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Although Jun upregulation and activation have been established as critical to oncogenesis, the relevant
downstream pathways remain incompletely characterized. In this study, we found that c-Jun blocks erythroid
differentiation in primary human hematopoietic progenitors and, correspondingly, that Jun factors block
transcriptional activation by GATA-1, the central regulator of erythroid differentiation. Mutagenesis of c-Jun
suggested that its repression of GATA-1 occurs through a transcriptional mechanism involving activation of
downstream genes. We identified the hairy-enhancer-of-split-related factor HERP2 as a novel gene upregulated
by c-Jun. HERP2 showed physical interaction with GATA-1 and repressed GATA-1 transcriptional activation.
Furthermore, transduction of HERP2 into primary human hematopoietic progenitors inhibited erythroid
differentiation. These results thus define a novel regulatory pathway linking the transcription factors c-Jun,
HERP2, and GATA-1. Furthermore, these results establish a connection between the Notch signaling pathway,
of which the HERP factors are a critical component, and the GATA family, which participates in programming

of cellular differentiation.

Aberrant overexpression or activation of Jun factors has
been detected in malignancies of the liver, breast, colon, en-
dometrium, ovaries, erythroblasts, cutaneous T cells, and he-
matopoietic stem cells (3, 4, 7, 12, 18, 39, 44, 46, 63, 69, 70).
The upregulation or activation of Jun factors in most of these
malignancies occurs as a consequence of dysregulation of the
Ras-mitogen-activated protein kinase pathway, one of the
most common targets in oncogenic transformation (60). How-
ever, recent findings indicate frequent genomic amplification
of JunB in cutaneous T-cell lymphomas (39).

The phenotypic consequences of Jun overexpression include
alterations in cellular proliferation, survival, and differentia-
tion. In the case of proliferation, c-Jun has been shown to be
critical for progression of murine embryonic fibroblasts
through the G, phase of the cell cycle, a function that appears
not to depend on phosphorylation via Jun N-terminal kinase
(JNK) (68). Heterodimers of c-Jun with ATF2 confer growth
factor-independent proliferation on chicken embryo fibro-
blasts, while heterodimers of c-Jun with Fos confer anchorage-
independent proliferation (58). In the case of cell survival,
inducible gene deletion in murine hepatocytes demonstrates a
key c-Jun-mediated survival function both in the setting of
chemical carcinogenesis and in response to tumor necrosis
factor alpha treatment (12). In addition, c-Jun protects murine
embryonic fibroblasts from UV-induced cell death, a function
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that is dependent on JNK phosphorylation (68). In the case of
differentiation, all members of the Jun family (c-Jun, JunB,
and JunD) prevent the differentiation of murine erythroleuke-
mic cells (44). Conversely, downregulation of endogenous c-
Jun with antisense oligonucleotides renders differentiation-
resistant murine erythroleukemic cells competent for erythroid
differentiation (18). Similarly, in human erythroleukemic cells,
antagonism of AP-1 with a dominant negative c-Jun mutant
enhances erythroid differentiation (49). Jun factors also prob-
ably participate in the inhibition of erythroid differentiation by
the constitutively active Ras 12V mutant in the erythropoietin-
responsive murine erythroleukemic line SKT6 (40).

c-Jun exerts such pleiotropic effects in most cases through a
transcriptional regulatory mechanism, that is, coordinated con-
trol of direct and indirect downstream target genes. One of the
relevant target genes mediating the cell cycle effects of c-Jun is
cyclin D1 (52). Transcriptional upregulation of cyclin D1 by
c-Jun is required for progression through G, by murine em-
bryonic fibroblasts and also plays a role in the proliferative
phenotype of human breast cancer cells (68, 69). A relevant
target gene for some of the antiapoptotic effects of c-Jun is p53
(52). c-Jun repression of p53 protects murine hepatocytes from
apoptosis during chemical carcinogenesis and during tumor
necrosis factor alpha treatment (12).

The downstream genes mediating Jun inhibition of cellular
differentiation have not yet been identified. In this study, we
found that c-Jun blocked the erythroid differentiation of pri-
mary human hematopoietic progenitors and correspondingly
repressed the function of the key erythroid transcription factor
GATA-1. Overexpression of GATA-1 reversed the inhibition
of erythroid differentiation by c-Jun. GATA-1 normally func-
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tions to program terminal erythroid differentiation, including
coordinated upregulation of erythroid-specific genes and
downregulation of cellular proliferation (53, 56). Mutational
analysis of Jun factors indicated that repression of GATA-1
correlated with the ability of c-Jun to mediate transcriptional
activation. In particular, dominant negative mutants of c-Jun
potentiated rather than inhibited the function of GATA-1.

Through microarray analysis followed by functional screen-
ing, we identified the basic helix-loop-helix (bHLH) protein
HERP? as a factor upregulated by wild-type c-Jun and capable
of GATA-1 repression. In addition to blocking function,
HERP-2 showed physical interaction with GATA-1. Enforced
expression of HERP2 inhibited erythroid differentiation of
K562 cells and of primary human hematopoietic progenitors.
These results therefore identify a novel pathway for Jun-me-
diated inhibition of cellular differentiation, in which c-Jun
causes upregulation of the Notch effector HERP2, which in
turn directly inhibits the erythroid factor GATA-1. This path-
way may have relevance to Jun transformation of several he-
matopoietic cell types, such as early progenitors, erythro-
megakaryocytic progenitors, and T cells, in which GATA
factor function plays a critical role in cellular development. In
addition, these results describe a novel mechanism for poten-
tial regulation of GATA factor function by the Notch signaling
pathway.

MATERIALS AND METHODS

Plasmid constructs. The expression vectors for Flag-tagged HERP2 and
HERP1 were kindly provided by Larry Kedes and Tatsuya Iso (31). The expres-
sion vector for the HERP2 mutant lacking the bHLH domain (HERP2 AbHLH)
was made by subcloning a PstI-HindIII fragment into pCMV-Tag2C. Expression
constructs for wild-type GATA-1 and GATA-2 as well as for GATA-1 mutants
employed the pEF vector and were generously supplied by Jane Visvader (59).
The GATA-1 mutant lacking both zinc fingers (A200-290) was generated by
overlap PCR followed by subcloning into pCMV5; for a positive control, PCR-
derived wild-type, full-length GATA-1 was similarly subcloned into pCMVS5.
pcDNA3-Epas-1 was generously contributed by Steven McKnight and Richard
Bruick (57). pCMV-cJunwt, pCMV-cJunATAD, pCMV-cJun-DBD-Cla linker,
and pCMV-cJunALZ have been described previously (54). The GATA-respon-
sive luciferase reporter plasmids alIb-598 and oIIb-98 have also been described
previously (45).

c-Jun retroviral constructs were derived from PCR fragments of full-length
c-Jun, ATAD c-Jun (c-Jun mutant lacking a transcription activation domain),
and cJun-DBD-Cla linker subcloned into EcoRI and XholI sites of MSCV-IRES-
GFP (43). The HERP2 retroviral construct was generated by subcloning an
EcoRI-BamHI fragment of HERP2, with a blunted BamHI end, into the EcoRI
and Xhol sites of MSCV-IRES-GFP, with a blunted Xhol end. The retroviral
construct for stable, blasticidin S-selectable c-Jun expression in K562 cells,
pLRT-c-Jun, has been described previously (36, 64). The full-length GATA-1
retroviral construct was generated by subcloning an Xhol fragment into the
corresponding site of MSCV-IRES-GFP. Replacement of c-Jun TAD with VP16
TAD was accomplished by subcloning a PCR fragment of c-Jun ATAD into the
Ncol and Xbal sites of pVP-HA2, a mammalian expression vector for VP16
fusions kindly provided by Richard Baer (27). For mammalian expression of
glutathione S-transferase (GST)-GATA-1, full-length GATA-1 was ligated into
the BamHI and NotI sites of pEBG, as described (14). The bHLH (amino acids
1 to 111) and Orange (amino acids 113 to 175) domains of HERP2 were
subcloned as BamHI-blunt and BamHI-Kpnl fragments, respectively, into
pEBG. The short interfering RNA (siRNA) expression construct for HERP2 was
assembled by inserting 5'-GGATCCCGTAATTGAGAAGCGCCGACGTTCAA
GAGACGTCGGCGCTTCTCAATTATTTTTTCCAAAAGCTT-3’ (italics show
the sense and antisense sequences of human HERP2 nucleotides 167 to 185) into
the Bglll and HindIII sites of pSUPER.

Retroviral transduction and cell culture. Human CD34™" cells at greater than
98% purity were derived at the National Hematopoietic Cell Processing Core
(NIH grant HL 66947) directed by Shelly Heimfeld (Fred Hutchinson Cancer
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Research Center). In brief, granulocyte colony-stimulating factor-mobilized pe-
ripheral blood mononuclear cells from normal donors underwent purification
with CliniMACS magnetic beads (Miltenyi Biotec, Auburn, Calif.). All experi-
ments with human cells were approved by the University of Virginia Human
Investigations Committee. Prior to retroviral transduction, the CD34" cells
underwent stimulation for 48 h in serum-free medium consisting of Iscove’s
modified Dulbecco’s medium supplemented with BIT 9500 (Stem Cell Technol-
ogies, Vancouver, Canada) with the following cytokines added: stem cell factor
at 100 ng/ml, thrombopoietin at 100 ng/ml, FLT3 ligand at 100 ng/ml, and
interleukin-3 at 20 ng/ml (all from Peprotech, Rocky Hill, N.J.). Supernatants
containing retroviral particles, derived from transient transfection of Phoenix
and FLYRD18 packaging cells (20, 32), were used to load retronectin-coated
plates (PanVera, Madison, Wis.).

Cells resuspended in retroviral supernatants supplemented with stem cell
factor, thrombopoietin, FLT3 ligand, and interleukin-3 at prestimulation con-
centrations were then seeded onto the preloaded plates. Following supplemen-
tation of medium with 5 ug of protamine (Sigma, St Louis, Mo.) per ml, cells
were subjected to spinoculation at 2,000 rpm for 90 min at room temperature.
After an additional 2.5 h of incubation, the cells were supplemented with an
equal volume of fresh retroviral supernatant with cytokines, followed by over-
night incubation. This process was repeated 2 additional days before transferring
cells to erythroid differentiation medium consisting of serum-free medium with
3 U of human erythropoietin (Amgen Inc., Thousand Oaks, Calif.) per ml and 25
ng of stem cell factor per ml. Transduction of K562 cells followed by purification
of green fluorescent protein (GFP)-positive cells by flow sorting for two rounds
was performed as previously described (14). K562 cells transduced with pLRT-
c-Jun were grown in RPMI 1640 with 10% fetal bovine serum, 8 g of blasticidin
S per ml, and 1 pg of doxycycline per ml. These cells were superinfected with
either the MSCV-IRES-GFP parent vector or the MSCV-GATA-1-IRES-GFP
vector, followed by flow sorting for GFP-positive cells.

Flow cytometry and benzidine staining. Erythroid differentiation of trans-
duced cells was assessed by staining cells with allophycocyanine-conjugated anti-
glycophorin A (GPA) or with phycoerythrin-conjugated anti-GPA (for costain-
ing with allophycocyanine—anti-CD34 or allophycocyanine-anti-CD41) or with
appropriately conjugated isotype-matched control antibody, as previously de-
scribed (11) (BD Pharmingen, San Diego, Calif.). In the experiments in Fig. 9C,
cells were costained for granulocytic, immaturity, and megakaryocytic markers
with phycoerythrin—anti-CD13, allophycocyanine—anti-CD34, and allophycocya-
nine—anti-CD41, respectively, or conjugated isotype-matched control antibodies
(BD Pharmingen). Cells were analyzed on a FACSCalibur instrument (Becton
Dickinson, San Jose, Calif.) with FCSPress software (FCSPress, Cambridge,
United Kingdom) for Fig. 1A, 1B, and 9B or FlowJo software (Treestar, Inc.,
Ashland, Oreg.) for Fig. 9C. Gating for GFP-positive cells was based on the use
of control, nontransduced parallel cultures, and gating for antibody staining was
based on isotype-matched control results.

Benzidine staining of retrovirally transduced K562 cells induced to undergo
erythroid differentiation with hemin (60 uM) (Sigma) plus transforming growth
factor B (0.5 ng/ml) (R&D Systems, Minneapolis, Minn.) followed an established
protocol (41). Cells showing either dim or bright benzidine staining were scored
as positive by standard light microscopy.

Transient transfection and reporter assays. K562 cells were cotransfected with
the indicated expression constructs, luciferase reporters, and pCMV-BGal ex-
actly as previously described (14). At 40 h posttransfection, cells were harvested
for luciferase and B-galactosidase assays as described previously (14). In all cases,
the results represent the mean *+ standard error of the mean derived from three
independent transfections, with use of B-galactosidase results to normalize for
transfection efficiency. In addition, duplicate transfections were subjected to
whole-cell lysis for immunoblot determination of protein expression levels. Tri-
chostatin A (EMD Biosciences, San Diego, Calif.) was employed at a final
concentration of 500 nM and compared with control cells treated with vehicle
only (0.05% dimethyl sulfoxide).

Immunoblot and Northern blot analysis. Inmunoblot analysis of K562 whole-
cell lysates was conducted as previously described (11, 14). GATA-1 was de-
tected with rat monoclonal anti-GATA-1 (N6; Santa Cruz Biotechnology, Santa
Cruz, Calif.). GATA-2 was detected with rabbit polyclonal anti-GATA-2 (SC-
9008; Santa Cruz Biotechnology). Jun factors were detected with polyclonal
rabbit anti-Jun (SC-44; Santa Cruz Biotechnology) (Fig. 4) or with polyclonal
rabbit anti-c-Jun (9162; Cell Signaling, Beverly, Mass,) (Fig. 1D). The Flag
epitope tag was detected with the M2 mouse monoclonal antibody (Sigma).
Human HERP2 was detected with polyclonal rabbit anti-Heyl (Abcam, Cam-
bridge, Mass.). Tubulin and globin were detected as previously described (14).

Northern blot analysis of transduced K562 cells was carried out essentially as
described previously (21); 20 ug of glyoxalated total cellular RNA, isolated with
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FIG. 1. Expression of c-Jun inhibits erythroid differentiation of primary human CD34* hematopoietic progenitors and of K562 cells. (A) Pu-
rified human CD34" hematopoietic progenitor cells transduced with the control vector (MSCV-IRES-GFP) were cultured in erythroid medium
for 7 days, followed by flow cytometric analysis for the erythroid marker glycophorin A (GPA). As shown, GFP-positive (transduced) and
GFP-negative (nontransduced) populations were separately gated for analysis. FSC, forward angle light scatter. (B) CD34" cells transduced with
the c-Jun-encoding retrovirus (MSCV-c-Jun-IRES-GFP) were cultured in erythroid medium and analyzed for GPA expression as in A. (C) K562
cells transduced with the indicated retroviral constructs were subjected to erythroid induction as indicated, followed by benzidine staining for
hemoglobin. Results represent the mean of three determinations = standard error of the mean. (D) Overexpression of GATA-1 reverses c-Jun
inhibition of erythroid differentiation. K562 cells stably overexpressing c-Jun were superinfected with either the control vector (K5-pLRT-Jun
MIG) or a GATA-1-encoding retroviral vector (K5-pLRT-Jun G-1). Erythroid differentiation was induced with transforming growth factor B
(TGFB) plus hemin for the indicated durations, followed by either benzidine staining or immunoblot analysis of whole-cell lysates.

Trizol (Gibco-BRL, Carlsbad, Calif.), per sample was fractionated on 1.0%
agarose gels, transferred to Zeta probe nylon membranes (Bio-Rad, Hercules,
Calif.), and hybridized with the indicated *P-labeled probes. Probes for HERP2
and EPAS-1 consisted of full-length cDNA inserts. The glyceraldehyde-3-phos-
phate dehydrogenase probe has been described (28).

Microarray analysis. Total cellular RNA was extracted with a Qiagen RNeasy
kit (Qiagen, Valencia, Calif.) from duplicate samples of flow-sorted K562 cells
transduced with the following retroviral constructs: parent, wild-type c-Jun, c-Jun
ATAD, and c-Jun DNA-binding domain (DBD)-Cla linker. Following synthesis
of double-stranded cDNA, biotinylated antisense cRNA probes were transcribed
in vitro. Fragmented cRNA probes were hybridized to the Affymetrix GeneChip
human genome U133A and U133B arrays (Affymetrix, Santa Clara, Calif.),
representing a total of ~33,000 distinct genes, with the Affymetrix fluidics sta-

tion. Fluorescence image analysis employed the Agilent GeneArray scanner in
conjunction with Microarray Suite 5.0 software (Affymetrix).

Protein interaction assays. Coimmunoprecipitations and mammalian GST
pulldown assays were performed as recently detailed (14). For coimmunopre-
cipitation assays, extracts from transiently cotransfected 293T cells were pre-
cleared and incubated with M2 anti-Flag antibody. Immune complexes collected
on protein G-agarose beads were washed and analyzed by immunoblotting for
coprecipitated GATA-2 or GATA-1. For GST pulldown assays, extracts were
incubated with glutathione-agarose beads to capture GST fusions, followed by
extensive washing and immunoblot analysis for copurified proteins. For coim-
munoprecipitation of endogenous GATA-1 and HERP2, 10 pg of either normal
rat immunoglobulin G (Santa Cruz Biotechnology) or N6 rat anti-GATA-1 was
added to 2 ml of K562 cellular extracts containing 12 mg of protein, followed by
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incubation overnight at 4°C. Immune complexes collected on Ultralink protein G
beads (Pierce Biotechnology, Rockford, Ill.) were subjected to extensive washing
and immunoblot detection with 40% of the immunoprecipitation sample loaded
in each lane. Extraction and washing buffers both consisted of 50 mM Tris-HCl
(pH 7.6), 200 mM Na Cl, 0.5% NP-40, 1 mM MgCl,, 50 pM Zn SO,, 10 mM
NaF, 1 mM Na;VO,, and 1 tab of protease inhibitor cocktail (Roche, Indianap-
olis, Ind.) per 10 ml.

Electrophoretic mobility shift assays. Electrophoretic mobility shift assay
analysis of GATA-1 binding to DNA was performed essentially as described
previously (10). The wild-type GATA binding site consisted of 5'-GATCTCCG
GCAACTGATAAGGATTCCCTG-3' as described before (10), and the mutant
GATA binding site substituted C at the position of the italic G. Nuclear extracts
from K562 cells transduced with parent vector or with HERP2-encoding retro-
virus were isolated by the method of Andrews and Faller (2). For the results
shown in Fig. 8D, 3 g of nuclear extracts was incubated with 5 fmol of gel-
purified double-stranded *?P-labeled probe (42), in a final volume of 20 wl.
Binding reactions occurred on ice, with addition of probe subsequent to a 5-min
preincubation. Unlabeled competitors were added 15 min after addition of
probe, followed by an additional 30 min of incubation. The binding buffer
resembled that of Crossley et al. except that KCl was used in place of potassium
glutamate (10).

RESULTS

c-Jun blocks erythroid differentiation of both normal and
leukemic human progenitor cells. Previous work has demon-
strated Jun-mediated inhibition of erythroid differentiation in
Friend virus-transformed murine erythroleukemic cells (44).
To ascertain the relevance of these findings to normal human
erythroid differentiation, we examined the effects of enforced
c-Jun expression in primary human hematopoietic progenitor
cells undergoing erythroid differentiation. Purified human
CD34" progenitors cultured for 5 to 7 days in the presence of
erythropoietin and stem cell factor show strong upregulation of
the erythroid-specific marker glycophorin A (GPA) (55). We
therefore transduced CD34" cells with a control retrovirus
vector (MSCV-IRES-GFP) or with a retrovirus encoding wild-
type c-Jun (MSCV-cJun-IRES-GFP). After 7 days of culture in
medium with erythropoietin plus stem cell factor, GFP-positive
cells were analyzed for GPA expression by flow cytometry. As
shown in Fig. 1A, 61% of vector-transduced cells were
GPA""e" (i e., expressed high levels of GPA), characteristic of
erythroid differentiation. By contrast, virtually none of the
c-Jun-transduced cells were GPAP"#" (Fig. 1B). GFP-negative
nontransduced cells in both cases showed similar expression of
GPA, with ~40% bright cells. The lower transduction effi-
ciency associated with c-Jun was highly reproducible (seen in
>6 different experiments), as was the inhibition of erythroid
differentiation. The paucity of GFP-bright cells in Fig. 1B most
likely reflects the inability of the CD34 ™ cells to tolerate c-Jun
levels outside of a narrow range.

To determine whether c-Jun could similarly inhibit the dif-
ferentiation of human erythroleukemic cells, K562 cells were
transduced with constructs encoding the control vector, wild-
type c-Jun, or a c-Jun mutant lacking a transcription activation
domain (ATAD). After erythroid induction with transforming
growth factor B plus hemin for 3 and 4 days, hemoglobin
expression was quantitated by benzidine staining of cells. As
shown in Fig. 1C, cells expressing wild-type c-Jun showed a
~50% reduction in benzidine staining compared with control
cells. Cells expressing c-Jun ATAD, on the other hand, showed
significant enhancement of benzidine staining compared with
control cells. These results confirm the ability of c-Jun to in-
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hibit erythroid differentiation and show that a dominant neg-
ative mutant of c-Jun enhances erythroid differentiation.

The transcription factor GATA-1 functions as a central reg-
ulatory element in programming erythroid differentiation (8).
We therefore examined whether overexpression of GATA-1
could reverse the inhibitory effects of c-Jun on erythroid dif-
ferentiation. In Fig. 1D, control K562 cells overexpressing c-
Jun (K562—-pLRT-Jun MIG) showed minimal capacity for ery-
throid differentiation, as assessed by benzidine staining and
globin expression at various points during induction. By con-
trast, GATA-1-transduced K562 cells overexpressing c-Jun
(K562-pLRT-Jun G-1) showed recovery of erythroid differen-
tiation in response to transforming growth factor § plus hemin.
These results suggest that GATA-1 may serve as a target for
the inhibitory effects of c-Jun on erythroid differentiation.

Jun factors repress the transcriptional function of GATA
factors. We examined the effects of c-Jun on the ability of
GATA-1 to activate a GATA-responsive reporter construct in
human erythroleukemic cells. The GATA-responsive allb pro-
moter, with key transcription factor binding sites, is shown in
Fig. 2A. c-Jun displayed a dose-dependent ability to repress
GATA-1 transactivation of the aIIb promoter (—598); use of a
minimized GATA-responsive reporter (—98) lacking any rec-
ognizable AP-1 binding sites demonstrated that the repressive
effect did not require DNA binding by c-Jun adjacent to
GATA-1 (Fig. 2B).

To determine whether specific domains within GATA-1
were targeted by Jun repression, GATA-1 deletion mutants as
well as wild-type GATA-2 were analyzed (Fig. 3A). Notably,
FOGT1, a zinc finger cofactor of GATA proteins, can repress
GATA-1 function through interaction with the N-terminal
GATA finger (GATA-1 amino acids 200 to 248) (17). The
results in Fig. 3B show that c-Jun retains repressive capacity for
GATA-2 as well as for the GATA-1 deletion mutants, includ-
ing GATA-1 A200-248. Similar results were obtained with
GATA-1 A200-248 in the context of the minimized GATA-
responsive reporter allb-98 (not shown). Therefore, Jun tar-
gets a structure that is conserved in GATA-1 and GATA-2 but
most likely does not act through a FOG-dependent pathway.

Jun repression of GATA depends on the transcriptional
activation functions of c-Jun. To determine further structural
requirements, domain-inactivating and domain-swapping mu-
tants of c-Jun were analyzed for repression of GATA-1 (Fig.
4A). As shown in Fig. 4B, loss of transcriptional activation
(ATAD) or loss of DNA binding (DBD-Cla linker) functions
both converted c-Jun from a repressor to a potentiator of
GATA-1-mediated activation. Loss of leucine zipper dimeriza-
tion (ALZ) eliminated all effects of c-Jun on GATA-1. The
potentiation of GATA-1 function by the c-Jun ATAD mutant
correlates with the enhancement of erythroid differentiation by
the same mutant, as illustrated in Fig. 1C. Replacement of the
c-Jun TAD with the classic herpes simplex virus VP16 TAD
restored the capacity for GATA-1 repression (Fig. 4B). On
immunoblot, the VP16-Jun fusion protein showed evidence of
marked instability, consistent with the recently described role
of the VP16 TAD as a degron, i.e., a signaling sequence for
ubiquitylation and degradation (51). Results similar to those in
Fig. 4B were also obtained with the minimized GATA-respon-
sive reporter allb-98 (not shown). Taken together, the results
with the c-Jun mutants suggest a mechanism for repression
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FIG. 2. c-Jun inhibits transcriptional activation by GATA-1. (A) Map of the GATA-responsive allb promoter, showing positions of binding
sites based on use of the TESS and TFSearch programs as previously described (14). (B) GATA-1 repression by c-Jun does not depend on
cis-acting AP-1 sites. The potency of Jun-mediated repression of GATA-1 transcriptional activation was compared using two GATA-responsive
reporter constructs, one possessing an AP-1 binding site (aIIb-598) and one lacking an AP-1 binding site («IIb-98), as depicted in the diagram in
A; 2 pg of the GATA-1 expression construct (pEF-GATA-1) was cotransfected with 0.2, 0.5, or 1.0 pg of the c-Jun expression construct
(RSV-c-Jun). Results + standard error of the mean of three experiments are shown as relative reporter activity compared with activation by

GATA-1 alone, normalized to B-galactosidase expression.

that involves transcriptional activation of a Jun target gene,
which in turn would mediate the repression of GATA factor
function.

HERP2, a bHLH transcription factor, is upregulated by
wild-type but not mutant c-Jun. To identify downstream genes
which might mediate GATA repression by c-Jun, microarray
analysis was used to compare human erythroleukemic cells
transduced with constructs encoding the vector, wild-type c-
Jun, c-Jun ATAD, or c-Jun DBD-Cla linker. With the Af-
fymetrix human genome U133A and U133B chips, represent-
ing approximately 33,000 distinct human genes, replicate
samples were screened to identify transcription-regulatory

genes upregulated by wild-type c-Jun but not by the vector or
c-Jun mutants. Particular attention was given to genes showing
=2-fold upregulation by wild-type c-Jun as well as detection P
values of =0.05. Two genes clearly fit these criteria, EPAS-1
(also known as HIF-2a), which was upregulated ~4-fold, and
HERP? (also known as Hesrl, Heyl, HRTI, and CHF2), which
was upregulated ~3-fold. EPAS-1, a member of the bHLH-pas
family of transcription factors, shows preferential expression in
endothelial cells and functions as part of the hypoxia response
pathway (57). HERP2 is a member of the bHLH-orange do-
main family of transcription factors and has been implicated in
the Notch signaling pathway (29-31).
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GATA-1 deletion mutants. (B) Analysis of transcriptional activation by the indicated GATA factors with and without c-Jun. Results + standard
error of the mean of three experiments are shown as relative reporter activity compared with activation by GATA-1 alone, normalized by B-
galactosidase expression. For each GATA factor, the activation obtained with that factor alone was set at 100%.

Northern blot analysis showed that wild-type c-Jun expres-
sion was associated with ~5-fold upregulation of HERP2
mRNA, while the c-Jun mutants caused no detectable upregu-
lation of HERP2 (Fig. 5). Immunoblot analysis confirmed
equivalent levels of wild-type and DBD-Cla linker mutant c-
Jun proteins in the transduced cells (not shown). K562 cells
treated with tetradecanoyl phorbol acetate also showed weak
upregulation of HERP2 mRNA, correlating with an upregula-
tion of endogenous c-Jun expression (not shown) (1). Probing
of Northern blots for EPAS1 also confirmed its upregulation by
wild-type c-Jun (Fig. 5). Therefore, HERP2, previously iden-
tified as a downstream target of Notch signaling, and EPAS-1,

previously identified as a participant in the hypoxia pathway,
both represent novel targets of AP-1 signaling.

HERP2 represses GATA-mediated transcriptional activa-
tion and K562 erythroid differentiation in a manner similar to
c-Jun. To test for functional effects of HERP2 and EPAS-1 on
GATA-1, cells were cotransfected with the relevant expression
constructs and a GATA-responsive reporter plasmid. As
shown in Fig. 6A, HERP2 repressed GATA-1-mediated tran-
scriptional activation. By contrast, EPAS-1 had no detectable
effect on GATA-1 function. HERP2 repression of GATA-1
also occurred with the minimized GATA-responsive reporter
alIb-98, which lacks any identifiable E-box sites (not shown).
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FIG. 4. Structural requirements for Jun-mediated inhibition of GATA-1; dominant negative c-Jun mutants potentiate GATA-1 function.
(A) Diagrams of c-Jun mutants. TAD, transcription activation domain; DBD, DNA binding domain; LZ, leucine zipper. The VP16 ATAD mutant
contains the herpes simplex virus VP16 TAD in place of the c-Jun TAD. (B) Analysis of transcriptional activation by GATA-1 with and without
the indicated c-Jun mutants. Results * standard error of the mean of three experiments are shown as relative reporter activity compared with
activation by GATA-1 alone, normalized by B-galactosidase expression. Whole-cell lysates from a duplicate transfection were immunoblotted for

GATA-1 or Jun factors.

If the repressive effects of c-Jun on GATA-1 are mediated
by HERP2, then knocking down endogenous HERP2 expres-
sion should augment GATA-1 function and interfere with c-
Jun repression of GATA-1. As shown in Fig. 6C, cotransfec-
tion of a HERP2 siRNA vector augmented GATA-1 function
by almost twofold and completely reversed the inhibitory of

effect of c-Jun on GATA-1. Cotransfection experiments con-
firmed the ability of the HERP2 siRNA vector to knock down
expression of a Flag-HERP?2 transgene by ~2-fold (Fig. 6D).
The augmentation of GATA-1 function by HERP2 siRNA
resembles the enhancement of GATA-1 transcriptional activa-
tion seen with the dominant negative c-Jun mutants in Fig. 4B.
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FIG. 5. Expression of wild-type c-Jun is associated with upregula-
tion of the hairy-enhancer-of-split-related bHLH factor HERP2.
HERP2 mRNA levels in transduced cell lines expressing wild-type (wt)
or mutant c-Jun as indicated were analyzed by Northern blot analysis,
probing with HERP2 cDNA. Also analyzed were parental K562 with
and without tetradecanoyl phorbol acetate (TPA) treatment (25 nM,
48 h). The membrane was stripped and reprobed with labeled glycer-
aldehhyde-3-phosphate dehydrogenase (GAPDH) cDNA. The right
panel shows EPAS-1 and GAPDH mRNA levels in transduced cell
lines, as indicated.
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To compare the effects of HERP2 and c-Jun on an endogenous
differentiation program, K562 cells transduced with the vector,
c-Jun, or HERP2 constructs were analyzed for erythroid dif-
ferentiation in response to transforming growth factor B plus
hemin. Compared with control cells, c-Jun- and HERP2-trans-
duced cells showed similar reductions in benzidine-positive
(hemoglobin expressing) cells at days 3 and 4 of erythroid
induction (Fig. 6B). Therefore, the repressive effects of c-Jun
are recapitulated by HERP2.

Physical interaction of HERP2 with GATA factors. To ad-
dress the physical basis for HERP2 repression of GATA-1, we
conducted protein interaction assays. Flag-tagged HERP2, co-
expressed in mammalian cells with either GST alone or GST-
GATA-1, showed association with GST-GATA-1 but not GST
in a pulldown assay (Fig. 7A). To map binding sites, a panel of
GATA factors were coexpressed with Flag-HERP2, followed
by immunoprecipitation with anti-Flag. Coprecipitation was
detected by immunoblotting with anti-GATA antibodies. As
shown in Fig. 7B, deletion of either zinc finger (A200-248 or
A249-290) did not eliminate GATA-1 binding to HERP2.
However, deletion of both zinc fingers (A200-290) abolished
GATA-1 binding to HERP2. Carboxy-terminal truncations of
GATA-1 (A319-413 and A357-413) weakened but did not elim-
inate HERP2 binding. GATA-2, whose homology to GATA-1
is largely restricted to the zinc fingers, also showed coprecipi-
tation with Flag-HERP2. These results suggest that HERP2
can bind GATA factors through either of the two zinc fingers,
following a pattern of GATA interaction observed previously
with the Ets transcription factor Fli-1 (13). The carboxy-termi-
nal tail of GATA-1 also appears to contribute to the efficiency
of HERP2 binding, but its effects are likely to be indirect, i.e.,
through maintenance of conformational stability.

To identify binding sites in HERP2, GST fusions of HERP2
domains (shown in Fig. 7C) were coexpressed in mammalian
cells with full-length, wild-type GATA-1. Copurification on
glutathione-agarose was determined by immunoblotting for
GATA-1. GST fusions were employed because of the small
size and instability of Flag-tagged HERP2 domains. Paradox-
ically, the full-length HERP2 became destabilized when fused

MoL. CELL. BIOL.

to GST (not shown). As shown in Fig. 7C, the bHLH domain
of HERP?2 clearly interacted with GATA-1. By comparison,
the orange domain of HERP2 showed minimal interaction
with GATA-1, suggesting that the bHLH domain constitutes
the major binding region.

Finally, coprecipitation experiments addressed whether en-
dogenous GATA-1 and HERP2 formed a complex in K562
cells. As shown in Fig. 7D, immunoprecipitation of endoge-
nous GATA-1 from K562 cells was associated with specific
coprecipitation of endogenous HERP2. These results suggest
that this physical interaction is not an artifact of enforced
expression.

Characterization of the HERP2 repressive function. To map
repressive function, a panel of HERP factors were analyzed for
effects on GATA-mediated transactivation. As shown in Fig.
8A, neither the HERP2 bHLH domain nor the orange domain
in isolation could repress GATA-1 despite the ability of the
bHLH domain to bind GATA-1. HERP1, whose homology to
HERP?2 is largely confined to the bHLH and orange domains
(30), retained the capacity for GATA-1 repression. Deletion of
the bHLH domain from HERP2 eliminated most but not all of
the repressive function. Immunoblot analysis confirmed equiv-
alent expression levels for full-length HERP2 and HERP2
AbHLH (not shown). These results indicate that the bHLH
domain, while not sufficient, is necessary for efficient repres-
sion of GATA-1 by HERP2.

To determine whether HERP2 exerted repression in a
FOG-dependent manner, HERP2 was coexpressed with
GATA-1 A200-248, which lacks the N-finger involved in re-
cruitment of FOG-1. As illustrated in Fig. 8B, HERP2 effi-
ciently repressed the function of GATA-1 A200-248, providing
evidence for a FOG-independent mechanism of repression, as
was observed for c-Jun (Fig. 3B). These results also correlate
with the ability of HERP2 to bind GATA-1 A200-248. In ad-
dition, HERP2 displayed repression of GATA-2 transactiva-
tion (Fig. 8B), as was observed with c-Jun (Fig. 3B), and fur-
ther correlating with HERP2 binding to GATA factors (Fig.
7A).

Additional experiments addressed whether HERP2 repres-
sion of GATA-1 depended on histone deacetylase function or
occurred by interference with DNA binding. Notably, trichos-
tatin A, an inhibitor of class I and II histone deacetylase en-
zymes, had no effect on HERP2 repression of GATA-1 (Fig.
8C). In addition, immunoprecipitation of GATA-1 followed by
enzymatic analysis for histone deacetylase activity showed no
difference in GATA-1-associated histone deacetylase activity
in parent vector- versus HERP2-transduced K562 cells (not
shown).

Gel shift assays with nuclear extracts from K562 cells trans-
duced with vector or with HERP2-encoding retrovirus showed
no influence of HERP2 on GATA-1 DNA binding (Fig. 8D)
despite the ability of HERP2 to block erythroid differentiation
in these cells (Fig. 6B). Several measures were taken which
ruled out subtle effects of HERP2 on GATA-1 DNA binding:
comparison of nuclear extracts from uninduced as well as in-
duced K562 cells, titration of nuclear extracts, and use of
dissociation gel shift assays as previously described (9) (data
not shown). Chromatin immunoprecipitation examining
known DNA binding sites for GATA-1 in K562 cells (-globin
HS2A, -B, and -C) as described by Horak et al. (26), similarly
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FIG. 6. HERP2 inhibits transcriptional activation by GATA-1 and erythroid differentiation of K562 cells, and HERP2 siRNA interferes with
c-Jun-mediated inhibition and augments GATA-1 function. (A) Analysis of transcriptional activation by GATA-1 with and without either HERP2 or
EPAS-1. Reporter assays were carried out as described for Fig. 2. (B) K562 cells transduced with the indicated retroviral constructs were subjected to
erythroid induction followed by benzidine staining for hemoglobin. (C) Analysis of transcriptional activation by GATA-1 with and without siRNA for
HERP2 and with and without c-Jun; 2 X 10° K562 cells were transfected with 2 wg of pEF-GATA-1, 3 pg of pSUPER or pSUPER-siHERP2.2, 1 pg
of pPCMV-c-Jun, 1.5 pg of allb-598-Luc, and 0.5 pg of pPCMV-Bgal, as indicated. After 72 h of incubation, cells were harvested for standard luciferase
and -galactosidase assays. Results shown represent three independent experiments =+ standard error of the mean. (D) Demonstration of Flag-HERP2
knockdown by the HERP2 siRNA construct. K562 cells cotransfected with pcDNA3.1(—)-Flag-HERP2 plus either the pSUPER vector or pPSUPER-
siHERP2.2 were analyzed by immunoblotting (IB) for Flag or tubulin. Transfections were carried out with 5 ug of DNA per 2 X 10° cells. Ratios below
the panels indicate the relative amounts (in micrograms) of the Flag-HERP2 and siRNA vectors, respectively.
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FIG. 7. HERP2 interacts physically with GATA factors. (A) Physical interaction of HERP2 and GATA-1. 293T cells cotransfected with the
indicated expression vectors were subjected to glutathione-agarose pulldown followed by immunoblotting with anti-Flag to detect Flag-HERP2 or
with anti-GST to detect GST and GST-GATA-1. The upper arrow indicates the position of GST-GATA-1, and the lower arrow indicates the
position of GST. (B) Physical interaction of HERP2 and GATA factors. 293T cells cotransfected with the indicated expression vectors were
subjected to immunoprecipitation with anti-Flag antibody followed by immunoblotting with antibodies to GATA-1 (IB: G-1), GATA-2 (IB: G-2),
or Flag, as indicated. The GATA mutants consist of the following deletions: N-finger (A200-248), C-finger (A249-290), carboxy-terminal regions
(A319-413 and A357-413), and both fingers (A200-290). (C) Physical interaction of GATA-1 with isolated HERP2 domains. A diagram of HERP2
and of GST fusion proteins is shown. Cotransfections, pulldowns, and immunoblotting were performed as indicated. (D) Physical association of
endogenous GATA-1 and HERP2. Parental K562 cellular extracts were subjected to immunoprecipitation with 10 pg of either normal rat
immunoglobulin G or rat anti-GATA-1 (N6) monoclonal antibody. Immunoprecipitates were immunoblotted with rabbit anti-HERP2 followed by
stripping and reprobing with rabbit anti-GATA-1. The input consisted of 20 wg of cellular extracts.

showed no effect of HERP2 on GATA-1 DNA binding (not
shown).

Expression and function of HERP2 in erythroid differenti-
ation of normal human progenitor cells. If the relative levels of
HERP2 and GATA-1 determine the transcriptional activity of

GATA-1, we would expect modulation of this ratio in the
normal course of erythroid differentiation from progenitor
cells. Furthermore, interference with this ratio, through the
overexpression of HERP2, would be expected to impair ery-
throid differentiation, possibly retaining progenitors in a more
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FIG. 8. Characterization of the HERP2 repressive function. (A) Effects of various HERP factors on GATA-1 function. GST fusions contained
full-length HERP2 (GST-H2) or isolated bHLH or orange domains. Also shown are results with Flag-HERP1 (Flag-H1) and a HERP2 truncation
mutant lacking the bHLH domain (H2 AbHLH). Reporter assays were carried out as in Fig. 2. (B) HERP2 repression of GATA-1 lacking the
N-finger (G-1 A200-248) and of GATA-2 (G-2). Reporter assays were carried out as in Fig. 2. (C) Histone deacetylase-independent repression of
GATA-1 by HERP2. Transfectants were incubated with either vehicle control (0.05% dimethyl sulfoxide) or 500 nM trichostatin A (TSA).
Reporter assays were carried out as in Fig. 2. (D) Lack of HERP2 influence on GATA-1 DNA binding. The electrophoretic mobility shift assay
employed nuclear extracts (NE) from K562 cells transduced with either HERP2-encoding retrovirus or parent vector. Cells were treated for 48 h
with 0.5 ng of transforming growth factor B per ml plus 60 wM hemin prior to harvest.

primitive state. Figure 9A illustrates the expression patterns of
GATA-1, GATA-2, and HERP2 during the course of erythroid
differentiation of normal human CD34" hematopoietic pro-
genitor cells. Notably, GATA-1 protein levels underwent
marked upregulation at days 3 and 14, while HERP2 levels
remained constant at days 0, 3, and 14. Therefore, the ratios of
HERP2 to GATA-1 dropped significantly during the course of
normal human erythroid differentiation. GATA-2 levels
showed a slight decline at day 3 and a marked decline at day 14.

Perturbation of the HERP2-GATA-1 ratio by HERP2 over-
expression in primary human CD34™ hematopoietic progen-
itor cells, as predicted, significantly impaired erythroid
differentiation (Fig. 9B). CD34" cells transduced with
HERP2-encoding retrovirus (as well as with control vector,
shown in Fig. 1A) were subjected to 7 days of erythroid culture,
followed by flow cytometric analysis for GPA expression, ex-
actly as described for Fig. 1A. The HERP2-transduced progen-
itors (GFP positive) clearly showed diminished expression of
GPA compared with vector-transduced cells (Fig. 1A, GFP-

positive cells) and compared with the GFP-negative cells in
Fig. 9B. In particular, HERP2-transduced cells failed to man-
ifest the characteristic discreet peak of GPA"" cells nor-
mally associated with erythroid differentiation and displayed
more of an ill-defined spectrum of cells with low to interme-
diate levels of GPA. Interestingly, the transduction efficiency
of CD34" cells by HERP2-encoding retrovirus was consis-
tently much higher than that by c-Jun-encoding retrovirus. This
difference may reflect a toxicity associated with c-Jun expres-
sion not shared by HERP2 expression. Similar results, showing
HERP2 impairment of erythroid differentiation in primary hu-
man progenitors, have been obtained in two independent ex-
periments.

To characterize the nature of the erythroid inhibition ex-
erted by c-Jun and HERP2, transduced CD34™" cells cultured
for 7 days in erythroid medium were subjected to multiparam-
eter flow cytometry. We examined the coexpression of GPA
with CD13, a marker of the granulocytic lineage, with CD34, a
marker of immaturity, and with CD41, a marker associated
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with the megakaryocytic lineage. Vector-transduced cells
showed three discrete populations, consisting of erythroid
(GPA*" CD13~ CD417), granulocytic (GPA~ CDI3™
CD417), and megakaryocytic (GPA~ CD13™/* CD41%) lin-
eages (Fig. 9C). Very few immature GPA™ CD13™ and GPA™
CD34™" cells were identified in the vector-transduced popula-
tion. Transduction with either c-Jun or HERP2 constructs was
associated with an increase in the immature compartment,
characterized by increased numbers of both GPA™ CD13™ and
GPA™~ CD34™" cells. In addition, both ¢-Jun and HERP2 trans-
duction was associated with an absolute decrease in GPA™
cells, and HERP2 transduction was associated with a down-
ward shift in GPA intensity within the GPA* compartment.
Both c-Jun- and HERP2-transduced cells also showed dimin-
ished CD41 expression, possibly reflecting impaired mega-
karyocytic differentiation. Neither c-Jun nor HERP2 caused a
significant shift in the intensity of CD13 expression within the
granulocytic compartment.

Taken together, these results suggest that in primary human
hematopoietic progenitors, c-Jun and HERP2 impair erythroid
and possibly also megakaryocytic differentiation, at least in
part through retaining cells in a primitive or immature state. In
contrast to their effects on the erythroid lineage, neither c-Jun
nor HERP2 appeared to have a significant impact on the
granulocytic lineage in these culture conditions.

DISCUSSION

AP-1 transcription factors play a critical role in cellular
transformation, contributing to multiple features of the malig-
nant phenotype through direct and indirect upregulation of
target genes. In this study, we show that Jun factors may block
GATA-1 function through the activation of a novel target
gene, HERP2. As GATA-1 function is required for terminal
erythroid differentiation, the ability of HERP2 to bind and
repress GATA-1 is most likely responsible for the inhibition of
erythroid differentiation by HERP2 observed in Fig. 6B and
9B. Our findings indicate that one of the oncogenic effects of
Jun factors, inhibition of differentiation, could occur in eryth-
roblasts through a novel regulatory pathway: Jun factors—
HERP2—|GATA factors.

An interesting question raised by our model is how HERP2
can block erythroid differentiation if it also inhibits the func-
tion of GATA-2, which is thought to support early progenitor
survival and proliferation and possibly oppose the activity of
GATA-1 (6, 24). This question actually has implications for the
mechanisms of virtually all GATA binding factors, the majority
of which bind to the highly conserved zinc fingers. For exam-
ple, PU.1 binds and represses both GATA-1 and GATA-2,
with the net phenotypic result of erythroid blockade (33, 47, 48,
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62, 71). Conversely, CBP binds and potentiates both GATA-1
and GATA-2, with the net phenotypic result of enhanced ery-
throid differentiation (5). Thus, our results and those of pre-
vious studies suggest that GATA cofactors may be able to
target an overlapping proerythroid function shared by
GATA-1 and GATA-2 (e.g., transactivation of the GATA-1
gene). Indeed, recent results have demonstrated the existence
in vivo of such a shared proerythroid function (19, 33).

How c-Jun induces HERP2 mRNA upregulation is not clear.
The human HERP2 promoter contains a perfect AP-1 consen-
sus site at position —2478, TGACTCA (GenBank accession
number AJ277506) (37). Accordingly, we isolated from a bac-
terial artificial chromosome clone a portion of the human
HERP2 promoter encompassing nucleotides —2516 to +35.
Subcloned into a luciferase reporter vector, this promoter frag-
ment showed no activation in response to c-Jun expression in
transient-transfection assays in K562 cells (data not shown).
Therefore, additional cis-acting elements within the HERP2
locus may be necessary, or HERP2 may be activated in an
indirect manner by c-Jun expression, possibly at the level of
mRNA stabilization.

Multiple lines of evidence support the concept that HERP2
may function downstream of c-Jun in the inhibition of
GATA-1 function. Most compellingly, siRNA for HERP2
blunted the ability of c-Jun to repress GATA-1 function; fur-
thermore, HERP2 siRNA augmented GATA-1 function in a
manner reminiscent of the dominant negative c-Jun mutants
(Fig. 6C and 4). Both c-Jun and HERP2 repressed GATA-1 in
an N-finger-independent manner, with the GATA-1 AN-finger
mutant retaining HERP2 binding (Fig. 3B, 7B, and 8B). Thus,
c-Jun and HERP2 both appear to regulate GATA-1 in a FOG-
independent manner. Both c-Jun and HERP2 also displayed
inhibition of erythroid differentiation in K562 cells (Fig. 1C
and 6B). Interestingly, in the primary human CD34™" progen-
itors, c-Jun inhibited erythroid differentiation more thoroughly
than HERP2, possibly due to a HERP2-independent toxic
effect of c-Jun on primary erythroid cells. Nevertheless, both
c-Jun and HERP2 exerted a similar tendency to retain ery-
throid progenitors in an immature state (Fig. 9C).

An additional correlation consisted of upregulation of en-
dogenous HERP2 mRNA in response to tetradecanoyl phorbol
acetate, a stimulus known to upregulate c-Jun in K562 cells (1).
Notably, tetradecanoyl phorbol acetate treatment also causes
downregulation of the erythroid marker GPA in K562 cells
(11). The question arises how K562 cells may undergo
megakaryocytic differentiation in response to tetradecanoyl
phorbol acetate when the upregulation of HERP2 is expected
to block GATA factor function. Important caveats are that we
have not been able to document clear upregulation of HERP2

FIG. 9. Expression and function of HERP2 in erythroid differentiation of primary human CD34* hematopoietic progenitor cells. (A) Expres-
sion of HERP2, GATA-1, and GATA-2 proteins in CD34" cells cultured in erythroid medium for the indicated durations. Whole-cell lysates were
analyzed by immunoblotting with the indicated antibodies. (B) HERP2-transduced CD34™" cells show impaired erythroid differentiation. Cells
transduced with MSCV-HERP2-IRES-GFP were cultured in erythroid medium for 7 days, followed by flow cytometric analysis for the erythroid
marker glycophorin A (GPA), as in Fig. 1. Results from parallel transduction with the control vector are shown in Fig. 1A. Similar results were
obtained from two independent experiments. (C) c-Jun and HERP2 both interfere with erythroid maturation. CD34" cells transduced with
constructs encoding the vector, c-Jun, or HERP2 were cultured in erythroid medium for 7 days, followed by flow cytometric analysis with costaining
for GPA plus CD13 (granulocytic lineage marker), GPA plus CD34 (immaturity marker), or GPA plus CD41 (megakaryocyte-associated antigen).
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protein in response to tetradecanoyl phorbol acetate and that
the megakaryocytic differentiation of K562 cells in response to
tetradecanoyl phorbol acetate is only partial (11). Neverthe-
less, it is possible that different thresholds for HERP2 inhibi-
tion of GATA function exist in erythroid versus megakaryo-
cytic differentiation. For example, GATA finger binding by
Fli-1, known to occur during megakaryocytic differentiation
(13), could compete for HERP2 binding to a similar domain.
Alternatively, tetradecanoyl phorbol acetate induction of
megakaryocytic differentiation in K562 cells may occur through
a GATA-independent pathway.

HERP?2 repression of GATA-1 occurs independently of hi-
stone deacetylase function and without affecting GATA-1
DNA binding. This repressive mechanism also does not de-
pend on HERP2 binding to cis-acting E-boxes, as evidenced by
the repression obtained with the —98 reporter lacking any
potential E-box sites (Fig. 2A). Most likely, physical interac-
tion between HERP2 and GATA-1 plays a role, but simple
binding of HERP2 to GATA-1 does not suffice because the
HERP2 bHLH domain can bind but cannot repress GATA-1
(Fig. 7C and 8A). The physical interaction and the repressive
effects rely on conserved domains within HERP2 and
GATA-1, namely, the bHLH and zinc finger regions, respec-
tively. The orange domain within HERP2 also binds weakly to
GATA-1 and may contribute to the repressive function (Fig.
7C and 8A).

Upregulation of HERP2 expression by c-Jun provides an
additional example of the cross talk that may occur between
Ras and Notch pathways during cellular transformation. c-Jun
has long been recognized as a major downstream target of Ras
signaling, and HERP2 was recently described as one of the
most robust targets of physiologic Notch signaling (29, 30). In
a previous example of Ras-mediated transformation of human
cells in vitro, Notch-1 signaling appeared to lie downstream of
a Ras-p38/mitogen-activated protein kinase pathway and to
induce several features of the transformed phenotype (66). In
a murine mammary tumor model, inhibition of Ras signaling
impaired Notch-mediated transformation (16).

Our results identify HERP2 as a novel modulator of GATA
factor function, with relative levels of HERP2 and GATA-1
influencing the differentiation outcome of erythroid progeni-
tors. This regulatory relationship may explain several previous
observations relating to the effect of Notch signaling on cellu-
lar differentiation and transformation. With regard to differ-
entiation, Notch signaling has been shown to inhibit erythroid
maturation in multiple cell line model systems (34, 35). That
GATA-1 is the target for this inhibition is suggested by the
inability of activated-Notch-transduced cells to downregulate
GATA-2 mRNA upon erythroid induction (34). Downregula-
tion of GATA-2 mRNA during erythroid development has
been shown to depend critically on GATA-1 function (22).
Thus, the ability of activated Notch to prevent GATA-2 down-
regulation during erythroid induction could reflect HERP fac-
tor interference with GATA-1 function.

With regard to transformation, aberrant Notch activation
has played a documented role in cases of human T-cell pre-
cursor acute leukemia and mucoepidermoid carcinoma (15, 38,
67). Inhibition of GATA factor function by HERP factors may
offer an explanation for some of the oncogenic features of
Notch signaling. For example, GATA-1 has recently been
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identified as a true tumor suppressor gene, sustaining inacti-
vating mutations in cases of human acute myeloid leukemia
(25, 65) and normally functioning to restrain cellular prolifer-
ation during hematopoiesis (56, 61). It is therefore plausible
that HERP2 interference with GATA-1 function could dys-
regulate the proliferation of hematopoietic progenitors or, by
extension, that HERP factor interference with GATA-3 func-
tion could disrupt growth control during T-cell ontogeny.
GATA-3 normally coordinates key developmental transitions
at both pre-T and mature T-cell stages (23, 50, 72). Thus,
functional regulation of GATA proteins by HERP factors
could provide a strategy for physiologic control of GATA tran-
scriptional activity during normal tissue development and for
differentiation blockade during oncogenic transformation.
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