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Background: EKLF is a transcription factor that is critical for erythroid gene expression.

Results: The EKLF in vivo interaction with Ppm1b phosphatase has been identified after co-immunoprecipitation.
Conclusion: The effect of the interaction is to modulate EKLF stability and activity.

Significance: Our data uncover a novel interaction and reveal a multilayered and contextual difference in how Ppm1b alters

EKLF regulation of its downstream targets.

Erythroid Kriippel-like factor (EKLF; KLF1) is an erythroid-
specific transcription factor required for the transcription of
genes that regulate erythropoiesis. In this paper, we describe the
identification of a novel EKLF interactor, Ppm1b, a serine-thre-
onine protein phosphatase that has been implicated in the atten-
uation of NFkB signaling and the regulation of Cdk9 phospho-
rylation status. We show that Ppm1b interacts with EKLF via its
PEST1 sequence. However, its genetic regulatory role is com-
plex. Using a promoter-reporter assay in an erythroid cell line,
we show that Ppm1b superactivates EKLF at the -globin and
BKLF promoters, dependent on intact Ppmlb phosphatase
activity. Conversely, depletion of Ppm1b in CD34" cells leads to
a higher level of endogenous 3-globin gene activation after dif-
ferentiation. We also observe that Ppm1b likely has an indirect
role in regulating EKLF turnover via its zinc finger domain.
Together, these studies show that Ppm1b plays a multilayered
role in regulating the availability and optimal activity of the
EKLF protein in erythroid cells.

EKLF? is an erythroid-specific transcription factor that plays
an important role in the global regulation of erythroid tran-
scription (1). ChIP-seq experiments have shown that EKLF,
sometimes in concert with SCL/TAL 1 or GATA 1, is bound to
promoter or intronic elements of almost all genes that are asso-
ciated with processes regulating the survival, differentiation, or
biology of erythroid cells (2, 3).

EKLF function is tightly controlled by protein/protein inter-
actions and post-translational modifications. Much of the prior
work that elucidated the role of EKLF in protein/protein inter-
actions was motivated by attempts to study the role of EKLF in
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transcription regulation (4—11). These studies were driven by
knowledge of the erythroid-specific transcription factors or co-
activator proteins that compose the essential transcriptional
machinery and were designed to find out if EKLF interacted
with these known molecules. Although this approach shed
much light on the molecular mechanisms of EKLF function, it
also limited the extent to which one could elucidate unexpected
modes of EKLF function or regulation.

Several lines of evidence hint at gaps in our knowledge of
EKLF regulation and function. First, although EKLF has two
nuclear localization signals and exhibits nuclear localization as
expected for its function as a transcription factor (12, 13), a
significant proportion of EKLF is localized to the cytoplasm (14,
15). Second, Quadrini and Bieker (16) showed that the stabili-
ties of both nuclear and cytoplasmic EKLF could be regulated
by the proteasome. To date, candidate proteins that regulate
EKLF stability have not been reported in the literature.

Third, various studies have ascribed paradoxical roles of
EKLF in cell cycle regulation. EKLF activates transcription of
E2f2, through which it regulates the entry of erythroid progen-
itors into the cell divisions that precede terminal erythroid dif-
ferentiation (17, 18). At the same time, EKLF has also been
shown to be a transcriptional activator of cell cycle inhibitors
like p18INK4c (19) and p2IWAF1/CIPI (20). Given the
restricted tissue specificity and temporal regulation of EKLF
expression in vivo, it is possible that post-translational regula-
tion and/or protein interactions govern which of the opposing
roles EKLF plays in the cell divisions that lead to terminal
erythroid differentiation. In addition, EKLF is expressed over a
period that encompasses several different stages in hematopoi-
esis (21, 22). Although Pilon et al. (2) have demonstrated that
EKLF binding to various sites on the genome is dynamic and
dependent on differentiation stage, it is not clear which signals
trigger these changes. Exposing primary human erythroid pro-
genitor cells to RB7, a short chain fatty acid derivative, can
induce EKLF binding to the CACCC site of the y-globin pro-
moter, concomitant with induction of y-globin expression (6).
As EKLF does not activate y-globin transcription in definitive
erythroid cells (2), it is possible that changes in EKLF protein/
protein interactions or post-translational modifications may
modify its ability to activate transcription at such promoters.
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Given the circumstantial evidence in the literature, most
compellingly the cytoplasmic localization of EKLF, we hypoth-
esized that EKLF might interact with, or be regulated by, pro-
teins that are not typically part of the transcription machinery.
To address this question, we immunoprecipitated FLAG-
tagged EKLF that was expressed in MEL cells and identified
associated proteins using mass spectrometry. In this paper, we
show that EKLF interacts with Ppm1b, a protein phosphatase
that belongs to the PP2C family of protein phosphatases (23),
and we describe its ability to modulate EKLF function by vari-
ous means, including regulation of EKLF protein stability and
transcriptional function.

EXPERIMENTAL PROCEDURES

Cell Culture—The zinc-inducible FLAG-EKLF MEL stable
cell line (7) was maintained in DMEM supplemented with 10%
FBS in the presence of 200 ug/ml G418. FLAG-EKLF expres-
sion was induced by treating cell cultures with 100 um ZnCl, for
18 h. shPpm1b and scr stably transfected JK-1 cells were main-
tained in RPMI 1640 medium supplemented with 20% FBS in
the presence of 1 ug/ml puromycin (Sigma).

Immunoprecipitation—To identify novel EKLF interactors, a
stable MEL line containing a Zn>" -inducible FLAG-EKLF plas-
mid (7) was used to identify EKLF-associated complexes in
MEL cells. 2.0 X 10® actively growing cells, seeded at a density
of 1.0 X 10° cells/ml DMEM, were induced with 100 um ZnCl,
for 18 h. Treatment with PBS was used as a negative control.
Cells were washed with ice-cold PBS and lysed in a lysis buffer
(1% Nonidet P-40, 300 mm NaCl, 50 mm Tris, pH 8.0, protease
inhibitor mixture (Roche Applied Science), 0.5 mm iodoacet-
amide, 1 mm sodium butyrate, 0.5 mm sodium fluoride, and 1
mM sodium vanadate). Lysate, normalized to 42 mg of protein
in 10 ml of lysis buffer, was precleared with rabbit IgG-agarose
(Sigma) for 60 min at 4 °C. The resultant supernatants were
immunoprecipitated with 250 ul of M2-agarose (Sigma) for 2 h
at 4 °C (24). Following immunoprecipitation, the beads were
washed three times with lysis buffer. FL-EKLF and associated
proteins were eluted three times by incubating the beads in 1.25
ml of PBS containing 25 ug of FLAG peptide (Sigma) for 15
min. Eluates were concentrated to 50 ul with a centrifugal filter
unit with a 10-kDa cutoff (Millipore) and diluted with 2X
Laemmli sample buffer (Bio-Rad) with 10 mm DTT prior to
loading on a 10% Tris-HCl acrylamide gel. The gel was stained
with colloidal blue (Invitrogen) and destained in deionized
water overnight. The protein bands were excised and analyzed
by the mass spectrometry facility at the Mt. Sinai School of
Medicine.

Co-immunoprecipitations of exogenous EKLF and Ppm1lb
utilized protein lysate obtained from a 10-cm dish of trans-
fected 293T cells. Cells were washed in ice-cold PBS and lysed
in buffer (1% Nonidet P-40, 300 mm NaCl, 50 mm Tris, pH 8.0)
in the presence of protease inhibitor mixture (Roche Applied
Science). 2 mg of lysate was precleared with rabbit [gG-agarose
and immunoprecipitated with anti-FLAG M2-agarose. Follow-
ing immunoprecipitation, the beads were washed three times
with lysis buffer. Proteins were eluted with Laemmli sample
buffer (Bio-Rad).
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Transfection—Transfections were performed using
DMRIE-C (Invitrogen) according to the manufacturer’s proto-
col. For co-immunoprecipitation experiments, EKLF con-
structs or pSG5 empty vector were co-transfected with Ppm1b
at a 1:1 ratio. Protein stability assays were carried out by co-
transfecting EKLF constructs with Ppm1b, Ppm1b R/G (phos-
phatase-inactive), or pSG5 empty vector with GFP at a 2:2:1
ratio. Transfection of K562 and JK-1 cells was carried out with
4 g of plasmid DNA and 8 ul of DMRIE-C per 200,000 cells.

Selection of Stably Transfected JK-1 Cell Lines—100,000 JK-1
cells were transfected with shPpm1b or control plasmids carry-
ing a puromycin resistance gene (gifts of J. Yang). Puromycin
was added to a final concentration of 1 ug/ml 48 h post-trans-
fection. Culture media was changed 8 days post-transfection,
and surviving cells were divided into smaller pools for further
analysis.

Semi-quantitative RT-PCR—cDNA was synthesized using
the either the Promega Reverse Transcription System (A3500)
with a combination of random primers and dT (15), using 1 ug
of RNA as starting material, or the Qiagen Sensiscript RT kit,
using 40 ng of RNA as starting material. y-Globin and 3-globin
were detected after 25 and 29 PCR cycles, respectively, using
primers described by Blau e al. (25). EKLF was detected after 29
PCR cycles using primers described by Perrine et al. (6).
GAPDH was detected after 25 PCR cycles using primers
described by Narla et al. (26).

Antibodies—The following antibodies were used for Western
blotting: M2-HRP conjugate (Sigma), anti-Ppmlb (A300-
887A; Bethyl Laboratories), anti-Ppmla antibody (ab76574;
Abcam), anti-B-tubulin antibody (sc-58886; Santa Cruz Bio-
technology), anti-GFP antibody (Living Colors A.v. monoclonal
JL-8; Clontech), and anti-HSP90 antibody (53547; Anaspec
Inc.). Anti-EKLF 7B2 antibody was generated in-house (21).

Primary Cell Culture and Nucleofection—Human CD34*
hematopoietic stem cells derived from peripheral blood were
obtained from All Cells. CD34 ™" cells were plated at a density of
0.4 X 10° cells/ml in expansion media consisting of serum-free
expansion medium (SFEM; StemCell Technologies) that was
supplemented with 2% penicillin/streptomycin, recombinant
human thrombopoietin (50 ng/ml), SCF (25 ng/ml), and Flt-3
ligand (50 ng/ml) (27). Media were changed when cell density
reached 1 X 10° cells/ml. After 7 days of expansion, 1.5 X 10°
cells per sample were nucleofected with 200 nm siPpm1b (sup-
plemental Table S3) or untargeted siRNA (Qiagen) using the
Amaxa Human CD34 ™" nucleofection kit (program U-008) (28).
Erythroid differentiation was induced with Epo (4 units/ml)
and SCF (100 ng/ml) (29) in SFEM media 24 h after nucleofec-
tion. Cells were collected 72 h after differentiation for analysis
by RT-PCR.

RESULTS

EKLF Physically Interacts with Ppm1b—To elucidate novel
interactors of EKLF, we employed an MEL cell line that was
stably transfected with a pSVneoHMT-IIA plasmid expressing
FLAG-EKLF under the control of a human metallothionein
(hMT-IIa) promoter, containing sequence elements that ren-
dered the promoter inducible by zinc (7, 30). EKLF was immu-
noprecipitated from whole cell extracts with anti-FLAG
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FIGURE 1. Identification of Ppm1b as an EKLF-interacting protein. Amino acid alignment of Pom1b and Ppm1a are shown. Boxed regions correspond to
Ppm1b peptides that were identified by mass spectrometry of the gel in supplemental Fig. S1 and tabulated in supplemental Table S2. Most are unique to

Ppm1b and thus distinguish this protein from Ppm1a.

M2-agarose (Sigma). Bound complexes were eluted, resolved,
and identified by mass spectrometry (supplemental Fig. S1 and
Table 1). We excluded common contaminants seen in mass
spectrometric analysis from further consideration. We also
eliminated from consideration proteins that could have inter-
acted with FL-EKLF as a response to cell stress. The induction
of exogenous EKLF expression by ZnCl, has the potential to
evoke the expression of proteins that respond to cell stress or
proteins involved in the unfolded protein response, which
could be induced in response to increased protein synthesis.
For this reason, we excluded Scyl2 (also known as coated vesi-
cle-associated kinase of 104 kDa, CVAK104) (31) and Hspa8
(32).

We focused our study on Ppmlb, as 10 of the peptides,
derived from three bands on the gel (supplemental Table 2) and
providing the largest number of peptides in this dataset that
corresponded with a single protein, were identified as derived
from Ppm1b.

Many studies show a significant functional overlap between
Ppmlb and the closely related Ppm1la. To confirm that the pep-
tides detected by mass spectrometric analysis derive from
Ppmlb, rather than Ppm1a, we performed a Clustal W sequence
alignment analysis. Although several of the identified peptides
are in regions where Ppmla and -1b were identical, most are
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located in regions where there are several amino acid differ-
ences between the two proteins (Fig. 1). One identified peptide
is located in the C-terminal region of Ppmlb, which has no
analogous region in Ppmla. The sequence alignment shows
that the identified protein is indeed Ppm1b. The fact that the
peptides were identified from three differently migrating bands
isolated from an SDS gel raised the possibility that EKLF may
interact with more than one Ppmlb isoform. A ClustalW
sequence alignment revealed that 9 of the 10 peptides identified
by the mass spectrometric analysis reside in Ppm1b regions that
do not differ between isoforms (supplemental Fig. S2). One of
the peptide sequences only exists in Ppm1b isoform 1. This
result suggests that EKLF may interact with multiple Ppm1b
isoforms.

Ppm1b Depletion in Hematopoietic Stem Cells Alters B-Glo-
bin Transcription after Differentiation—Evidence for a poten-
tial role of Ppmlb in gene regulation is complex. Ppm1b has
been shown to dephosphorylate Cdk9 at Thr-186, acting either
as a negative regulator of pTEF-b function (33) or as a positive
effector that enables pTEF-b release from its inhibitory com-
plex (34). As removal of Cdk9 (35) or inhibition of its activity
(36) results in a defect in erythropoiesis, and because Cdk9
binds to the B-globin locus in vivo (37), we postulated that
silencing of Ppm1b would alter erythropoietic gene expression.

JOURNAL OF BIOLOGICAL CHEMISTRY 15195


http://www.jbc.org/cgi/content/full/M112.350496/DC1
http://www.jbc.org/cgi/content/full/M112.350496/DC1
http://www.jbc.org/cgi/content/full/M112.350496/DC1
http://www.jbc.org/cgi/content/full/M112.350496/DC1
http://www.jbc.org/cgi/content/full/M112.350496/DC1
http://www.jbc.org/cgi/content/full/M112.350496/DC1

EKLF/Phosphatase Interactions

ENE \¢

Ppmib S __

5

a <
2N S

HspQo || s c— v

b N
\w\é@foé ENIPA @{b
B-globin: % 4 N
K
GAPDH NEENEEN

weor [

FIGURE 2. Knockdown of Ppm1b in human CD34* HSCs. g, CD34" cells
were nucleofected with scrambled siRNA (scr) or siPpm1b (si1-3; supplemen-
tal Table S3), and Ppm1b protein expression was monitored by Western blot
24 h post-nucleofection (top). Hsp90 was used as a loading control (bottom
panel). b, semi-quantitative RT-PCR was used to determine the effect of
siPpm1b on B-globin (top panel) and EKLF (middle panel) RNA levels after 3
days of erythroid differentiation with Epo/SCF. GAPDH RNA levels were used
as a normalization control (bottom panel). The normalized level of B-globin
expression at each condition is calculated (B-globin:GAPDH).

To test this hypothesis, we used three different siRNAs to
silence Ppm1b in CD34 " hematopoietic stem cells (HSCs) (Fig.
2a), followed by differentiation of HSCs into erythroid progen-
itors (29). Consistent with data suggesting that Ppm1b is a neg-
ative regulator of Cdk9, whose activity is required for globin
expression during both zebrafish and human erythropoiesis
(36), we observed an increase in 3-globin RNA concomitant
with a decrease in Ppm1b protein levels (Fig. 2b). As depletion
of Ppm1b did not affect induction of EKLF transcription, it
seems likely that Ppm1b is functioning downstream of EKLF to
regulate B-globin transcription upon erythroid induction.

Ppm1b Decreases the Rate of EKLF Turnover—To further
characterize the role of Ppm1b in erythropoiesis, and elucidate
its structural or functional interaction with EKLF, we identified
the region in EKLF that interacts with Ppm1b by co-expression
of exogenous Myc-tagged Ppm1b with FLAG-tagged EKLF, or
EKLF mutants in 293T cells, followed by immunoprecipitation
with M2-agarose (Sigma). We included PEST sequence dele-
tion mutants in this set of experiments because they have been
shown to play a role in regulating EKLF stability (16). The
PEST1 region of EKLF overlaps with the minimal activation
domain of EKLF (16, 38) and the PEST?2 region overlaps with
the transactivation subdomain involved in binding Tfb1PH, a
subunit of TFIIH (39). Fig. 3 shows that the PEST1 sequence of
EKLF is important for mediating the interaction between EKLF
and Ppm1b.

In the course of our studies, we noticed that EKLF levels
increased when exogenous Ppm1b was co-expressed (compare
lanes 1 and 2 with lanes 5-7 in Fig. 4a and compare lanes 2 and
4 in Fig. 4b). Because expression of each EKLF variant is under
the control of the same promoter within each experiment, it
seemed unlikely that the increase in EKLF levels is due to
changes in transcription levels. Ppm1b also increases the EKLF
protein levels even in the absence of the EKLF PEST1 sequence
that is important for mediating the EKLF interaction with
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FIGURE 3. Mapping of regions on EKLF that interact with Ppm1b. g, sche-
matic of FLAG-EKLF constructs used in co-immunoprecipitation experiments.
PEST sequences are as defined in Ref. 16. b, interaction of Ppm1b with FLAG-
EKLF after co-transfection of the indicated constructs into 293T cells followed
by immunoprecipitation (IP) with anti-FLAG antibody. pSG5 is the empty
expression vector. The blot was probed with anti-Ppm1b (top panel) or anti-
FLAG (middle panel). The bottom panel shows the input Ppm1b levels. Pom1b
interacts with full-length EKLF but not its zinc finger alone (ZnF) or EKLF
APEST1, suggesting that the PEST1 sequence on the N-terminal domain of
EKLF is necessary for its interaction with Ppm1b.

Ppmlb (compare lanes I and 2 with lanes 5 and 6 in Fig. 4c).
This suggests that Ppmlb stabilizes EKLF via an indirect
mechanism.

To test the hypothesis that Ppm1b regulates EKLF stability,
we co-transfected EKLF with empty vector, Ppm1b, or its phos-
phatase-inactive Ppm1b (R179G) variant (40) along with a plas-
mid encoding GFP as a transfection normalization control. 24 h
post-transfection, cells were treated with cycloheximide and
harvested 0 and 6 h after cycloheximide treatment (based on
Ref. 16), and EKLF levels in cell lysates were monitored and
quantitated by Western blotting. We found that transfection of
exogenous Ppm1b reduces the degradation of EKLF (Fig. 4d).
Co-transfection of EKLF and Ppm1b (R179G) trends toward an
increase in EKLF stability, but the difference is not statistically
significant (p = 0.218).

We then determined if there is a specific EKLF domain
required for Ppmlb-mediated stabilization of EKLF. Having
ruled out the EKLF PEST1 domain as being important in medi-
ating this process, we tested the effect of Ppm1b in mediating
the rate of EKLF turnover in the absence of the EKLF zinc finger
domain. We found that Ppmlb is unable to stabilize EKLF in
the absence of its zinc finger domain, despite the fact that it
does not directly interact with this domain (Fig. 4d).

These data suggest that Ppmlb regulates EKLF protein
expression by regulating its turnover. This effect appears to be
indirect, perhaps requiring an intermediate, as it is independent
of the presence of a region important for the interaction of
EKLF and Ppm1b. The data also suggests that the stabilization
of EKLF by Ppm1b is at least partially independent of Ppm1b’s
phosphatase activity, hinting that the role of Ppm1b in the sta-
bilization of EKLF follows from elements that are inherent to
the tertiary structure of Ppm1b, rather than from its enzymatic
ability.
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FIGURE 4. Overexpression of Ppm1b stabilizes EKLF. For a-¢, transfected material is as indicated at the top, and the antibody used for probe is on the left.
B-Tubulin was used as a loading control. g, co-expression of Ppm1b increases the levels of exogenous EKLF in 293T cells. Lanes T and 2, 3 and 4, and 5-7 are
derived from biological replicates of transfections. b, Ppm1b also increases exogenous EKLF levels in K562 cells (compare lanes 2 and 4). ¢, deletion of the PEST1
sequence that is important for the physical interaction of EKLF and Ppm1b does not abrogate this functional effect. Lanes 7 and 2, 3 and 4, and 5 and 6 are
biological replicates of transfections. d, stability of protein expressed from the indicated constructs (as indicated below) after transfection into COS7 cells was
monitored after cycloheximide treatment as indicated. Left panel shows the data with full-length EKLF and right panel shows the data from the EKLF AZnF
variant. Ppm1b decreases the turnover of full-length EKLF (p < 0.05) but has no effect on the stability of EKLF AZnF. The data presented here are representative
of three independent experiments. Error bars represent the mean = S.E. NS, not significant.
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shPpmlib Decreases Transcription Activity of EKLF at the Ppm1b knockdown is most apparent 24-h post-transfection
B-Globin and Ahsp Promoters—The previous set of experi- rather than at 48 h post-transfection (Fig. 54), and sh2 knocks
ments suggested that Ppm1b stabilizes the EKLF protein. We down Ppmlb levels more efficiently than sh1. In either case, the
turned our attention to determining whether a decrease in efficacy of Ppmlb knockdown directly correlates with a
Ppmlb leads to a decrease in EKLF transactivation. We co- decrease in B-globin promoter activity (Fig. 5a). Silencing
transfected shPpm1b constructs with EKLF and examined their ~Ppm1b also reduces the activity of EKLF at the A/sp promoter
effects on EKLF-dependent promoters in K562 cells, an eryth-  (Fig. 5b); again, the extent to which Aksp promoter activity
roleukemic cell line that does not express EKLF (41). Transfec- decreased corresponds with the degree of Ppm1b knockdown,
tions included a plasmid encoding FLAG-EKLE, one of two with sh2 causing a greater decrease than shl. Neither shl nor
different shPpm1b constructs (shl and sh2) (40) or a scr con-  sh2 had any effect on basal activity at the B-globin and Ahsp
trol, and firefly luciferase reporters under the control of either ~ promoters, suggesting that decreasing the level of endogenous
Ahsp or B-globin promoters. The efficacy of shRNA knock- Ppmlb protein levels specifically affects EKLF-mediated tran-
down was monitored by Western blotting for Ppm1b and nor-  scription activation. The data suggest that EKLF-dependent
malizing to B-tubulin levels. reporter activity varies in direct proportion to Ppm1b levels.
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a (i) Activity at B-globin promoter 24h post-transfection (ii) Activity at B-globin promoter 48h post-transfection
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We repeated the luciferase reporter assay in the presence of
shPpmla to determine whether it would also elicit a similar
response in EKLF-dependent transcription. This was moti-
vated by the fact that many of the documented functions of
Ppmlb overlap significantly with Ppmla and that Ppm1la and
Ppmlb share a high degree of sequence similarity. We find that
two shPpmla constructs efficiently decrease the amount of
endogenous shPpmla, but neither construct leads to down-
regulation of EKLF transcriptional activity at the 8-globin locus
(Fig. 5¢). These assays show that Ppm1b plays a specific role in
optimizing the activity of EKLF as a transcriptional activator.

Together, this set of experiments suggests that cellular
Ppmlb levels are strongly correlated with EKLF transcriptional
activity and possibly exert their effect by regulating EKLF sta-
bility. This may in turn affect the consequent availability of
EKLF protein in the cell to activate transcription.

Reduction in Ppm1b Down-regulates EKLF Protein Levels in
Vivo, Resulting in a Decrease of B-Globin Transcription—The
experiments described above assayed the effect of Ppm1b on
exogenous EKLF expressed in K562 or COS7 cells. We were
therefore interested in elucidating the effect of shPpm1b on the
expression of endogenous EKLF and the effect of decreased
Ppmlb on the transcription of endogenous EKLF targets.

To carry out these experiments, we created cell lines that
stably express shPpmlb and decrease levels of endogenous
Ppmlb. Based on the erythroid expression profiles of selected
human cell lines (42), we used the JK-1 erythroleukemia cell
line, which was obtained from a patient diagnosed with chronic
myelogenous leukemia at blast crisis (43). JK-1 expresses EKLF
RNA and protein and expresses both - and y-globin (42), fit-
ting the criteria necessary for carrying out the next stage of our
study.

We transfected JK-1 cells with plasmids encoding scrambled
RNA (scr), shPpm1b (sh1), and shPpm1b (sh2) and subjected
transfected cells to puromycin selection. Small pools of puro-
mycin-resistant cells were analyzed; we chose one pool from
each for further analysis where Ppm1b was effectively knocked
down (Fig. 6a).

We analyzed expression of EKLF targets in these pools of
cells using semi-quantitative RT-PCR. Consistent with the data
in Fig. 5, B-globin expression is down-regulated in JK-1 cells
expressing shPpmlb, suggesting that Ppmlb regulates the
expression of EKLF target genes in vivo. EKLF and y-globin
RNA expression remain fairly constant in these cells, consistent
with previous data suggesting that a decrease in Ppm1b specif-
ically affects EKLF-dependent transcription at EKLF targets in
erythroid cells (Fig. 6b). Western blotting of protein lysates
from these cells indicates that EKLF protein levels are signifi-
cantly decreased in cells that express decreased levels of
Ppmlb, despite the fact that EKLF mRNA expression is not
affected. The data strongly suggest that shPpmlb affects the
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FIGURE 6. In vivo effect of decreasing Ppm1b. Pools of stably transfected
human leukemic JK-1 cells that express EKLF were analyzed after shPpm1b
(sh1 and sh2) or scrambled control (scr) transfection and selection with puro-
mycin for 7 days.a, Ppm1b levels were monitored from two pools of cells from
each selection (lanes 1 and 2). We selected pooled scr-1, sh1-1, and sh2-1 for
further analysis. b, semi-quantitative RT-PCR was used to determine the effect
of stable shPpm1b on EKLF, B-globin, and y-globin RNA levels or on EKLF or
Ppm1b protein levels; B-tubulin was used as a loading control. The decrease
in Ppm1b correlates with a decrease in B-globin RNA, but there is no signifi-
cant change in EKLF or y-globin RNA expression. Expression of EKLF protein is
significantly decreased in cells in which Ppm1b levels are decreased (relative
to B-tubulin). ¢, stably transfected JK-1 cells expressing either scrambled (scr)
or shPpm1b (sh1 or sh2) were cytospun and stained with May-Grunwald/
Giemsa stain. Photographs were taken at the same magnification. Western
blot and ratios are shown below. d, shPpm1b (sh1 and sh2)-transfected JK-1
cells were 2-2.5X the size of scr-transfected cells. Data are representative of
the areas of 33 (sh1-transfected) or 34 (scr and sh2-transfected) cells; error
bars are representative of S.E.
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transcription of EKLF targets by decreasing the stability, and
thus the levels, of EKLF protein.

Because erythroid cell morphology is dysregulated in the
absence of EKLF due to a loss in expression of erythroid mem-
brane and cytoskeletal proteins (3, 44-46), we examined
whether the decrease of EKLF protein in shPpm1b-expressing
JK-1 cells results in a change of cell morphology. Fig. 6¢ shows
that cells expressing shPpm1b are larger (quantified in Fig. 6d)

FIGURE 5. Effect of decreasing Ppm1b or Ppm1a levels on EKLF activity at target promoters. Co-transfection assays were performed in erythroleukemic
K562 cells that do not express EKLF. Decrease in Ppm1b levels by specific ShRNAs (sh T or sh2) (40) compared with a scrambled control (scr) leads to a decrease
in the following: g, B-globin promoter activity 24 h (panel i) or 48 h (panel ii) post-transfection; b, AHSP promoter activity 24 h post-transfection. Westerns blots
of Ppm1b protein are shown below each panel, along with quantitation of Ppm1b levels from a comparison to B-tubulin. ¢, however, decreasing Ppm1a with
specific sShRNAs (sh1 or sh2) does not decrease EKLF activity, but rather it leads to a small but significant (p < 0.05) increase of B-globin promoter activity with
sh2. Westerns blots of Ppm1a protein are shown below, along with quantitation of Pom1a levels from a comparison with B-tubulin. Data are obtained from

three independent experiments. Error bars are representative of S.E. *, p < 0.05.
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and have ruffled cell membranes, consistent with the idea that
the shPpm1b-mediated decrease in EKLF levels may alter the
transcription of erythroid membrane and cytoskeletal protein
targets, leading to phenotypic changes.

Ppm1b Superactivates EKLF Activity in a Phosphatase-de-
pendent Manner—To this point, the data suggest that Ppm1b
may modulate the expression of erythroid-specific genes by
regulating the stability of EKLF protein or by regulating the
phosphorylation status of Cdk9. Wang et al. (33) showed that
Ppmlb was able to dephosphorylate p-Cdk9 in vitro when the
inhibitory 7SK RNA was depleted from the P-TEFb complex.
Their data raised the possibility that Ppm1b was a negative
regulator of transcription, results consistent with our observa-
tions in differentiating CD34™" cells (Fig. 1). Yet surprisingly,
decreasing Ppm1b levels led to a decrease in EKLF-dependent,
but not basal, transcription activity at EKLF target promoters in
K562 (Fig. 5) and JK-1 (Fig. 6) erythroleukemic cells, results
more consistent with the idea that Ppm1b plays a role in Cdk9
activation (34) or that Ppm1b regulates transcription in com-
mitted erythroid cells by regulating the stability of EKLF (Figs. 4
and 6). In light of these data, we hypothesized that Ppm1b
might behave as an activator of EKLF transcription when tested
in a committed erythroid cell context.

To test this idea, we examined the effect of exogenous Ppm1b
on the ability of EKLF to activate transcription at the 3-globin
and Bkif promoters after co-transfection in K562 cells. Consis-
tent with the data in Figs. 4c and 5, Ppm1b superactivates EKLF
activity at the B-globin (Fig. 7a) and BkIf promoters (Fig. 7b).
This effect is not observed when the phosphatase-inactive
Ppmlb Arg/Gly mutant is co-expressed with EKLF. The data
suggest that phosphatase activity of Ppm1b is required for it to
regulate the transcriptional activity of EKLF, possibly via a
mode that is distinct from the ability of Ppml1b to stabilize
EKLF.

In summary, the data in Fig. 7 suggest that exogenous Ppm1b
increases the transcriptional activity of EKLF at the B-globin
and BkIf promoters, dependent on presence of the Ppmlb
phosphatase activity. Additionally, we have found that overex-
pression of Ppm1b in K562 cells does not cause a global down-
regulation of transcription (33); rather, we have demonstrated
that the phosphatase activity of Ppm1b enhances the activity of
a critical transcription factor in erythroid cells.

DISCUSSION

The experiments in this paper build on previous work that
aimed to dissect modes of EKLF regulation via its interaction
with other proteins. In this paper, we have described the iden-
tification of Ppm1b as a novel interactor that regulates the
induction and maintenance of erythropoiesis via mechanisms
that include regulation of EKLF stability and function (Fig. 8).

Consistent with studies showing that Ppm1b negatively reg-
ulates Cdk9 function (33, 47), we have shown that depletion of
Ppmlb augments the induction of B-globin expression when
human hematopoietic stem cells are induced to differentiate to
form erythroid progenitors. These data suggest that Ppm1b
functions as a negative regulator of erythroid induction.

In contrast but consistent with other studies showing that
Ppmlb activity is required for release of Cdk9 from its inhibi-
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FIGURE 7. Ppm1b superactivates EKLF. Activity of the B-globin (a) or BKLF
(b) promoters was monitored after co-transfection of EKLF and Ppm1b or its
phosphatase-inactive variant (R/G) into K562 cells as indicated. * indicates p <
0.05.

tory complex (34), we have shown that Ppm1b can superacti-
vate EKLF transcription activity at the BKLF and B-globin pro-
moters in an erythroid cell line and that its phosphatase activity
is required for this mode of EKLF regulation. It is unlikely that
the ability of Ppm1b to superactivate EKLF activity is entirely
due to its stabilizing effects on EKLF protein, because phospha-
tase-inactive Ppm1b, which still stabilizes EKLF, does not have
a significant effect on EKLF activity.

Finally, we show that in nonerythroid cell lines and differen-
tiated erythroid cells, Ppm1b indirectly regulates the stability of
exogenous and endogenous EKLF via the EKLF zinc finger
domain, thereby regulating the expression of EKLF target
genes. Our work suggests that Ppm1b does not stabilize EKLF
by masking its PEST sequences, which are implicated in regu-
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FIGURE 8. Model for regulation of erythropoiesis by Ppm1b. Ppm1b func-
tions as an inhibitor of gene transcription during the induction of the
erythroid lineage, yet it plays a positive role in the maintenance of the
erythroid lineage by functionally interacting with EKLF. Ppm1b interacts with
the PEST1 sequence in EKLF (amino acids 50-70). Ppm1b also mediates EKLF
stability via its zinc finger domain, thereby providing a second mechanism by
which it can regulate EKLF transcription. It is likely that this mode of regula-
tion is indirect, as Ppm1b does not interact with EKLF zinc finger domain.

lation of protein stability (48), as both PEST sequences are
intact in the EKLF AZn construct. On the contrary, Ppm1b
stabilizes EKLFAPEST1.

Regulation of B-Globin Induction by Ppm1b—DPrevious stud-
ies have demonstrated that depletion or inhibition of Cdk9
results in a specific defect in definitive hematopoiesis (35) and
erythroid induction (36). This may be by virtue of the fact that
Cdk9 associates in an erythroid-specific transcription complex
with SCL, Ldb1, Runx1, and GATA1 (35, 36). In addition, Cdk9
localization to the murine B-globin promoter and coding
region increases when MEL cells are induced to terminally dif-
ferentiate (37). These data suggest that Cdk9 activation is
involved in the induction and terminal differentiation of the
erythroid lineage.

Ppm1b has been shown to dephosphorylate Cdk9 at Thr-186
(33). On the one hand, phosphorylation at this site is essential
for the ability of the Cdk9-CycT complex to phosphorylate the
C-terminal domain of RNA polymerase II (47). Ppmlb can
therefore function as a negative regulator of transcriptional
elongation. On the other hand, Cdk9 containing phosphory-
lated Thr-186 is mainly found in its inactive pTEFb complex,
and this site is specifically dephosphorylated after treatment
with hexamethylene bisacetamide, leading to dissociation from
its inhibitory complex with HEXIM-7SK (49, 50). In this con-
text, Ppm1b would play a positive role in releasing active Cdk9
(34).

We used siRNA to knock down Ppm1b in CD34™ HSCs,
prior to erythroid differentiation with Epo/SCEF. In the Ppm1b-
depleted samples, we observed a marked increase in 3-globin
RNA levels upon erythroid induction. Our data provide the first
evidence that Ppm1b selectively regulates the transcription of
B-globin during erythroid induction, an example of a late
erythroid gene, without affecting the transcription of EKLF,
which is induced earlier in differentiation. Our data suggest
that Ppm1b plays a negative role in the regulation of B-globin
transcription during erythroid induction.

Regulation of EKLF Protein Stability by Ppm1b—In contrast
to the role of Ppmlb in erythroid induction, Ppm1b plays a
positive role in maintenance of the erythroid lineage by regu-
lating the stability of EKLF protein.

Ppm1lb, in concert with its regulatory subunit, GAS-41, has
recently been shown to regulate p53 stability by specifically
facilitating the dephosphorylation of p53 at Ser-366 (51). Our
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work introduces a second example of Ppm1b-mediated protein
stability. In addition to showing that a drop in Ppm1b levels can
decrease EKLF stability, we show that shPpm1b can decrease
transcription levels of EKLF targets in a promoter-reporter sys-
tem, as well as endogenous sites in vivo, potentially affecting
erythroid differentiation. Furthermore, our work shows that
down-regulation of EKLF-dependent transcription at exoge-
nous promoters is specific to a decrease in Ppm1b and not in
Ppmla. The mechanism(s) by which Ppm1b regulates EKLF
stability is yet unknown. Prior to the work of Park ez al. (51), the
PP2C family of protein phosphatases was thought to function as
a monomer (23). The discovery that GAS-41 was a required
cofactor in the dephosphorylation of p53 Ser-366 by Ppm1b
proved to be the first instance in which a PP2C family member
was regulated by an interacting protein. As Ppm1b stabilizes
EKLF via a domain with which it does not directly interact, it is
likely that additional cofactors are required for Ppm1b to stabi-
lize EKLF via its zinc finger domain.

Using an shRNA approach, we show that Ppm1b regulates
EKLEF stability, thereby regulating the transcription of 3-globin
in vivo. Dysregulation of erythropoiesis caused by the knock-
down of Ppm1b is also evident by the ruffled morphology and
larger size of the shPpm1lb-transfected JK-1 cells, reminiscent
of circulating blood cells in E13.5 EKLF~/~ murine embryos
(44), as well as primitive erythroid cells from obtained from
E11.5 (45) and E12.5 (46) EKLF~/~ embryos. There is a large
body of work that describes how EKLF is involved in various
processes that govern the development and function of
erythroid cells (1, 52), and we would expect that a decrease in
EKLEF stability would also lead to a decrease in the transcription
of all or most EKLF targets. It will interesting to test if the stable
shPpm1b-transfected JK-1 cells also recapitulate the increased
transcription of megakaryocytic specific genes GpIX and Fli-1
that was observed in MEL cells expressing ShEKLF (53).

A decrease in Ppm1b levels is associated with a decrease in
EKLF activity, and the extent of Ppm1b knockdown correlates
with the extent of decrease in EKLF activity as compared with
EKLF activity in scrambled controls, where even knockdown of
Ppmlb to 73% of its levels in scr-transfected cells is sufficient to
cause a decrease in EKLF activity. This is consistent with the
idea that Ppm1b regulates EKLF stability via the structural ele-
ments in the Ppm1b protein. Under physiological conditions,
enzyme active sites are not typically saturated with substrate
(54), and a relatively small drop in enzyme levels is not likely to
cause a discernible effect in substrate processing. It is unlikely
that a decrease of Ppmlb to 73% of its original levels would
cause a detectable effect if Ppmlb regulated EKLF stability
solely via its enzymatic activity. This analysis is highlighted by
our experiments examining the effect of shPpmla on EKLF
activity. Unlike the effect of Ppm1b, knockdown of Ppmla to
24% of scr levels did not cause any discernible effect in the
activity of EKLF at the B-globin promoter.

Regulation of EKLF Transcriptional Activity by Ppmlb—
Ouyang et al. (5) have shown that EKLF is phosphorylated on
serines and threonines in MEL cells. I vitro kinase assays sug-
gested that upon differentiation induction by HMBA, some
kinases in MEL cells undergo a decrease in their ability to phos-
phorylate His-EKLF. In addition, the level of CKII/EKLF inter-
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action decreases dramatically in lysates derived from HMBA-
treated MEL cells (5). These data suggest that HMBA-induced
differentiation of MEL cells is associated with decreased kinase
activity or possibly increased phosphatase activity. The article
in question focused on the structural and functional interaction
between CKII and EKLF, but it was not clear if the decreased
interaction between EKLF and CKIJ, and the decrease in kinase
activity of CKII upon HMBA induction, was due to a decrease in
CKII protein levels or other factors. Although the authors pre-
sented data showing that GAL/EKLF (amino acids 20-120)
fusion, containing a CKII target site (Thr-41), could be super-
activated by CKII, unpublished data® suggest that phosphory-
lation of this site has an inhibitory effect on full-length unfused
EKLF. An additional consideration is that the minimal activa-
tion domain of EKLF is proline-rich and has many serines and
threonines that are potential candidates for phosphorylation,
either individually or in combination. This suggests that EKLF
may undergo phosphorylation reactions that selectively inhibit
DNA binding at some promoters. It therefore follows that such
inhibition could potentially be relieved by an increase in cellular
phosphatase activity.

Ppmlb and Ppmla have both been shown to be potential
phosphatases of Cdk9 at Thr-186, which is part of the P-TEFb
kinase complex that enhances the processivity of RNA poly-
merase II by phosphorylation of its C-terminal domain (33).
Ppmlaand -1b may be functionally redundant in mediating the
decrease in RNA polymerase II phosphorylation, potentially
acting as global repressors of transcription.

Our paper, which examines the role of Ppm1b in erythroid
cells, suggests that the role of Ppm1b in transcription regulation
is more nuanced. In contrast to the predictions of the study by
Wang et al. (33), overexpression of Ppmlb significantly
increases EKLF activation at the EKLF and BKLF promoters,
implying that Ppm1b functions as a transcriptional activator in
committed erythroid cells.

Our work is one of the first studies to suggest that Ppm1laand
-1b are not functionally redundant, at least with respect to reg-
ulation of the transcription ability of EKLF. Interestingly,
shPpmla (sh2), which knocks down Ppm1la levels to 9% of scr-
transfected Ppmla levels, causes a statistically significant
increase in EKLF activation at the -globin promoter. This is
reminiscent of the mode of regulation suggested by Wang et al.
(33) in which the silencing of Ppm1la increases the levels of
phosphorylated Cdk9 2.5-fold, potentially increasing global
levels of phosphorylated RNA polymerase II and increasing
overall transcription. The specifics of how Ppm1la may regulate
EKLF function is a fascinating question that has yet to be
explored. It is likely that p-Cdk9, EKLF, and RNA polymerase II
chromatin immunoprecipitations on erythroid promoters in
cells that are stably transfected with scr or shPpm1la will shed
light on this question.

Model of the Role of Pym1b in Erythroid Development—In
this study, we have demonstrated that Ppm1b plays different
roles during the processes of erythroid induction and mainte-
nance. After depleting Ppm1b in primary CD34 " cells prior to

3 M. Siatecka and J. J. Bieker, unpublished observations.
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erythroid differentiation with Epo/SCF, there is an increase in
B-globin RNA expression after differentiation. The data sug-
gest that prior to differentiation, Ppm1b may play a role in alter-
ing the potential or kinetics of CD34 " cell differentiation along
the erythroid lineage in response to cytokines. Although the
induction of EKLF was not affected by Ppm1b depletion, the
lack of Ppm1b in differentiating hematopoietic cells could have
augmented the ability of EKLF to activate transcription of
B-globin.

In contrast, Ppm1b acts as an activator of EKLF targets in
committed erythroid cells. In committed erythroid cells, EKLF
and Ppm1b interact physically and functionally at steady state.
Depletion of Ppm1b from committed erythroid cells results in a
decrease in EKLF stability, leading to a decrease in erythroid-
specific transcription. In addition, its phosphatase activity is
able to up-regulate EKLF transactivation function.

Although the existence of paradoxical roles in Ppmlb in
erythroid development seems surprising, there is increasing
evidence that EKLF itself plays various roles in erythroid pop-
ulations at different stages of development (2, 4, 55). It is highly
probable that these roles are due to different protein/protein
interactions and post-translational modifications that take
place over the course of development. In this study, we demon-
strate that the functional interaction of Ppm1b with EKLF is
dependent on the differentiation stage of hematopoietic cells.
We also provide yet another example of a cellular factor that
may modify EKLF function in a differentiation stage-specific
manner.
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