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EG6AP, an E3 ubiquitin ligase negatively regulates
granulopoiesis by targeting transcription factor
C/EBPua for ubiquitin-mediated proteasome degradation

P Pal', S Lochab', JK Kanauijiya', | Kapoor', S Sanyal', G Behre? and AK Trivedi*'

CCAAT/enhancer-binding protein alpha (C/EBP«) is an important transcription factor involved in granulocytic differentiation.
Here, for the first time we demonstrate that E6-associated protein (E6AP), an E3 ubiquitin ligase targets C/EBPa« for ubiquitin-
mediated proteasome degradation and thereby negatively modulates its functions. Wild-type E6AP promotes ubiquitin
dependent proteasome degradation of C/EBPa, while catalytically inactive E6-associated protein having cysteine replaced with
alanine at amino-acid position 843 (E6AP-C843A) rather stabilizes it. Further, these two proteins physically associate both in non-
myeloid (overexpressed human embryonic kidney epithelium) and myeloid cells. We show that EGAP-mediated degradation of
C/EBP« protein expression curtails its transactivation potential on its target genes. Noticeably, E6AP degrades both wild-type
42 kDa CCAAT-enhancer-binding protein alpha (p42C/EBP«) and mutant isoform 30 kDa CCAAT-enhancer-binding protein alpha
(P30C/EBP), this may explain perturbed p42C/EBP«/p30C/EBP« ratio often observed in acute myeloid leukemia (AML). We show
that overexpression of catalytically inactive EGAP-C843A in C/EBP« inducible K562- p42C/EBP«-estrogen receptor (ER) cells
inhibits p-estradiol (E2)-induced C/EBPa degradation leading to enhanced granulocytic differentiation. This enhanced
granulocytic differentiation upon E2-induced activation of C/EBP« in C/EBP« stably transfected cells ($-estradiol inducible K562
cells stably expressing p42C/EBP«-ER (K562-C/EBP«-p42-ER)) was further substantiated by siE6AP-mediated knockdown of
E6AP in both K562-C/EBP«-p42-ER and 32dcl3 (32D clone 3, a cell line widely used model for in vitro study of hematopoietic cell
proliferation, differentiation, and apoptosis) cells. Taken together, our data suggest that E6AP targeted C/EBP« protein
degradation may provide a possible explanation for both loss of expression and/or functional inactivation of C/EBP« often
experienced in myeloid leukemia.
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CCAAT-enhancer-binding protein alpha (C/EBPu) is a key
transcription factor required for differentiation of multiple cell
types including myeloid cells.” In hematopoiesis, C/EBPu
regulates myeloid differentiation and granulopoiesis.? C/EBPo.
mediates its functions by binding to promoters of its target
genes and interacting with agonist (co-activators) and
antagonist (repressor) proteins in a cell-type-specific man-
ner.®>* C/EBPu function is also modulated by post-trans-
lational modifications such as phosphorylation, SUMOylation,
and ubiquitination.>® The functional activity of wild-type
C/EBPu (42 kDa wild-type CCAAT-enhancer-binding protein
alpha (p42C/EBP«)) is frequently perturbed in myeloid
leukemia resulting in differentiation blockade.?* Notably, loss
of function or expression of C/EBP« provides a platform for
acute myeloid leukemia (AML) development.® C/EBPu is
mutated in ~ 9% of AML cases; reported mutations in C/EBP«

comprise point mutations in basic leucine-zipper domain or
N-terminus frame-shift mutations leading to formation of a
dominant negative C/EBP« isoform (30 kDa mutant CCAAT-
enhancer-binding protein alpha (p30C/EBP«)) encoded by
same CEBPA from different translation start site.>'°"'2 p30C/
EBPa inhibits myeloid differentiation by exerting dominant
negative functions over p42C/EBPo."" Further, recent studies
suggest that p42C/EBP« function is antagonized by protein—
protein interactions. AML1/ETO binds C/EBP«, suppresses
its transcriptional activity and thereby interferes with C/EBP«
promoter autoregulation ' leading to reduced C/EBP« expres-
sion; c-Jun promotes proliferation and prevents differentiation
by inhibiting C/EBP« DNA binding via interacting with leucine-
zipper domain.™ Additionally, AML specific FIt3 mutations
downregulate C/EBP« expression and contribute to leukemo-
genesis.' Recently, we and others have shown C/EBPu
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regulation at protein level via ubiquitin-mediated proteasome
degradation.”"'® Phosphorylated JNK stabilizes C/EBP, while
inactive JNK facilitates its ubiquitination.” Keeshan et al.,'”
showed that Trib2 associates with p42C/EBP« and promotes its
proteasome-mediated degradation leading to increased p30C/
EBP«/p42C/EBP« ratio, commonly seen in AML. However, only
two E3 ubiquitin ligases for C/EBP« are known till date; E3
ligase TRIM21 interacts with TRIB2 to downregulate C/EBP« in
lung tumors, while Fowx7 targets it in preadipocytes.'®'® Here,
for the first the time we report that E6-associated protein
(E6AP), a homologous to EBAP carboxy terminus domain
containing E3 ubiquitin ligase also targets C/EBPu. for ubiquitin-
mediated proteasome degradation.

E6AP, a 100-kDa cellular protein is a member of function-
ally related E3-ubiquitin-protein ligases defined by the domain
homologous to the carboxy terminus hect domain.?°
E3 ligases ubiquitinate and degrade several regulatory
proteins including p53, p27, promyelocytic leukemia retinoic
acid receptor « and others, which serve as tumor suppressors
and cell-cycle inhibitors.2'2* Recently, using mass spectro-
metry based proteomics approach we identified E6AP as a
target of tamoxifen.?® Moreover, Tamoxifen is reported to
enhance C/EBPx expression in HelLa cells leading to
apoptosis induction.?® As tamoxifen downregulates EGAP
and induces C/EBP« expression in cell-type-specific manner,
we hypothesized E6AP might be an E3 ubiquitin ligase for
C/EBPa. This assumption was also based on our previous
finding that C/EBP« can be destabilized by ubiquitin-mediated
proteasome pathway.”

Henceforth, we demonstrate that EEAP promotes C/EBP«
ubiquitination leading to its proteasome-mediated degrada-
tion and thus functional inactivation. In contrast, EGAP
inhibition in K562-C/EBPu-p42-estrogen receptor (ER) cells
either by SiEBAP or overexpression of catalytically inactive
mutant (E6-associated protein having cysteine replaced with
alanine at amino-acid position 843 (E6AP-C843A)) promotes
myeloid differentiation. Further, in a more physiologically
relevant myeloid system U937 and 32Dcl3 cells, we show
EBGAP inhibition promotes enhanced C/EBPo expression
leading to robust differentiation. Thus, our data suggests that
E6AP may negatively regulate granulopoiesis by targeting
C/EBPu« for degradation via ubiquitin proteasome pathway.

Results

E6AP degrades C/EBP«. We and others have previously
shown that C/EBPo can be ubiquitinated and degraded
via proteasome-mediated pathway.7’16 We, therefore, asked
if E6AP modulates C/EBPu stability by targeting it for
degradation. In order to evaluate the effects of EBAP on
C/EBPo protein steady-state levels, we used human
embryonic kidney epithelium (HEK293T) cells which have
no endogenous C/EBPo expression. These cells were
transfected with 0.5g C/EBPo together with increasing
amounts of EGAP or EBAP-C843A. 24-h post transfection
whole-cell extracts (WCEs) were prepared and resolved on
10% SDS-PAGE. Immunoblot with C/EBP« and EB6AP
antibody showed that EGAP drastically downregulate
C/EBP« (Figure 1a) while a marked contrast was seen with
E6AP-C843A (Figure 1b). Strikingly, E6GAP-C843A rather
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stabilized C/EBPo possibly due to its dominant negative
nature over endogenous E6AP. This data demonstrates that
EBAP downregulates C/EBP« protein expression possibly by
promoting its degradation. As C/EBPu is a nuclear protein,
we asked if EBAP degrades C/EBPu in the nucleus. For this,
293T cells were transfected either with C/EBP« alone or
together with EBAP and E6AP-C843A. Twenty-four hour post
transfection nuclear extracts were prepared and resolved on
10% SDS-PAGE. Immunoblot with C/EBP« antibody showed
EBGAP degrades C/EBPu« in the nucleus, while EGAP-C843A
instead stabilizes it (Figure 1c). To further demonstrate the
relevance of our findings in a more physiological setting, we
used myeloid cell lines K562 and 32Dcl3, where C/EBPu
promotes granulocytic differentiation.?’~2° These cells were
transfected with C/EBP«, together with increasing amounts
of either EGBAP or EBAP-C843A. WCEs were prepared
after 24-h transfection and resolved on 10% SDS-PAGE.
Immunoblot probed with C/EBPu« followed by EGAP antibody
confirmed that E6AP inhibits C/EBP« steady-state levels,
while EBAP-C843A rather stabilizes (Figures 1d,e and f).

As C/EBP« also has a shorter isoform p30C/EBP« (30 kDa),
we asked whether p30C/EBPu is also regulated by EGAP or it
selectively targets only p42C/EBPx. For this, we co-trans-
fected 293T cells with expression plasmids for p42C/EBP«
and p30C/EBPu, together with indicated amounts of EGAP.
Twenty-four hours post transfection WCEs were prepared
and resolved on 10% SDS-PAGE followed by immunoblotting
with C/EBP« and EBAP antibody, which showed E6AP
potentially degrades both forms of C/EBP« (Figure 19).
Notably, MG132 treatment inhibited the degradation of both
forms, suggesting this degradation to be mediated via
proteasome pathway.

To further examine C/EBP« degradation in the presence of
EBGAP in the nucleus, we performed immuno-fluorescence
assay in 293T cells, which showed gradual degradation of
C/EBPo in a dose-dependent manner (Supplementary
Figure S1). Together, these data suggest that EGAP degrades
C/EBPu in the nucleus.

E6AP and C/EBPu« physically interact with each other.
As EBAP targets C/EBPu for degradation, we hypothesized
that these two proteins may physically interact; For this, we
performed in vitro glutathione sepharose transferase (GST)
pull down using bacterially purified GST-E6AP and 293T
nuclear extracts transfected with C/EBPo. After pull down,
bead bound GST-E6AP with its interacting proteins from the
lysates were resolved on 10% SDS-PAGE and probed with C/
EBP« antibody. As shown in Figure 2a, C/EBP« does interact
with GST-E6AP, while no interaction was observed with GST
alone. To further assess in vivo interaction, we performed C/
EBPa« co-immunoprecipitation from nuclear extracts of 293T
cells co-transfected with C/EBP« and E6AP. Co-immunopre-
cipitates were lysed in SDS buffer and resolved on 10% SDS-
PAGE. Immunoblot with C/EBP« followed by E6AP antibody
confirmed in vivo interaction between C/EBP« and E6AP. For
co-immunoprecipitation studies, we also treated C/EBP« and
EBGAP transfected cells with proteasome inhibitor. Interest-
ingly, prominent interaction was observed between C/EBPu
and EBAP in the presence of MG132, apparently due to
inhibition of proteasome pathway (Figure 2b).
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Figure 1 E6AP inhibits C/EBPu. steady state levels. (a) HEK 293T cells were transfected with C/EBPe. (0.5 ug) along with increasing amounts of EBAP (0.5-2.0 1g). This
was followed by immunoblotting with C/EBP«, EGAP and f-actin antibodies. (b) 293T cells were transfected with C/EBPx (0.5 ug) along with increasing concentrations of
E6AP-C843A (0.5-2.0 ug) and were followed by immunoblotting with C/EBPo, EGAP and f-actin antibodies. (€) 293T cells were transfected with C/EBP (0.5 ug), E6AP
(2.0 nug) and E6AP mutant C843A (2.0 ug) as indicated. Post 24 h nuclear extracts were prepared, resolved on 10% SDS-PAGE and probed with C/EBP«, EBAP and GAPDH
antibodies. GAPDH was used a control for cytoplasmic protein extract. (d, e) K562 cells were transfected with C/EBPx (0.5 1), E6AP (1.0, 2.0 ug) and E6AP-C843A
(1.0, 2.0 ug). In the indicated condition, cells were treated with 25 M MG132 3 h prior to cell lysate preparation. The blot was probed with C/EBPc, E6AP and f-actin
antibodies. (f) 32Dcl3 cells were transfected with C/EBP« (0.5 ug), E6AP (0.5, 1.0, 1.5 and 2.0 nig) and EBAP-C843A (1.0, 2.0 ug). The blot was probed with C/EBPx, EBAP
and p-actin antibodies. (g) 293T cells were transfected with p42C/EBPx (0.519), p30C/EBPx (0.5 1ig) and EBAP (1.0-2.0 ug) as indicated. Cells were treated with 25 1M
MG132 3 h prior to lysate preparation in one of the conditions. Lysates were resolved on 10% SDS-PAGE and probed with C/EBP«, EBAP and f-actin antibodies

E6AP degrades C/EBPa via ubiquitin proteasome
pathway and negatively affects its transactivation
capacity. We showed EG6AP destabilizes C/EBPo and
moreover, these two proteins also physically interact with
each other. We, therefore, asked whether it involves

ubiquitin-mediated proteasome degradation. For this, 293T
cells were transiently transfected either with C/EBP« or
together with E6AP expression plasmids as indicated in
Figure 3a. Twenty-four hours post transfection cells were
treated with MG132 in C/EBP« and EBAP co-transfected
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Figure 2 C/EBPu interacts with EGAP. (a) GST pulldown using GST-E6AP and C/EBP« transfected 293T protein lysates was performed. Washed beads were harvested
with SDS loading buffer and resolved on 10% SDS-PAGE, followed by immunoblotting with C/EBPo and GST antibody. (b) Co-immunoprecipitation with C/EBP« antibody was
performed using 293T lysates co-transfected with C/EBPo and EBAP as indicated. In one of the C/EBP« and E6AP-transfected conditions, cells were treated with 25 uM
MG132 3 h prior to lysate preparation. The blot was first probed with EBAP antibody and later the same blot was stripped and probed with C/EBPo antibody

condition followed by lysate preparation. Immunoblot with
C/EBP« and E6AP antibody nicely showed that C/EBPu
degradation is dramatically restored upon MG132 treatment
(Figure 3a). This strongly suggests that EBAP promotes
proteasomal degradation of C/EBP«. However, to further
support the notion that EGAP-mediated C/EBP« degradation
involves ubiquitin proteasome pathway, we performed in vivo
ubiquitination assay by transfecting 293T cells with C/EBP«-
HA, Ubiquitin-His, EBAP and EB6AP-C843A. Twenty-four
hours post transfection, cells were harvested; C/EBP« was
co-immunoprecipitated and probed with His antibody. Strong
C/EBPu ubiquitination ladder was observed in C/EBPg,
E6AP and His-Ubiquitin co-transfected cells, while mild
ubiquitination was seen in cells co-transfected with C/EBP«,
His-Ubiquitin and EB6AP-C843A, suggesting E6AP indeed
promotes ubiquitination of C/EBPo. Interestingly, more
intense ubiquitinated ladder pattern was observed in cells
treated with MG 132, which apparently stabilized the ubiqui-
tinated C/EBP« by inhibiting proteasome machinery
(Figure 3b). This data affirms that ligase activity of EGAP
promotes C/EBPu« ubiquitination leading to its degradation
via proteasome pathway.

As EBAP targets C/EBPu« for degradation, we further asked
if it affects C/EBP« transactivation potential. For this, we
performed luciferase reporter assay on a minimal pTK
promoter containing two C/EBP-binding sites. Indicated
amounts of reporter vector and expression plasmids for
C/EBPo, E6GAP and E6AP-C843A were transfected in 293T
cells. Twenty-four hours post transfection luciferase activity
was measured, which showed co-transfection of E6AP
with C/EBPu significantly inhibited C/EBPo transactivation
potential in a dose-dependent manner (Figure 3c). Further,
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MG 132 treatment efficiently restored C/EBP« transactivation
potential even in the presence of E6GAP. Additionally, co-
transfection of E6AP-C843A with C/EBP« did not inhibit
C/EBP« transactivation capacity. This clearly indicates that
catalytically active EBAP negatively modulates C/EBPu
protein stability and its biological functions.

E6AP knockdown enhances C/EBPa« expression and
promotes differentiation in U937 cells. C/EBPu« is a key
regulator of granulocyte development.®®3' Moreover, differ-
entiation arrest in myeloid leukemia subtypes is attributed to
functional inactivation of C/EBPx.3? As we show that EGAP
targets C/EBP« for proteasomal degradation, we sought to
assess the protein expression levels of EGAP in some of the
representative myeloid leukemia cell lines (U937, HL6O,
K562 and Kasumi-1) having diminished expression levels of
C/EBP«. WCEs of indicated cell lines probed with EGAP
antibody clearly showed ample expression of EGAP in these
cells with K562 showing greatest expression (Supplementary
Figure S4). To establish functional correlation between E6AP
and C/EBPu expression in myeloid leukemia cells, we sought
to assess C/EBPa protein levels in myeloid leukemia cell
U937 after inhibiting EGAP by small interfering RNAs
(siRNA). Notably, there is ample expression of EBAP in
U937 cells (Supplementary Figure S4) and as a matter of fact
it has reduced C/EBPa« expression. We transiently trans-
fected U937 cells with control siRNA and siE6AP (Figure 4a)
(siEBAP efficacy was validated in MCF7 and K562 cells;
Supplementary Figure S5). After indicated time points WCEs
were prepared, resolved on 10% SDS-PAGE and immuno-
blotted with E6GAP, C/EBP« and f-actin antibodies. Expect-
edly, it showed persistent decrease in EGAP protein levels
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(in siEBAP transfected lanes) with concomitant increase in
C/EBPu expression (Figure 4a). In fact, FACS flow cytometer
analysis of U937cells transiently transfected with siEGAP for
72h also showed enhanced expression of myeloid differ-
entiation marker cdi11b (Figure 4b), suggesting E6AP
inhibition in myeloid leukemia cells may overcome differ-
entiation blockade,®® a common phenomenon observed in
several leukemia subtypes.

E6AP and C/EBP«-ER physically interact in K562 cells
stably expressing C/EBP«-ER. As we showed C/EBP« and
EBAP physically interact both in vitro (Figure 2a) and in vivo
(Co-Immunoprecipitation (Co-IP), Figure 2b), we further
validated their interaction in physiologically relevant myeloid
leukemia cells. We transiently transfected K562 and 32Dcl3
cells with C/EBPx and EBAP either alone or together as
indicated. Twenty-four hours post transfection, lysates were
prepared and C/EBPo was immunoprecipitated using
C/EBPu antibody. Co-immununoprecipitates were resolved
on 8% SDS-PAGE, probed with C/EBPu followed by E6AP
antibody after stripping the same blot, which again confirmed
in vivo interaction in K562 and 32Dcl3 cells (Figures 5a and b;
Supplementary Figure S6 shows uncroped Figure 5a). To
further endorse their physical association, we assessed
in vivo interaction between endogenous C/EBPx and E6AP
from U937 cells. C/EBPx was co-immunoprecipitated using
C/EBP« antibody from U937 WCEs and resolved on 8% SDS-
PAGE (Figure 5c). Immunoblotting with C/EBPo and E6AP
antibodies clearly showed in vivo interaction between these
two proteins (Figure 5d). As we used f-estradiol inducible
K562 cells stably expressing p42C/EBPa-ER (K562-C/EBPo-
p42-ER) (detailed in Supplementary fig.S3), as a model cell
line to further address biological relevance of their physical
interaction, we, therefore, also confirmed interaction between
these two proteins in these stable cells. We performed
co-immunoprecipitation using C/EBP« antibody from
WCEs of K562-ER, K562-p42C/EBP«-ER, and f-estradiol
(E2)-induced K562-C/EBPux-p42-ER (induced for short
period to avoid fast degradation of C/EBP«-ER) as
indicated (Figure 5d). Immunoblot with E6AP followed with
C/EBP« antibody after stripping the same blot nicely showed
physical interaction between C/EBP« and E6AP. As expected
prominent interaction was observed in MG132-treated condi-
tions, obviously due to stabilization of C/EBPu« (Figures 5a
and d). Taken together, these results suggest that E6AP
physically interacts with C/EBPo in myeloid cells and may
promote its ubiquitin-mediated degradation.

E6AP inhibition in p-estradiol (E2) inducible K562 cells
stably expressing C/EBP«-ER enhances granulocytic
differentiation. As E6AP expression was higher in K562
cells where there are non-detectable levels of C/EBPx,3* we
generated f-estradiol inducible K562 cells stably expressing
C/EBPu-ER (Supplementary Figure S3) to demonstrate EGAP
actions over C/EBPo functions. These stable cells (K562-
p42C/EBP«-ER) express p42C/EBP« fused with ER ligand
binding domain while control cells express only ER domain
(K562-ER). These K562-C/EBPux-p42-ER cells are useful
model system to study the dynamics of C/EBP« dependent
granulocytic differentiation because they respond to f-estradiol

o
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treatment by nuclear translocation. Upon nuclear translocation,
C/EBPu binds and activates its target genes such as GCSFR3
and CEBPE.?®%® |n stably transfected cells, this fusion protein
stays in the cytoplasm bound with heat shock proteins (HSPs).
Stimulation with E2 activates it by binding to ER domain of this
fusion protein and this ligand binding relieves the HSPs bound
to C/EBPu«-ER, which then migrates to the nucleus and
activates its target genes.

Notably, E2 binding to this fusion protein also promotes its
degradation, and therefore, upon nuclear translocation
C/EBP«-ER protein is rapidly eliminated within 24h
(Figure 6a). To verify that EBAP is involved in this rapid
degradation of ligand bound C/EBP«-ER, we overexpressed
EBAP-C843A in these cells. Twenty-four hours post transfec-
tion cells were stimulated with E2 and harvested after
indicated time points. As shown in Figure 6b the rate of C/
EBPo degradation is substantially inhibited in the presence of
EBAP-C843A and C/EBPua protein is stabilized for longer
duration. In fact, siEBAP transfection in these cells also
caused significant reduction in rate of C/EBP« degradation
(Figure 6c¢). This clearly indicates that EBAP promotes C/
EBPa degradation, which can be modestly restored either by
overexpression of EBAP-C843A or inhibition of EGAP by
siE6AP; however, as EGAP inhibition is unable to completely
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restore C/EBPa expression; it is very likely that other E3
ligases may also regulate C/EBP« protein stability.

As transfection of E6AP-C843A in K562-C/EBPu-p42-ER
cells inhibited the rate of C/EBP«-ER degradation, we
assumed that overexpression of E6AP-C843A would
enhance granulocytic differentiation upon E2 induction. For
this, K562-C/EBP«-p42-ER cells were transfected with EGAP-
C843A and 24-h post transfection, cells were induced with E2
for further 72 h and then subjected to FACS analysis for cd11b
and cd114 expression, which shows percentage of cells
undergoing differentiation substantially increased in E6AP-
C843A-transfected cells treated with E2 (Figure 6d). Further,
cellular morphology of these cells was also assessed by
cytospin and Wright's-Giemsa staining post 72h E2 treat-
ment, which showed some cells exhibited cytoplasmic
blebbing (an early sign of apoptosis; middle panel), while
some had multi-lobed nuclei and some displayed more
eccentric and indented nuclei, a feature of differentiation
(dark arrow).?® However, in cells transfected with E6AP-
C843A followed by induction with E2 (Right panel) post 24 h
transfection, large number of small cells in late apoptosis
with multi-segmented nuclei (reminiscent of mature granulo-
cytes) were observed suggesting E6AP-C843A potently
drives E2-induced K562-C/EBPa«-p42-ER to granulocytic
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conditions cells were treated with 25 ;M MG132 prior to cell lysate preparation. Co-immunoprecipitation using EBAP antibody was performed and the blot was probed with
C/EBPu. followed by EBAP antibody after stripping the same blot. (b) Co-immunoprecipitation using C/EBP antibody was performed in lysates prepared from C/EBPo and
EBAP co-transfected 32Dcl3 murine cells as indicated. Co-immunoprecipitates were resolved on 8% SDS-PAGE and probed with EGAP antibody followed by C/EBP« antibody
after stripping the same blot. (¢) Endogenous C/EBP« was co-immunoprecipitated from 2.5 mg whole cell lysates of U937 cells using C/EBPo. antibody, resolved on 8%
SDS-PAGE and probed with EBAP antibody followed by C/EBPx antibody after stripping the same blot. (d) K562-p42 C/EBP«-ER (C/EBPx-ER) stable cells were induced with
5 M E2 for the indicated time points. Co-immunoprecipitation was performed with C/EBP« antibody. In one of the conditions 25 M MG132 treatment was given for 3 h prior
to cell lysate preparation. K562 cells transfected with empty vector were used as a control. The blot was probed with EBAP antibody. The same membrane was stripped and

probed with C/EBPo. antibody. Results are representative of minimum three independent experiments

differentiation (Figure 6e). As E6AP inhibition by siEGAP
efficiently restored C/EBP« expression in K562-C/EBPa-p42-
ER cells, we sought to assess the differentiation potential of
K562-C/EBPu-p42-ER cells upon EBAP knockdown. For this,
K562-C/EBP«-p42-ER cells were transiently transfected with
siE6AP; 24 h post transfection cells were stimulated with E2
and were assayed for cd11b and cd114 under FACS flow
cytometer after 72h of E2 induction. This clearly demon-
strated that E6AP knockdown in these cells potentially
alleviates myeloid differentiation (Figure 6f). Together, these
data indicate that EGAP inhibition in myeloid cells may
stabilize C/EBPo expression leading to enhanced myeloid
differentiation.

E6AP knockdown or ectopically expressed EGAP-C843A
triggers differentiation in 32Dcl3 cells. EGAP inhibition
either by transient transfection of siEGAP or E6AP-C843A
leading to induction of differentiation in K562-C/EBPx-p42-ER
cells was also validated in yet another myeloid system 32Dcl3
cells. Notably, IL-3 replacement with G-CSF stimulates
proliferation of 32Dcl3 cells for 4-5 days followed by growth
arrest and apparent neutrophil-like morphology by 12 days.
Moreover, G-CSF alone can drive 32Dcl3 cells to differentia-
tion.%”%® To assess differentiation via EBAP inhibition, 32Dcl3
cells were either mock transfected or with SIiEGAP and E6AP-
C843A separately; grown in IL-3 free medium containing
G-CSF. Post 3, 9 and 15 days of culture, Giemsa-stained

cells were visualized for morphological changes. Interestingly,
on day 3, few granule-like nuclear morphology was observed
in cells transfected with siEGAP and E6AP-C843A even in
G-CSF-untreated cells (Figure 7a). Moreover, by day 9, cells
attained myelocyte morphology with oval-shaped nucleus
with obvious differentiation-like morphology even in G-CSF-
untreated mock transfected cells in addition to siEGAP and
E6AP-C843A-transfected cells (Figure 7b). At day 15, cells
appeared more like metamyelocytes with elongated, dense
horseshoe or ring-shaped nucleus, while few demonstrated
polymorphonuclear neutrophil-like morphology with segmen-
ted nucleus (Figure 7c).%° Together, these results indicate
that EBAP inhibition may stabilize C/EBP« leading to
enhanced granulocytic differentiation in 32Dcl3 cells.

Discussion

Most cancers are caused by activating mutations in proto-
oncogenes and/or inactivating mutations in tumor suppressor
genes rendering corresponding proteins functionally inactive.
Additionally, perturbed stability of these regulatory proteins is
a major cause for functional impairment. The target proteins
are usually degraded tightly by proteasome machinery, which
involves ubiquitin attachment to the target proteins through a
series of enzymatic reactions where E3 ligases are key
players.'”?44° EGAP is one such E3 ubiquitin ligase
implicated in the degradation of tumor suppressor protein

~
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cells were induced with 5 M E2 for the indicated time points. Lysates were resolved on 10% SDS-PAGE and probed with C/EBP« antibody. The same blot was stripped and
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E2 for the indicated time points. Lysates were resolved on 10% SDS-PAGE and probed with C/EBPo, EBAP and f-actin antibodies. (c) K562-p42-C/EBP«-ER cells were
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analysis. Results are representative of minimum three independent experiments

p53 in conjunction with HPV viral E6 protein in some C/EBPu is a key regulator of cellular processes, such as
cancers.?® p53 degradation affects apoptosis and cell-cycle proliferation arrest, adipocyte differentiation, and granulopoi-
as it is chiefly involved in the regulation of these pathways.  esis in particular.3**"=*° We and others have previously
Like p53, there are several other cellular proteins reported to shown that C/EBP« can be degraded via ubiquitin proteasome
be regulated by E6GAP.4'46 pathway; however, except Fbwx7, the E3 ligases involved in
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Figure 7 EBAP inhibition leads to granulocytic differentiation in 32Dcl3 cells. 32Dcl3 cells were transfected with sSiEGAP and EGAP-C843A and were induced with G-CSF
for the indicated time points. After (a) 3 days, (b) 9 days and (c) 15 days of induction cells were washed, cytospun and stained with May-Griinwald and Giemsa staining

(bold arrows = granulocytes/neutrophils; simple arrows = apoptotic cells)

its degradation has largely remained elusive.'® Here, for the
first time we report that EBAP can also target C/EBP« for
proteasomal degradation. We explored the role of EBAP in the
ubiquitination of C/EBP«, their physical interaction and
consequent relevance in myeloid differentiation. Here, we

provide several lines of evidence that indicate EGAP is an E3
ubiquitin ligase for C/EBPu. First, EBAP promotes proteaso-
mal degradation of C/EBP« (Figures 1a,c,d and e and Figures
3a and b). Further, we show E6AP also degrades p30C/EBP«
(Figure 1f). Second, a catalytically inactive E6AP-C843A

Cell Death and Disease
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Figure 8 E6AP negatively regulates granulocytic differentiation by targeting C/EBPo. for degradation. The figure depicts a hypothetical model suggesting degradation of C/
EBPo by EBAP, thereby attenuating its transactivation potential and hence granulocytic differentiation

inhibits C/EBP« degradation (Figure 1b ¢ and d). Third, we
show that C/EBP« and EGAP physically interact in myeloid
cells (Figures 2 and 5). Fourth, degradation of C/EBPu« is via
ubiquitin proteasome pathway (Figures 3a and b). Thus, these
data implicate a direct role of EBAP in the proteasomal
degradation of C/EBPu.

As a consequence of C/EBPu protein degradation mediated
by E6AP, C/EBPu transactivation potential is compromised
(Figure 3c), which showed EBAP may inhibit functional activity
of C/EBP«. EBAP-mediated negative effects on the functional
activity of C/EBPo were further addressed in K562-C/EBPx-
p42-ER cells stably expressing C/EBP«-ER fusion protein. As
shown in Supplementary Figure S3, there is expression of
p42C/EBPa-ER in the K562 stable clones, which induces
granulocytic differentiation upon E2 induction.

C/EBPq« is required for granulocytic differentiation, and
restoration of its proper function can enable leukemic stem and
progenitor cells in AML and chronic myeloid leukemia myeloid
blast crisis to overcome differentiation blockade and mature
into functional effector cells.?”*° It acts as a master switch
between uncommitted proliferating progenitors and differen-
tiated cells." Thus, the downregulation and functional
inactivation of C/EBPu is involved in tumorigenesis. Growing
evidences reveal that alterations of the key myeloid transcrip-
tion factor C/EBPu is involved in the pathogenesis of AML.%2-%%
Importantly, different mechanisms lead to decreased
C/EBPu function in different AML subtypes.>* Therefore,
enhancing/stabilizing C/EBP« protein expression or function in
myeloid leukemia cells can be beneficial from therapeutic
perspective. As restoration of C/EBP« in K562 cells promotes
granulocytic differentiation,?” we assumed stabilization of
C/EBP« in these stable cells would have similar effects.
For this, we overexpressed E6AP-C843A in K562-C/EBPu-
p42-ER stable cells and 24 h post transfection induced them
with fS-estradiol. Similarly, we knocked down E6AP in these
cells using siEBAP and 24 h post transfection induced them
with p-estradiol. Post 72h E2 induction, FACS analysis for
cd11b and cd114 expression confirmed that E6AP-C843A
overexpression and/or siE6AP-mediated knockdown of EGAP
in K562-C/EBPx-p42-ER stable cells substantially increases
the percentage of cells undergoing differentiation in the
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presence of E2 (Figure 6). Besides, EBAP knockdown in
U937 cells also led to enhanced C/EBP« protein levels and
subsequent myeloid differentiation (Figure 4). Moreover,
biological effects of EGAP inhibition validated in a yet another
myeloid differentiation model 32Dcl3 cells, also resulted in
increased granulocytic differentiation (Figure 7), which further
consolidated our data that EGAP targets C/EBPu for degrada-
tion and E6AP knock down or its functional inhibition may
stabilize C/EBPu, leading to enhanced differentiation.

Henceforth, we propose a hypothetical model (Figure 8),
which suggests that E6AP targets C/EBPo for degradation via
ubiquitin proteasome pathway. As loss of C/EBP« expression
is associated with leukemogenesis, our results predict a
correlation between elevated levels of EBAP and loss of
C/EBP« expression, as well as function in leukemic cells.
Furthermore, inhibition of EGAP either via SIE6AP or dominant
negative EBAP-C843A stabilizes C/EBPo leading to
enhanced granulopoiesis. Thus, targeting E6AP can have
therapeutic implications in myeloid leukemia and other
cancers where C/EBPu is a crucial cellular factor.

Materials and Methods

Cell culture and expression plasmids. HEK293T and K562 cells
obtained from ATCC were cultured in DMEM and phenol red free RPMI-1640,
respectively, supplemented with 10% fetal bovine serum (FBS) and antibiotics.
K562-C/EBPx-p42-ER stable clones were maintained in phenol red free RPMI-
1640 supplemented with 2.0 pug/ml puromycin, 10% charcoal stripped FBS and
antibiotics. IL-3 dependent murine myeloid 32Dcl3 cells were obtained from ATCC.
32Dcl3 cells were maintained in RPMI-1640 medium supplemented with 10%
FBS, 1% PenStrep (Gibco, Grand Island, NY, USA) and 10 ng/ml murine IL-3
(Prospec, East Brunswick, NJ, USA) at 37 °C and 5% CO,. Notably, hnRNPs
inhibit CEBPA mRNA translation in K562 cells and hence no detectable levels of
C/EBPu are seen in these cells. Interestingly, ectopic expression of C/EBPo in
these cells drives them to granulopoietic differentiation.?” In contrast, 32Dcl3 cells
are murine myeloid precursor cells that differentiate to mature granulocytes in
response to G-CSF. Interestingly, ectopically expressed C/EBPo promotes and
accelerates G-CSF driven differentiation of 32Dcl3 cells.

Plasmids and siRNA. Expression plasmids for pCDNA3.1-C/EBPa—HA,*8
pCDNA3.1-E6AP 2" pCAG-HA-E6AP, pCAG-HA-E6AP-C843A“® pGEX4T-GST-
EBAP®® were kind gifts from G. J. Darlington, Nihar Jana, Ikuo Shoji and Zafar
Nawaz respectively; while pCDNA3-p42C/EBP«, Ubiquitin-his, p(C/EBP)2TK-luc
and pCDNA3-p30C/EBPx are previously described.5” The siEGAP and scrambled
siRNA, as well as siRNA transfection reagent Dhermafect were purchased from



Dharmacon RNA Technologies (Lafayette, CO, USA). E6AP-C843A is a
catalytically inactive form of EBAP where active site cysteine residue is substituted
with alanine (C843A). This cysteine residue present in the catalytic domain
transfers ubiquitin directly to the substrate via ubiquitin-enzyme cascade leading to
their degradation.

Generation of stable cell line. pBabe-Puro-C/EBPo p42-ER and pBabe-
Puro empty vector constructs were used for generating stable clones as previously
described.28% For this, K562 cells were transfected with pBabe-Puro-p42C/EBPa-
ER and empty vector, selection of cells was performed in RPMI-1640
supplemented with 10% FBS, 1 x antibiotic solution and 2.0 ug/ml puromycin.
Cells resistant to puromycin (2.0 ug/ml) were further cultured in puromycin
supplemented medium for next 2 weeks. In total, six clones were selected by the
serial dilution of cells. These six clones were cultured for another 2 weeks in
RPMI-1640 supplemented with puromycin (2.0 xg/ml) and subsequently confirmed
for C/EBPa-ER expression by immunoblotting (Supplementary Figure S2).

Western blotting. Cells were harvested after indicated time points using
RIPA buffer (1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 0.15M NaCl,
5mM EDTA and 50 mM Tris pH8.0) and equal amount of proteins were separated
on 10% SDS-PAGE as previously described.”*” Subsequently, proteins were
transferred and immunoblotted using primary antibodies against C/EBP, His,
GST, p-actin, GAPDH (Santacruz Biotechnology, SantaCruz, CA, USA) and E6AP
(Sigma-Aldrich, St. Louis, MO, USA).

Immunofluorescence microscopy. HEK293T cells were plated in
chamber slide one day before transfection. Next day cells were transfected with
C/EBPx and E6AP plasmids. Twenty-four hours after transfection cells were
washed with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde for
10 min, permeabilized with 0.5% Triton X-100 in PBS for 5 min, washed with PBS,
and then blocked with 1% BSA in PBS for 1 h. The cells were then incubated with
primary antibodies C/EBP« and EBAP (1:200) overnight at 4 °C. Next day, cells
were washed thrice with PBS, incubated with Alexa Flour 594 and 488 secondary
antibodies (1:250 dilutions) for 1h; Again washed thrice with PBS followed by
4, 6-diamidino-2-phenylindole staining (Sigma-Aldrich). Cells were then mounted
with vectashield (Vector Laboratories, Burlingame, CA, USA) and were visualized
using a confocal microscope (Leica, Wetzlar, Germany).

Luciferase reporter assay. 1 x 10° HEK 293T cells/well were plated 1 day
before transfection. Next day cells were transfected with pTK-C/EBP-luc promoter,
C/EBPo, E6AP and EBAP mutant (E6AP-C843A). Twenty-four hours post
transfection cell extracts were assayed for luciferase activity, using luciferase
assay reagent (Promega, Madison, WI, USA). Data are presented as means of
triplicate values obtained from representative experiments.

Co-Immunoprecipitation assay. For Co-IP cell lysates were prepared in
RIPA buffer (1% (v/v) NP40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS,
0.15M NaCl, 5mM EDTA, 1mM DTT and protease inhibitors). Protein lysates
after preclearing with IgG were incubated with C/EBPo or EBAP antibody and
Protein Agarose G or A beads (Millipore Company, Bedford, MA, USA) for 3h at
4°C in IP buffer (1% TBS, 0.5% NP40, Protease inhibitors). After incubation
beads were washed with IP buffer three times and bound protein were eluted in
Laemmli buffer. Samples were separated on 10% SDS-PAGE and were
subsequently immunoblotted with C/EBPo and E6AP antibody.

GST-Pull down. For GST-Pull down assay GST-E6AP protein was over-
expressed in E.coli and was subsequently purified using immobilized glutathione
sepharose beads (Amersham Bioscience/GE Healthcare, Pittsburg, PA, USA) in
NETN buffer (20mM Tris pH 8.0,100mM NaCl,1 mM EDTA,0.5% NP40). Cell
lysate of C/EBPo overexpressed in HEK293T cells were prepared in RIPA buffer.
For pull down experiments, GST purified proteins were incubated with WCEs in
NETN buffer for 3h at 4 °C on a rotating shaker. After pull down, protein bound
GST sepharose beads were washed three times with NETN buffer. SDS loading
dye was added to the beads and was resolved on 10% SDS-polyacrylamide gel,
immunoblotted with GST and C/EBP« antibody to confirm the interaction.

In vivo ubiquitination assay. HEK293T cells were transfected with
C/EBPx, EBAP and ubiquitin constructs. Post 24h of transfection, cells were
harvested and RIPA lysates were prepared. Subsequently, co-immunoprecipitation
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was performed with 2 ug of C/EBPa antibody using protein G Agarose beads
(Millipore). After preclearing, protein lysates were incubated with antibody and
beads for 3h. The co-immunoprecipitated proteins were then separated by 10%
SDS-PAGE and probed with His antibody.

Giemsa staining. K562-C/EBPu-p42-ER and 32Dcl3 cells were cytospun on
slides; air-dried and were stained with May-Griinwald and Giemsa solution. For
this, cells were stained with May-Griinwald solution for 5min followed by washing
with 1 x PBS for 2min. Meanwhile, Giemsa solution was diluted 1:20 ratio in
PBS and slides were further stained in this diluted solution for 15-20 min. Cells
were then washed in running tap water to remove the excess stain, air-dried and
subjected to microscopic examinations under light microscope and were
photographed.
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