional deprivation, oxidative

receptor also results in the activation of the JAK/STAT pathway.fs”esfs' ir_ll%thk:eatments that plerturb dend_o;;lasmlc retpulunfq

JAK2 kinase associates with the receptor’s cytoplasmic do_u_nctl_on. ese treatr_ner!ts also tend to induce cessation o

mains and phosphorylates STATShe activated STATS dimer- mitosis. Cessation of mitosis also occurs when cells undergo
terminal differentiation: in fact, direct expression of CHOP can

12€S and translgcates tothe cell's nugleus. Erythr70|d dlﬁerentla-lead to cell cycle arrest. CHOP mRNA increases dramatically
tion also requires the downregulation ofroh®7? In some

. e ; . when dividing 3T3-L1 fibroblasts are induced to differentiate
gxpenmental systems, art|f|_0|§1l glownr_egulatlo_n of Myb protein; . | amitotic, lipid-rich adipocytic cell$1516and during kera-
in the absence of erythropoietin is sufficient to induce hemoglo'tinocyte differentiatior?® However, because CHOP is ubiqui-

binization? Other regulatory proteins important to erythroid (5,51 expressed (see Results), it is likely that it plays a role in
differentiation include GATA-1'%and NF-E2!* These transcrip-  the differentiation of many tissues.

tion factors regulate globin gene expression in a coordinate
fashion; however, it is not known which signal transducers

?Ctlvate them‘_ One approach to und_erstandlng how EPO' From the Laboratory for Cell and Molecular Biology, Division of
induced signaling leads to the establishment of erythroid-yematology and Oncology, Department of Medicine, Beth Israel
specific patterns of gene expression is to compare the species pkaconess Medical Center, Harvard Medical School, Boston, MA.
MRNAs present before and after Epo treatment. Submitted November 2, 1998; accepted January 13, 1999.

In the present study, we used a differential hybridization Supported by National Institutes of Health (NIH) NRSA F32 DK08986
technique to identify Epo-regulated genes. We report that, if™-C-): NRSA F32 DK09201 (K.C.), NRSA F32 HL08563 (J.C.K.), and
Rauscher murine erythroleukemia cells, both Epo and dimethy A"j SR())l DK38841 and by US Navy Grant No. N00014-93-1-0776
sulfoxide (DMSO) markedly upregulatehop (gadd153)a Address reprint requests to Arthur J. Sytkowski, MD, Laboratory for
member of thec/ebpfamily of transcription factor genés:.'® Cell and Molecular Biology, Division of Hematology and Oncology,
We further show that an increase d¢hop transcript levels is  Department of Medicine, Beth Israel Deaconess Medical Center, 1
associated with terminal differentiation of normal erythroid Deaconess Rd, 21-27 Burlington Bldg, Room 548, Harvard Medical
cells in vivo and that antisensehop oligodeoxynucleotide ~ School, Boston, MA02215. _
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erythroid (CFU-E) but not burst-formlng.u.rI.It-erythr0|d (BFU-E) " isementin accordance with 18 U.S.C. section 1734 solely to indicate
colony growth. In addition to the possibility of CHOP-C/EBP s fact.
interactions, our data also suggest that there may be other, © 1999 by The American Society of Hematology.
non-C/EBP proteins in erythroid cells with which CHOP  0006-4971/99/9310-0012$3.00/0

Blood, Vol 93, No 10 (May 15), 1999: pp 3369-3378 3369



3370 COUTTS ET AL

Other members of the C/EBP family have been studied moreulture were collected by centrifugation and resuspended in sonication
extensively in terms of the role they play in differentiation. In buffer (50 mmol/L sodium phosphate, 300 mmol/L NaCl, pH 8.0). The
adipocytic differentiation, the:, B, andd C/EBP isoforms are cells were disrupted by sonication, and the sonicated mixture was
expressed with complex kinetiés These C/EBP protein iso- centrifuged at 10,0apfor 20 minutes. The supernatant was collected,
forms may interact in specific hierarchical patterns that chang&"d 8 ML of 50% slurry of Ni-NTA resin, previously equilibrated in
as differentiation proceedd Differentiating monomvelocvtic sonication buffer, was added and stirred at 4°C for 60 minutes. The resin
cells have their OV\F/Jn diStinc£ pattern of C/gEBP isofglrm eipres was poured into a 1.5-cm diameter column and washed with sonication

NPT . . oo buffer followed by 50 mmol/L sodium phosphate, 300 mmol/L NaCl,
sionZ3Similarly, C/EBP« levels fluctuate during differentiation pH 6.0, until the Ago of the effluent was less than 0.01. The proteins

of hepatoma cell3} ovarian follicles?> and gut epitheliumd®as  \yere eluted with a pH gradient from 6 to 3.5. The fractions containing
do levels of C/EBB levels during B-cefi” and eosinophilic  CHOP protein were collected, and the pH was adjusted to 7.4 with
differentiation?® Expression of the recently described C/EEBP phosphate buffer.

may be particularly important in the development of granulo- For expression of the CHOP-glutathione-S-transferase (GST) fusion
cytic cells2? CHOP is an unusual member of this family, in that protein, thechop PCR product was cloned into the pGEX-3x vector
it does not appear to form homodimers and it has a noncanoniAmersham Pharmacia Biotech, Inc, Piscataway, NJ). CHOP-GST
cal DNA-contact domaii® Hence, its function and mechanism protein was purified following the manufacturer’s procedure (Pharma-

may be substantially different than other C/EBPs cia). Briefly, cells were centrifuged, resuspended in phosphate-buffered
' saline (PBS) buffer (140 mmol/L NaCl, 2.7 mmol/L KCI, 10 mmol/L

NaHPQO,, 1.8 mmol/L KH,PO,, pH 7.3), disrupted by sonication, and
centrifuged. Glutathione Sepharose 4B equilibrated with PBS buffer
Cell culture. Rauscher murine erythroleukemia c@li¥ were was added to the supernatant of the sonicated mixture, and the mixture
cultured in Dulbecco’s modified Eagle medium (DMEM), 10% fetal was incubated with gentle agitation at room temperature for 1 hour. The
bovine serum (FBS; heat-inactivated), 36°C, 95% air/5%.CCells mixture was then packed into a small column and washed with PBS
were induced with recombinant human Epo (50 to 100 U/mL) or with buffer until the Agg of flow-through was less than 0.01. The CHOP-

MATERIALS AND METHODS

DMSO (0.7% to 1.0%, vol/vol). GST fusion protein was eluted with 10 mmol/L reduced glutathione in
Construction and screening of the cDNA libraryA Rauscher cell 50 mmol/L Tris-HCI, pH 8.0.
cDNA library was prepared by Clontech (Palo Alto, CA) using the Western blot analysis. Cells were harvested by centrifugation,

DR2 vector. RNA was isolated from cells treated with Epo (50 U/mL) washed once with ice-cold Dulbecco’s PBS, and lysed directly in SDS
and cycloheximide (10 pg/mL) for 1 hour using the acid guanidinium sample buffer. A10:1 ratio of sample buffer to cell pellet was used. After
thiocyanate method of Chomczynski and Saéélixcept that lithium boiling the samples for 5 minutes, they were passed repeatedly through
precipitation was not performed. The cDNA library was screened usinga 23-gauge needle and syringe to fragment the DNA. Cell lysate protein
differential plaque hybridization. Approximately 40,000 clones were (100 pg/lane) was electrophoresed on a 13% SDS-polyacrylamide gel
plated in 10-cm dishes at 8 pfu/énNitrocellulose filters (Millipore, electrophoresis (SDS-PAGE) gel and was transferred electrophoreti-
Bedford, MA) were lifted off each plate in duplicate. One set of cally (100 mA for 2 hours at 4°C) onto polyvinylidene fluoride (PVDF)
nitrocellulose lifts was hybridized t#P-labeled cDNA prepared from filters (Millipore). The filters were allowed to dry after transfer and then
untreated Rauscher cells. The duplicate set was hybridize@Pto  were rewet with methanol. The blots were blocked overnight with 5%
labeled cDNA prepared from cells treated with Epo (50 U/mL) and nonfat dry milk in PBS, 0.1% Tween 20.
cycloheximide (10 pg/mL) for 1 hour. The cDNA was prepared using Rabbit polyclonal antiserum against His-CHOP was prepared by
Superscript reverse transcriptase (GIBCO-BRL, Gaithersburg, MD)Organon Teknika (Durham, NC) using purified CHOP protein as
according to the manufacturer’s instructions. Hybridizations wereantigen. The polyclonal antibody was affinity purified using His-CHOP
performed in 50% formamide,>6 SSC, 5< Denhardt's, 0.5% sodium as the ligand immobilized on Affi-Gel 15 (Bio-Rad, Hercules, CA)
dodecyl sulfate (SDS), 100 pg/mL salmon sperm ssDNA at 42°C.according to the manufacturer’s instructions. For antibody purification,
Filters were washed three times iXx1SSC, 0.5% SDS at 60°C for 1 150 mL of anti-CHOP rabbit serum diluted in an equal volume of buffer
hour. DNA sequencing was performed using a USB DNA sequencingA (10 mmol/L Tris-HCI, 0.1 mol/L NaCl, pH 7.5) was applied to the
kit (USB, Cleveland, OH). affinity column by circulation overnight. The column was washed
RNA analysis. RNase protection assays were performed essentiallysequentially with buffer A and buffer B (10 mmol/L Tris-HCI, 4 mol/L
as directed by the Ambion RNase Protection Assay kit (Ambion, Inc,NaCl, pH 7.5) sequentially and the eluates were collected. The
Austin, TX) except that 20 U RNase T1 and 0.5 U RNase Awere used inantibodies were eluted finally with 4 mol/L Mg£followed by 4 mol/L
a sample volume of 100 pL. The antisense probes protectechtie guanidine HCI in buffer A. The elution was monitored bygh The
cDNA sequence from nucleotide 470 to 782; the glyceraldehydecollected fractions were dialyzed, concentrated by ultrafiltration, and
3-phosphate dehydrogenggapdh)probe protected nucleotide 1120 to  stored at-20°C.

1228. Northern blots were performed on poly RNA isolated from 1 Antisense oligodeoxynucleotide experimenfo demonstrate a role
mg of total RNA using standard methods. Electrophoresis was througlior CHOP in normal erythropoiesis, loss-of-function experiments were
formaldehyde-agarose gels. Washes were 20 minutes each 862, performed. Mouse bone marrow cells were treated wlithpantisense

1X SSC, and 0.x SSC, all with 0.1% SDS at 60°C. (GGACTCAGCGCCATGAC) or missense (CAGTACCGTCGACT-

Expression of recombinant CHOPFor expression of CHOP protein  CAGG) oligodeoxynucleotides (oligos; Oligos Etc, Wilsonville, OR).
in Escherichia coliBanH| and EcoRl restriction sites were introduced BFU-E— and CFU-E—derived colony growth was studied as follows.
into thechopcDNA 5" and 3 ends, respectively, by polymerase chain Bone marrow cells were flushed from the femurs of 7-week-old female
reaction (PCR) using the following two primers;BTAAGGGATC- C57BL6/J mice (Jackson Laboratories, Bar Harbor, ME) with Alpha
CCAGCTGAGTCCCTG-3 and B-TTCGGAATTCCTATGTGCAA- medium (GIBCO-BRL) using a 23-gauge needle and syringe. To obtain
GCCGA-3. The PCR product was cloned into tBarmH| and EcoRl a single-cell suspension, the cells were twice drawn through the same
sites of the pTrc-His expression vector (InVitrogen, Carlsbad, CA)needle. The cells were washed twice in fresh Alpha medium, counted,
in the reading frame, resulting in a histidine tagged CHOP proteinand resuspended in Alpha medium/3% FBS (Hyclone Laboratories,
when expressed i coli. The histidine-tagged protein was purified Logan, UT) at 1X 1(° cells/mL. The cells were incubated in the
using Ni-NTA resin (Qiagen, Valencia, CA). Briefly, cells from 3 L of absence or presence of specified concentratiorcshop antisense or
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missense oligos before plating. Further additions of oligos were madevas performed at 4°C. Cells were harvested by centrifugation, washed
according to the schedules described below. All experiments werén ice-cold PBS, resuspended in a small volume of PBS, and recentri-
performed in duplicate. fuged in microfuge tubes. Five packed-cell volumes of Dignam’s buffer
For CFU-E growth, on day 0 the oligos were added to 0.6 mL of the A were added to the pellet, which was gently resuspended by low-speed
cell suspension and 2.7 mL MethoCult M3330 medium (Stem Cellvortexing. The cells were then incubated at 0°C for 10 minutes. The
Technologies, Inc, Vancouver, British Columbia, Canada). After 4 hourscells were pelleted at low speed in a microfuge, and the supernatant was
of incubation at 37°C in a humidified 5% G@cubator, 1.1 mL of the  discarded. Five volumes of buffer A were added, and the cells were
mixture was plated into each of two 35-mm dishes. On day 1, thebroken by vigorous vortexing. The nuclei were pelleted, and four
cultures received an addition of oligos equal to 25% of the initial original cell volumes of Dignam’s buffer C were added. The nuclei were
concentration. On day 2, the cultures were scored. Each 35-mm distysed with 20 strokes of a Dounce homogenizer (type B pestle). The
was placed within a gridded 60-mm dish, and the number of CFU-E-lysate was stirred for 30 minutes at 0°C. The nuclear extract was
derived colonies in 2 quadrants of the dish was determined using aebtained by centrifugation of the broken nuclei (10 minutes in a
inverted microscope. The counts from duplicate dishes were averagednicrofuge at 4°C). Five hundred micrograms of nuclear protein extract
For BFU-E growth, on day 0 the oligos were added to 0.3 mL of the was loaded onto a 8-mm wide lane of a 13%/0.35% acrylamide/bis gel
cell suspension and 3.0 mL MethoCult M3434 medium (Stem Celland electrophoresed. Molecular weights were assigned by comparison
Technologies) and the cells were incubated overnight at 37°C in &0 prestained molecular weight markers (GIBCO-BRL). The proteins
humidified 5% CQ incubator. Cell suspensions (1.1 mL each) were Were transferred electrophoretically to a PVDF membrane (Millipore
plated into replicate 35-mm dishes on day 1. The cultures received atmmobilon P; 0.45 um) for 90 minutes at 100 mAin 39 mmol/L glycine,
addition of oligos equal to 25% of the initial concentration on day 1 and 48 mmol/L Tris-HCI, 0.037% SDS, 20% methanol. After blotting, each
on each successive day. All dishes were scored on day 8 for BFU-EJane was cut into two strips, with half being used to test for either
derived colonies. The counts for duplicate dishes were averaged. control (GST) or experimental (CHOP-GST fusion) protein binding
Isolation of hematopoietic cells.Populations of T cells, B cells, and ~ (modified from the procedure of Ferrell and Ma?fin The PVDF strips
erythroid cells were isolated using antibody-coated plates using stanwere incubated in 7 mol/L guanidine HCI, 50 mmol/L Tris-HCI, 50
dard method3435Antibody-coated plates were prepared using polysty- mMmol/L dithiothreitol (DTT), 2 mmol/L EDTA, pH 8.0, at room
rene bacteriological petri plates. Antibodies were diluted to 100 pg/mLtemperature with gentle rocking for 1 hour. Blots were rinsed with and
in 50 mmol/L Tris, pH 9.5. Ten milliliters was poured into 16015 mm then incubated with 1% bovine serum albumin, 250 mmol/L KCI, 20
plates and allowed to incubate overnight at 4°C. Plates were thefnmol/L potassium phosphate, 2 mmol/L DTT, 0.2 mmol/L EDTA, pH
washed & in PBS. B cells were recovered using antimouse Ig. 7-4 (4°C overnight with gentle rocking). Blots were then blocked for 3
Nonadherent cells were then panned on plates coated with an antithym&ours with 5% bovine serum albumin, 50 mmol/L KCI, 20 mmol/L
cyte antibody. Cells negative to both selections were harvested aBotassium phosphate, 2 mmol/L DTT, 0.2 mmol/L EDTA, pH 7.9. To
erythroid cells. each blocked strip was added either GST protein or CHOP-GST fusion
Ten murine spleens were prepared as a single-cell suspension irotein (15 ug/mL in blocking buffer), and the proteins were allowed to
RPMI 1640 with 5% EBS at X 107 cells/dish. Cells were allowed to  bind overnight. The blots were washed twice for 10 minutes in blocking
incubate for 30 minutes. Nonadherent cells were removed by decantinduffer. Goat anti-GST antibody (Pharmacia) diluted 1/100 in blocking
and adherent cells were then washed 5 times in PBS with 1% FBS. Cellguffer was added and allowed to bind for 1 hour at room temperature
were removed by repeated pipetting with a pasteur pipette using thavith gentle rocking. The blots were washed twice for 10 minutes in
wash buffer. Erythroid precursors were isolated and fractionated a®locking buffer. The second antibody (peroxidase-conjugated rabbit
described® Spleen cells were isolated from Epo-treated mice andantigoat IgG, 1/1,000; Cappell-Organon Teknika 55358) was added.
washed in Hank's Balanced Salt Solution without magnesium or The blots were again allowed to incubate at room temperature for 1 hour
calcium (GIBCO). Spleens were crushed and filtered through a mes@nd were washed as described before. ECL (Amersham Pharmacia
filter to obtain a single-cell suspension. The cell suspension wad3iotech, Inc) chemiluminecent detection of the bound complexes was
sedimented through Ficoll-Hypaque (Pharmacia) to remove lympho-Performed according to the manufacturer’s instructions.
cytes. The pellet from the Ficoll-Hypaque was then layered onto a
discontinuous Percoll gradient that consisted of 6-mL layers of 45%, RESULTS
65%, 70%, 77%, and 90% Percoll in magnesium- and calcium-free |dentification of Epo-regulated genesTo identify genes
Hank’s Balanced Salt Solu_tion. Approximate_ly>1 108 cells_ were regulated by Epo, we performed a differential screening pro-
loaded onto the _30—mL gra(:lent and were _subje_cted to cgntrlfugatlon a&ess. We constructechphage cDNA library from Epo-induced
5,004y for 20 minutes at 4 .C' A.ﬁer centrifugation, fractnons_ of cells Rauscher murine erythroleukemia cells and prepared duplicate
were collected using a peristaltic pump and then washed in DMEM. . . . .
Hltrocellulose lifts. One lift was hybridized to3?P]JcDNA

Cells were counted and characterized by microscopic examination an >
benzidine staining? Differential counts were performed before and Prépared from uninduced Rauscher cell MRNA. The other was

after the separation. Cell numbers were quantified using a hemacytonflybridized to f2PJcDNA prepared from cells induced with Epo

eter. (50 U/mL) in the presence of cycloheximide (10 pg/mL) for 1
Cell transfection. One day before transfection, Rauscher cells were hour. After washing and autoradiography, careful visual compari-

plated at a density of X 10° cells/mL in 10-cm tissue culture dishesin son of the duplicates showed members of the library that

DMEM/10% FBS. Cells were harvested by centrifugation, suspended incorresponded to candidate Epo-regulated genes. Approximately
DMEM without FBS at a density of X 1° cells/mL, and transfected 40,000 clones were screened initially.

with pSVKs-chop or pSVK; alone (20 pg DNA/transfection) by

eleCtmporat'o,n using a GenePulser Il (Bio-Rad) according to theinserts of the tentative positives were isolated and used as
manufacturer’s instructions. Cells were grown for 48 hours after

transfection and analyzed. The transfection efficiency ranged from 100/&)r0b§s n North_ern blot assa_ys of RNA prep.ar(_ed from Rauscher
to 20% in several experiments, as monitored by transfection of¢€llS induced with Epo but without cycloheximide. Three of the
pCMV-Bgal control plasmid. initial tentative positives were authentically Epo-upregulated.
Detection of CHOP binding partners.A variation on the nuclear DNA sequencing showed that one of the Epo-upregulated
extraction procedure of Dignam eflvas used. Extract preparation cDNAs bore exact identity to the transcription facohrop!213

To verify the authenticity of the Epo-upregulation, the cDNA
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Fig 1. chop is upregulated during erythroid differentiation of
Rauscher cells. (A) Epo induction. (B) DMSO induction. RNase protec-
tion assays for chop and gapdh (glyceraldehyde-3 phosphate dehydro-
genase) were performed as described in Materials and Methods and
Results.

It contained the entire coding region and completei®rans-
lated region. The 815-bghopcDNA hybridized to an mRNA of
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cells/mL),chopupregulation was equally striking. In contrast to
results reported with adipocytic cell linésreduced glucose
levels did not effecthopinduction. Rauscher cells cultured in
glucose 2 mmol/L showed the same patterntadpinduction as
cells cultured in 10 mmol/L glucose (data not shown).

CHOP protein expression.We confirmed that CHOP pro-
tein levels increase markedly during Rauscher cell differentia-
tion (Fig 2). Purified, bacterially expressed recombinant CHOP
(rCHOP; 2.5 or 0.5 ng) or SDS-solubilized protein extracts
from DMSO uninduced (0 hours) or induced (48 or 72 hours;
100 pg/lane) were subjected to SDS-PAGE and were analyzed
by Western blot using affinity-purified rabbit anti-CHOP antibod-
ies (left panel) or preimmune rabbit IgG (right panel). The
anti-CHOP antibodies specifically recognized 2.5 ng but not 0.5
ng of rCHOP. Preimmune IgG did not recognize rCHOP. Both
anti-CHOP and preimmune IgG cross-reacted nonspecifically
with several minor protein species from Rauscher cells (lanes 0,
48, and 72). However, despite this background, only the
anti-CHOP antibodies identified a prominent band in differenti-
ating cells (left panel, 72 hours) that migrated to the same
position as rCHOP. This increase in CHOP protein correlates
well with the increase in CHOP mRNA (Fig 2).

Expression of/ebpisoforms during Rauscher cell differentia-
tion. In some cell types, the C/EBP isoforms are known to
heterodimerize and to have changing interactions during differ-
entiation?3-25 Therefore, it was important to determine which
c/ebpisoforms are expressed in erythroid cells and whether
their expression changes during erythropoiesis. Northern blots
were prepared with polyARNA from uninduced and DMSO-
induced Rauscher cells and were probed withpa, c/ebpp,
c/ebp 3, or chop (Fig 3A and B). The blots were probed
subsequently witlgapdhcDNA. c/ebpa and c/ebpd mRNA
levels were extremely low and did not change during differentia-
tion. In contrastc/ebpB andchopmRNA increased 8.5- and
9.5-fold, respectively, during induction, as determined by laser
densitometry.

approximately 1.1 kb (not shown). The other two genes were These blots were also used to approximate the levels of the

novel and will not be discussed further.
chop is upregulated during erythroid differentiation of
Rauscher cells. We determined the steady-state levelsludp

different c/ebpisoforms relative to each other. In uninduced
Rauscher cellschop mRNA was fivefold to 10-fold more
abundant tharc/ebp 3 mRNA (based on the use of equal

mRNA in Rauscher cells after induction with Epo or DMSO amounts of probe with equal specific activity, assaying equal
using nuclease protection assays. Rauscher cells were induc@ghounts of polyA mRNA). The levels ot/ebpa andc/ebpd

with either Epo (100 U/mL) or DMSO (0.7%) for 0 to 72 hours.

During this interval, the cells differentiated as evidenced by

r—

hemoglobin synthesis. Both Epo and DMSO induction resultec,cyop, ng: el e

in a marked increase in steady-state levelstmipmRNA (Fig
1A and B). In some experimentghop mRNA increased

modestly (50% to 100%) after 1 to 3 hours of induction.

However, in all experimentschop mRNA increased 10- to

-~ o i
anti-CHOP #i8 “ # preimmune
|
S O N

20-fold after 24 to 48 hours and remained at these high level: cell lysate: °e2y
throughout the 72-hour induction. Similar results were obtainec ' ! : ‘

in several replicate experiments.
The Epo- or DMSO-induced upregulation ofiop mRNA

DMSO, hr DMSO, hr

Fig 2. CHOP protein increases during erythroid differentiation of

was unrelated to cell density or to nutrient depletion. The same&auscher cells. Purified recombinant CHOP protein (rCHOP) or lysates
basal level othopwas detected in uninduced cells (0 time) and from uninduced (0 hours) or DMSO-induced (48 and 72 hours) cells
in cells maintained in standard culture conditions for 72 hoursWere subjected to SDS-PAGE and electrophoretic transfer. They were

. . probed with either affinity-purified anti-CHOP antibodies (left panel)
W!thOUt Epo or DMSO. More,over’ when cells were ”jlquced or purified preimmune IgG (right panel). Note the prominent increase
with Epo or DMSO but maintained at subconfluent densities (bYin cHop protein detected after 72 hours of induction (left panel, 72

dilution with Epo-or DMSO-supplemented media to X510° hours).
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Fig 3. Expression of c/ebp isoforms during ery- /; &
throid differentiation. (A) Autoradiograms of North- F X d
ern blot analyses. (B) Densitometric analysis of data 0 | | | | ] | 1 |
in (A) normalized to 0 hours. Note the increase in 0 6 12 18 24 30 36 42 48
both chop and c/ebpB. In contrast, c/ebpa and
DMSO, hr

c/ebpd were unchanged.

were conspicuously lower thazthopandc/ebp. Thus, at all ~ cells studied, erythroid cells isolated from the spleens of
times during induced differentiatiochop steady-state mMRNA  Epo-treated mice had the highest levelabiop mRNA. This
levels were in large excess over the otbebys. level was not as high as that seen in Rauscher cells. However,
Tissue distribution othop mRNA. To determine whether the splenic erythroid population is heterogeneous, consisting of
fully differentiated cells in other tissues expred®op RNase cells at various stages of differentiation. This analysis was
protection assays were performed from a variety of adult mouseomplicated by the rather large differencesgapdh mRNA
tissues (Fig 4). Althouglthop mRNA was detectable in all seen among these various cell types despite even loading of the
tissues, its abundance varied greatly. Uninduced Rauscher celtgels demonstrated by ethidium bromide staining. Interestingly,
hadchopmRNA levels 10- to 30-fold higher than most of the thechop/gapdtratio seen in normal erythroid cells was as high
other tissues. Among the 14 tissues tested, only testis hads that seen in Rauscher cells.
conspicuously higithopmRNA levels, approaching that found Because the pronounced upregulationchbpin Rauscher
in Rauscher cells. cells correlated with induction of hemoglobinization, we mea-
CHOPexpression in normal hematopoietic celldNext, we  sured chop mRNA levels in differentiating normal murine
comparedchop expression in Rauscher cells with that seen inerythroid precursors. As erythroid precursors mature, they
normal murine hematopoietic cells (Fig 5). Among the normaldecrease in cell volume and undergo chromatin condensation

Rauscher o © o
RNA. ug < 3 T © £ o >
- Hg Q 2 - >0 M S+ O -
‘ o E v o &£ = = 9 & L e £
ocme—~oan2>c 28 %99 2 3T T
- " E 2 acaao0o 8L 5cx 0

CHOP ' “w'ﬂ! ' | ﬂ."-

Fig 4. chop expression in adult mouse tissues.
GAPDH RNase protection assay for chop or gapdh was
. performed as described in the text. Ten micrograms

e of RNA was used for each tissue.
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and 4% and 1% nucleated cells, respectivelyop mMRNA
began to decrease in these more mature erythroid cells (Fig 6).

Ectopic expression afhop inRauscher cells We obtained
evidence of a functional role fochop in erythropoiesis by
increasing its expression through transient transfection (Ta-
ble 1). chop cDNA was subcloned into a pS\AKexpression
vector and was transfected into Rauscher cells. After 24 hours,
cells were incubated in the absence or presence of Epo or
DMSO for 48 hours, and differentiating cells were identified by
staining for hemoglobin. Nontransfected cells induced with Epo
or DMSO for 48 hours were 34% 4% and 49%=* 5%

hemoglobinized (Hb), respectively. In contrast, cells trans-

fected with and overexpressinghop were increased signifi-
GAPDH » ' cantly to 43%+ 5% and 62%t* 5% Hb", respectively, strongly

suggesting that increasetiopenhanced erythroid differentia-

tion (P < .02). Overexpression of CHOP protein was confirmed
Fig 5. chop mRNA expression in Rauscher cells and a variety of by Western blot analysis (not shown). Cells transfected with
normal murine hematopoietic cells. Splenic T, B, and erythroid cells vector alone had responses to Epo or DMSO virtually identical
were isolated using antibody-coated plates, as described. .
to those of nontransfected cells. It is important to note that
Rauscher cells are relatively resistant to transfection. Only 10%

and enucleation. These changes result in increasing cell density, 200, of cells were transfected on average as monitored by
a characteristic that can be used as the basis of a separatiQfh|.4 transfection. The absolute 9% to 13% increase in

technique. Normal splenic erythroid precursor cells were sepapemoglobinization seen ithoptransfected cells correlates
rated on a 5-step discontinuous Percoll gradient. The cells fronyq|| with the transfection efficiencies achieved.

each were evaluated fahopexpression by Northern blot, for  artificial downregulation othopwith antisense oligodeoxy-
their degree of hemoglobinization by benzidine staining, and for,cleotides inhibits CFU-E colony growthincreasedchop
whether they had differentiated to the point that they hadexpression correlates with erythroid differentiation, and ectopic
condensed and extruded their nucleus by microscopic examingsypression othopincreased Epo- and DMSO-induced differen-
tion. The least dense fraction contained the least maturgation of Rauscher cells. Therefore, we reasoned that downregu-
population of precursors. There were only 18% hemoglobinizedating choplevels should result in reduced differentiation. In the
(Hb™) cells and virtually all (99%) retained their nuclehop  experiment shown in Fig 7, normal murine bone marrow cells
mRNA levels were relatively low in this least dense fraction. \yere grown in methyl cellulose culture in the absence or
The third of the five fractions contained 90% Higells, of  resence of specified concentrations of antisense or missense

which 56% retained their nuclei. Importantly, this stage of chopoligos using conditions required for growth of CFU-E— or
terminal differentiation was associated with a significant in- gey-E_derived colonies. Further additions of oligos were

crease irchopmRNA, which is very similar to the association 5qe daily. CFU-E colonies were scored after 2 days, and
of chopupregulation and hemoglobinization of Rauscher cells.gry-g colonies were scored after 8 days. Antisesiszpoligos

The increase was fourfold to fivefold over the least densephibited CFU-E colony growth in a concentration-dependent
fraction. The two most dense fractions contained 99% ells  anner. The maximum antisense oligo concentration used

(200 pg/mL) reduced CFU-E colony numbers to 42% of control
+ values. Importantly, missensehop oligo treatment had no

Hb 4 % 18 11 90 99 99 effect on CFU-E growth, providing evidence for the specificity
Nucleated,% 99 90 56 4 1 of the antisense effect. In other, less detailed experiments, sense

chopoligo treatment also had no effect on CFU-E growth. In

contrast to the inhibitory effect seen on CFU-E colony growth,
CHOP neither antisense nor missense (nor in pilot experiments, sense)

- e oes chop oligos inhibited BFU-E colony growth. Similar results
were obtained in other experiments.
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Table 1. Effect of Ectopic chop Expression on Epo- or DMSO-Induced
Rauscher Cell Differentiation

Hb™ Cells (%)*
GAPDH Rauscher Cells Epo DMSO
Nontransfected 34+4 49 +5
chop-transfected 435 62 5

Vector-transfected 32=x5 47 £ 5
Fig 6. chop mRNA levels in normal murine erythroid precursors. - -
Cells were separated by discontinuous Percoll density fractionation. *Cells were induced for 48 hours with 100 U Epo/mL or 0.7% DMSO.
Cells in each fraction were characterized for the percentage of Hemoglobinized cells were qualified by benzidine staining. Nonin-

hemoglobinized cells and the percentage of nucleated cells. duced cells exhibited less than 5% Hb* cells.
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Fig 7. Effect of antisense chop oligodeoxynucleotides on normal murine erythropoiesis in vitro. (A) CFU-E-derived colony growth. (B)
BFU-E-derived colony growth. (@) Antisense oligos; (O) missense oligos. Note the specific concentration-dependent inhibition of CFU-E colony
formation by antisense chop oligos. Each point is the mean of duplicate determinations.

Because of technical difficulties in quantifyinghop tran-
script levels in erythroid colonies grown in methyl cellulose, we DMSO

used Rauscher cells grown in suspension culture to verify the - ¢ -+
action of antisensehop oligos (Fig 8). Rauscher cells were
incubated in the absence or presence of 100 pg antiséage kDa >
oligo/mL for 24 hours. RNA was extracted and a Northern blot .
analysis was performed. Antisenggopoligo treatment caused 220 —
a marked reduction ichop steady-state transcript levels. No
change was observed using missense oligos (not shown). 97 —
CHOP binding partners during erythroid differentiation.
Because of reports that C/EBP isoforms can interact with 66 —
non-C/EBP protein$)-*2we used a protein-renaturation method
to identify potential alternative CHOP binding partners and to
determine whether they changed during erythropoiesis. Nuclear 46 — -.
extracts from uninduced and induced cells (0.7% DMSO, 48
hours) were prepared, subjected to denaturing electrophoresis,
transferred to blotting membranes, and then treated with a -
denaturing guanidine buffer. The denaturing buffer was washed
off, and the membrane-bound proteins were allowed to renature .
overnight. The membranes were then probed with CHOP-GST 30 —
fusion protein or GST alone (Fig 9). The CHOP-GST fusion - .
protein interacted strongly with a number of the nuclear
-
AS.CHOP - +
22 — -
14 — - .
-
L 1 J
CHOP- GST
GST
Fig 9. Far Western analysis shows numerous potential CHOP
Fig 8. Northern analysis confirms downregulation of chop by binding partners in erythroid cells and changes in them during

antisense oligodeoxynucleotides. erythropoiesis. See Results.
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proteins, whereas the GST protein binding was negligible. TheBFU-E cultures can be delayed somewhat without affecting
relatively large number of potential alternative binding partnersBFU-E colony development significantly. However, ultimately,
was surprising. Nonetheless, similar observations were made iEpo addition is essential for the final appearance of mature
repeat experiments. Interestingly, the nuclear extract fromBFU-E—derived colonies. If BFU-E differentiation in vitro
induced cells had a number of new electrophoretically distinctpasses through a CFU-E stage identical to that characterized by
species that bound CHOP-GST. In six experiments, CHOPCFU-E progenitors harvested from the bone marrow, then it
GST bound to proteins of 14.3, 17.5, 38.5, and 54 kD that werayould be expected that antisenskop oligos should inhibit
unique to the nuclear extracts from induced (differentiating)terminal differentiation of this CFU-E-like cell, resulting in
cells. There was also a number of CHOP binding proteins insmall and less robust BFU-E—derived colonies (even if actual
uninduced cells, the abundance of which increased markedl¥¢olony numbers were not affected). Our results are consistent
during differentiation. They had molecular weights of 16, 27, with the hypothesis that BFU-E differentiation in culture may
32, and 34 kD. Two proteins of approximately 66 and 95 kD, exhibit characteristics unique to the in vitro environment. This
respectively, appeared to decrease in abundance during differefay also include relative resistance to oligo uptake by in vitro
tiation. CFU-E-like cells. Taken together, our studies of Rauscher and
In addition to nuclear extracts, we also examined cytosolichormal erythroid cells show thahopexpression is most robust
fractions of both uninduced and induced cells for CHOP;, terminally differentiating CFU-E progeny and that CHOP

binding partners. There were a few proteins of very 10w pjays animportant role in the regulation of erythroid differentia-
abundance that appeared to bind CHOP-GST or GST proteingg,

weakly. There were no differences between induced and unin- ~Hop's action is not the same in all cell types. Increased

duced cells (data not shown). chop facilitates erythroid differentiation. This effect is the

opposite of that seen in adipogenic differentiation, in which
DISCUSSION increasedchop expression attenuates differentiation and inter-

: . . P .
In this study, we have identified the transcription factbop feres with thPT 'T‘d“C“O” ofc/ebpa and B'. In_ adipocyte

as an Epo-regulated gene and have obtained evidence thaﬁYSt?ms chopis induced by nutrlgnt deple_tlon_ln the cultre

plays a role in erythroid differentiationc/eb was also medium and may slow down differentiation in response to

upregulated during erythropoiesis. We found ttmapmessage metabolic stress (particularly the condition of low glucose). In

levels in Rauscher cells increased 10- to 20-fold after treatmentOntrast chopexpression in Rauscher cells was unaffected by

with natural or chemical inducers of erythroid differentiation. 2!téréd glucose conditions; also, its induction was not related to

Distinct signal transduction pathways are activated in respons&€!l density. CHOP expression can also be induced by treat-
to EPO or DMSC but treatment with either inducer results in Ments that adversely affect function of the endoplamic reticu-
upregulation ofchop This suggests that inducers of erythroid lum 1846 ) )

differentiation converge oshopupregulation. We also found At present, the precise mechanism of CHOP's action in
thatchopmessage is particularly abundant in erythroleukemiaerythmid differentiation is unknown, as is the mechanism by
cells, relative to terminally differentiated adult tissues, and thatwhich Epo upregulatechogs expression. Of note is the
its abundance in normal erythroid cells is modulated duringeXistence of a possible GATA-1 binding site at nucleotic#l5
terminal differentiation. Furthermore, manipulation of CHOP in the hamsterchop gené* and of nucleotide—435 in the

levels perturbs normal erythropoiesis. This regulated expressioRumanchopgene’’ The human site is a perfect, prototypical
is suggestive of a significant functional role fohopin red GATA site, and the hamster site conserves the GATA-1 core.

blood cell development. Indeed, the Epo receptor itséffknown to be transactivated by

In normal hematopoietic cells, the highest levels of CHOPGATA-1,249 contains a rather nonconforming TTATCT se-
were found in erythroid cells, with levels peaking during quence. Also of obvious interest (in view of Epothop
terminal differentiation. Rauscher cells have attributes of lateupregulation concurrent witte/eb3 upregulation) are the
BFU-E and early CFU-E3 Upon induction with Epo or DMSO, numerous NF-116 (C/EB®) sites in botfichopgenes.
they resemble differentiating CFU-E. This later pointin Rauscher The coordinate upregulation of bathopandc/ebi during
cell differentiation is wherchoplevels were determined to be erythroid differentiation is suggestive of a mechanistic relation-
the highest. We demonstrated that CFU-E colony growth wasship. In this regard, it has recently been shown that C/EBP
inhibited by antisensehoptreatment, whereas BFU-E colony participates in regulating the pro-B cell-specific enhancer
growth was unaffected. The inhibition of CFU-E colony devel- (PBE)* In this system, CHOP and C/EBPinteract in a
opment by antisensehopis consistent with the absolute Epo developmental stage-specific pattern. These factors associate
requirement for CFU-E differentiation and strongly supports aand form an inactive complex in mature B-cell lines, whereas
role for CHOP in the terminal differentiation of erythroid cells. pro-B—cell lines have active complexes of C/EBP proteins, but
This finding compliments those described wiEhoandEpoR no detectable CHOP protein. This is reminiscent of our results
null mice, ie, there is an essential role for Epo in regulating thein erythroid cells. CHOP levels increase as the cells mature. It
survival and terminal differentiation of CFU4 Because we may well be that the CHOP-C/EBFhas a negative regulatory
have identifiedchopas an Epo-upregulated gene, it would be function in some contexts. Earlier experiments using cell lines
expected that its downregulation would block differentiation atsuggested that C/ERP activates transcription of the IL-6
the CFU-E stage, as we have shown. However, the apparemromote? However, results from the/eb knock-out mouse
lack of antisensehopoligo effect on BFU-E colony numbers show lymphoproliferative and myeloproliferative histologies
and morphology is less easily understood. Epo addition tosimilar to mice overexpressing IL%8. This in vivo result
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suggests that C/EBPmight negatively regulate the IL-6 gene. lation in adipogenic differentiation and in erythropoiesis and
Differentiation requires restriction in developmental potential, further supports the hypothesis that CHOP's role in cell growth
and downregulation of the canonical CCAAT/enhancer sitesand differentiation is dependent on the context of cell lineage
may be part of this process. Global transcription that isand stage as well as the other binding partners available to it.
characteristic of the undifferentiated state can be suppressed by
increasing the amount of repressors such as CHOP, LIP, and,
possibly, C/EBB. Once physiologically relevant targets of The authors thank Alan Friedman for the generous gift ottebpa,
CHOP regulation are defined, the exact role of CHOP inB, andd cDNAs and Cindy Miller for her tutor_ial on methyl cellulose
erythroid differentiation can be addressed, ie, whether it acts af/Uré- We also acknowledge the expert editorial work of Rosemary
a dominant-negative regulator of C/EBP binding, directing Panza
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