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Erythroid precursor cells undergo nuclear extrusion and de-
gradation of mitochondria when theymature to erythrocytes. It
has been suggested before that the reticulocyte 15-lipoxygenase
(r15-LOX) plays an important role in initiating the breakdown
ofmitochondria in rabbit reticulocytes. The expressionof rabbit
r15-LOX is regulated by the heterogeneous nuclear ribonucleo-
proteins (hnRNP) K and E1 at the translational level. However,
thismechanismhasnever been confirmed inhumanerythropoi-
esis. Based on K562 cells we have set up an inducible human
erythroid cell system. We show that, during induction, K562
cells exhibit changes inmorphology and protein expression that
are characteristic for terminal erythroid maturation: nuclear
exclusion, expression of endogenous human r15-LOX regulated
by hnRNP K and hnRNP E1, and loss of mitochondria. Impor-
tantly, induction of terminal erythroid maturation in primary
human CD34� cells recapitulated the results obtained in K562
cells. Employing the physiologically relevant K562 cell system
we uncovered a new mechanism of interdependent post-
transcriptional regulation of gene expression. The timely
expression of the tyrosine kinase c-Src, which phosphorylates
hnRNPK in later stages, is controlled byhnRNPK in early stages
of erythroid maturation. hnRNP K binds to the 3�-untranslated
region of the c-Src mRNA and inhibits its translation by block-
ing 80 S ribosome formation. In premature erythroid cells, small
interfering RNA-mediated knockdown of hnRNP K, but not of
hnRNP E1, leads to the de-repression of c-Src synthesis.

Post-transcriptional regulation of gene expression plays a
key role in cellular differentiation and development (1–4). A
striking example for such processes is the control of mRNA
translation in erythroid precursor cells, which undergo nuclear

extrusion when they mature to erythrocytes. In the bone
marrow, committed erythroid progenitor cellsmature to pro-
erythroblasts in which hemoglobin synthesis can first be
detected. Subsequently, cell division ceases, and the nucleus is
extruded at the maturation level of the polychromatic/ortho-
chromatic normoblast (5–9). Whereas all mRNAs have to be
synthesized in the bone marrow erythroblast before this stage,
those that are not translated until later in erythroid maturation
are stored in translationally silentmessenger ribonucleoprotein
particles (10). Enucleated reticulocytes are released into the
blood stream and mature until degradation of mitochondria is
initiated and reticulocytes become functional erythrocytes.
The breakdown of mitochondria at this final step is initiated
by the enzyme r15-LOX,3 which catalyzes the dioxygenation
of phospholipids in mitochondrial membranes (11–13). To
prevent synthesis of r15-LOX that would cause mitochon-
dria degradation in premature cells, the timing of r15-LOX
mRNA translation activation is controlled tightly (14, 15).
Wehave previously investigated the translation of rabbit r15-

LOX in cell-free systems and in transfected HeLa cells. Initia-
tion of rabbit r15-LOX mRNA translation is inhibited by
hnRNP K and hnRNP E1, which bind, singly or together, to the
differentiation control element (DICE) in the 3�-UTR of the
r15-LOX mRNA (16, 17). How is r15-LOX mRNA translation
activated? In transfected HeLa cells, hnRNP K, but not hnRNP
E1, specifically activates the tyrosine kinase c-Src and is a sub-
strate of this kinase (18). c-Src-dependent phosphorylation of
tyrosine 458 in the hnRNP K homology (KH) domain 3 of
hnRNP K leads to the loss of its DICE-binding activity and conse-
quently its role as an inhibitor of rabbit r15-LOXmRNA transla-
tion in vitro (19). The asymmetric dimethylation of hnRNP K by
protein argininemethyltransferase 1 (PRMT1) inhibits the activa-
tion of c-Src by hnRNP K in transfected HeLa cells (20, 21).
The model of r15-LOXmRNA translation regulation is built

on experimental data that were obtained in cell-free systems
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and in transfectedHeLa cells but has not been investigated in an
erythroid cell system so far. To analyze the biochemical path-
ways that control r15-LOX expression, the development of an
inducible erythroid cell system was required. For this purpose
we made use of human K562 cells, which represent the pro-
erythroblast stage (22).
Here we show that premature human K562 cells undergo

terminal erythroid maturation when stimulated with butyrate
and exhibit nuclear exclusion, expression of endogenous
human r15-LOX regulated by hnRNP K and E1, and loss of
mitochondria. Terminal erythroid maturation of primary
CD34� cells recapitulated the results obtained in K562 cells.
Further investigation of the factors involved in this regulatory
pathway revealed an interesting feedbackmechanism. Employ-
ing immunoprecipitation experiments, in vitromRNA binding
assays and in vitro translation studies as well as RNA interfer-
ence (RNAi), we found that hnRNP K, but not hnRNP E1, reg-
ulates the timely expression of c-Src during erythroid matura-
tion. To our knowledge, these data indicate for the first time
that the expression of a tyrosine kinase that is important for
erythropoiesis is regulated at the level of translation.

EXPERIMENTAL PROCEDURES

Plasmids—pET16b-hnRNP K, pET16b-hnRNP K 5RG, and
pGEM-CATwere described previously (16, 17, 20). The 679-nt
3�-UTR of human r15-LOXmRNAwas amplified by PCR from
pBSII KS hr15-LOX (23) and inserted between XhoI and NotI
of pGEM-CAT to generate pGEM-CAT hDICE. pBS II
SK-DICE has been described previously (24). The c-Src mRNA
3�-UTR (2038 nt) was subdivided in three fragments: Src1 (nt
1–600), Src2 (nt 601–1200), and Src3 (nt 1201–2038), which
were amplified by PCR from K562 cell total RNA and inserted
between XbaI and EcoRI of pBS II KS (Stratagene) to generate
pBS II KS Src1, Src2, and Src3, respectively. To generate
pGEM-CAT Src3, Src3 was cleaved by XhoI andNotI from pBS
II KS Src3 and inserted between XhoI andNotI of pGEM-CAT.
pGEM sCATwas generated by removing amino acids 303–731
from theCAT-ORF. Synthetic oligonucleotides, which code for
the peptide MDYKDDDDKPAVAAALELVDPGPEEGPAMA-
GPEEGP, were cloned into the BamHI site of pBS II KS (Strat-
agene) to create a short open reading frame (sORF). The sORF-
hDICE cDNA contained, in addition to sORF, the 3�-UTR of
the human r15-LOX mRNA (23), which was amplified by PCR
from pBSII KS hr15-LOX (23) and cloned into the EcoRI site.
The construct sORF-Src3 contained, in addition to sORF, the
fragment Src3 of the c-Src mRNA 3�-UTR, which was cleaved
from pBSII KS Src3 by XbaI and EcoRV, treated with Klenow
enzyme, and cloned into EcoRV.
Cell Culture and Cytoplasmic Extract Preparation—K562

cells were maintained in RPMI 1640 (10% fetal bovine serum).
Erythroid maturation was induced by the addition of 1.5 mM
sodium butyrate. Cytoplasmic K562 cell extract was generated
after treatment with 200 mM KCl prior to lysis (25). Human
CD34� cells derived from growth factor mobilized peripheral
blood were purchased from CellSystems. 2 � 105 CD34� cells
were cultured in StemPro-34 SFM (Invitrogen) supplemented
as described in a previous study (26). Terminal erythroid mat-
uration was induced as reported before (26), but without addi-

tion of the dexamethasone antagonist ZK112993. Approxi-
mately 5 � 103 cells were used for immunostaining at days 0, 3,
and 6 of induction (Fig. 4,C–G). RNAwas isolated from3� 104
CD34� cells at days 0 and 6 of induction, respectively (Fig. 4B).
Murine embryonic stem cells (ES) PRMT1�/� or PRMT1�/�

were cultivated, and extracts were prepared as in a previous
study (20).
Determination of Cell Viability and Hemoglobin Content—

Cell viability and cell number were determined by trypan blue
exclusion (27). The number of hemoglobin-positive cells was
determined by benzidine staining (28).
In Vitro Transcription—For UV-cross-linking assays 32P-la-

beled or competitor RNA was generated as described in a pre-
vious study (24). CappedmRNAs transcripts were generated as
described before (17). For translation initiation assays capped
32P-labeledmRNAs were synthesized and purified as described
before (17).
UV Cross-linking—UV cross-linking assays were performed

using the indicated amounts of His-hnRNP K (16, 24).
Expression of Recombinant hnRNP K—His-tagged proteins

were expressed and purified as described previously (16, 19).
In Vitro Methylation Assay—In vitro methylation was per-

formed using 44 �g of cytoplasmic K562 cell extract (20).
In Vitro Translation—10-�l reactions contained 500 fmol of

capped CAT mRNA and 4 �l of cytoplasmic K562 extract and
were adjusted to a final concentration of 120 mM potassium
acetate, 0.7 mM magnesium acetate, 0.1 mM amino acids with-
out methionine, 4 units of RNasin (Promega, Madison, WI), 50
�g/ml creatine kinase, 44 �M hemin, 30 mM creatine phos-
phate, 800�MATP, 100�MGTP, and 5�Ci of [35S]methionine
(10 �Ci/�l). Translation reactions were incubated at 30 °C for
1 h.
Sucrose Gradient Analysis of Translation Initiation

Complexes—Cytoplasmic K562 extract was incubated with 500
fmol of 32P-labeled mRNA in the presence of 1 mM cyclohexi-
mide for 15 min. Translation initiation complexes were
resolved on linear 5–25% sucrose gradients (17).
Western Blot Assays—Western blot assayswere performed as

described previously (18).
RNA Isolation and RT-PCR—Total RNA was isolated using

TRIzol (Invitrogen). For reverse transcription 2 �g of RNA
(Figs. 1A, 2A, and 3D) or equal volumes of RNA (Figs. 4B and
5A), random primers, and 150 units of M-MLV-RT (Promega)
were used. Aliquots of the reverse transcription were used for
PCR with GoTaq-Flexi DNA polymerase (Promega) and the
respective primer pairs (supplemental Table S1).
R15-LOX Activity Assay—For measurements of the enzy-

matic activity of human r15-LOX, 0.1 ml of cytoplasmic K562
extract (20 �g/�l) was diluted with 0.2 ml of phosphate-buff-
ered saline and incubated with 100 �M arachidonic acid for 20
min at room temperature. The hydroperoxy fatty acids formed
were reduced with sodium borohydride to stabilize 15-hy-
dro(pero)xyeicosatetraenoic acid, the primary reaction product
of r15-LOX, as 15-hydroxyeicosatetraenoic acid (15-HETE).
The reaction mixture was acidified, and proteins were precipi-
tated by addition of 0.7 ml of methanol. The pellet was spun
down, and aliquots of the clear supernatant were subjected to
reversed-phase HPLC, which was performed on a Shimatzu
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HPLC system connected to a Hewlett Packard diode array
detector 1040. Analytes were separated on a Nucleosil C-18
column (Macherey-Nagel, KS-system, 250 � 4 mm, 5-�m par-
ticle size) coupled to a guard column (30� 4mm, 5-�mparticle
size). The absorbance was recorded at 235 nm in a methanol/
water/acetic acid (80:20:0.1, v/v) solvent system. Fractions co-
eluting with 15-HETE were collected, the solvent was evapo-
rated, and the residue was reconstituted in hexane. The
enantiomer composition of 15-HETE was analyzed by chiral
phaseHPLCon aChiracel OD columnusing the solvent system
hexane/2-propanol/acetic acid (100:5:0.1, v/v). Again the
absorbance was recorded at 235 nm.
Immunoprecipitation—20 �l of protein A-Sepharose cou-

pled with the hnRNPK or Fyn antibody was incubatedwith 100
�g of cytoplasmicK562 cell extract for 1.5 h at 4 °C in IPP buffer
(20 mMHEPES, pH 7.4, 100mMKCl, 5 mMmagnesium acetate,
1 mM dithiothreitol, 0.025% Triton X-100, and protease inhib-
itors). Beads were washed twice in IPP buffer and boiled in SDS
sample buffer, and the supernatant was analyzed in Western
blot assays. For RT-PCR co-immunoprecipitated RNAwas iso-
lated from the pellet with TRIzol (Invitrogen).
ImmunofluorescenceMicroscopy—K562 cells or CD34� cells

were spun on poly-L-lysine-coated coverslips. Staining was per-
formed as described previously (20). Where indicated, Phalloi-
din-TRITC (Invitrogen) was used to stain the actin cytoskele-
ton. Cells were mounted with ProLong Gold Antifade reagent
with DAPI (Invitrogen). Mitochondria were stained withMito-
Tracker orange (Invitrogen). For microscopy an E600 (Nikon)
or Axiovert 200M (Zeiss) microscope equipped with cameras
(Hamamatsu, Zeiss) was used. Images were acquired by Lucia
(Nikon) or AxioVision (Zeiss) software and compiled with
Corel Technical Suite 12. 700 K562 cells were counted from
three independent experiments to determine the number of
cells lacking the nucleus and mitochondria.
Antibodies—Antibodies were purchased from Santa Cruz

Biotechnology (hnRNP K, Lyn, Fyn, p-Tyr, CD34, glycophorin
A), Oncogene (v-Src), Abcam (GAPDH and PRMT1) and
Sigma (�-tubulin) and used according to the manufacturer’s
protocol. The r15-LOX antibody was raised in guinea pig (29).
For hnRNPE1 detection inWestern blots an antibody provided
by B.-J. Thiele (dilution 1:5000) was used. For immunofluores-
cence microscopy of K562 cells an antibody against the hnRNP
E1 peptide 231SPLDLAKLNQVAR243 (Eurogentec), which dis-
criminates hnRNP E1 from hnRNP E2 (30) (dilution 1:200) was
used. For immunofluorescence microscopy of CD34� cells an
hnRNP E1 antibody (Santa Cruz Biotechnology) was used that
allowed co-staining of CD34.
The monoclonal antibody against non-methylated hnRNP K

(non-Rmet K) was generated against the internal sequence of
human hnRNP K, bearing non-methylated arginine residues
(255MRGRGGFDRMPPGRGGRP272). The peptide was synthe-
sized and coupled to keyhole limpet hemocyanin or ovalbumin
(PSL, Heidelberg). Lou/c rats were immunized with 50 �g of
peptide-keyhole limpet hemocyanin using CPG 2006 and
incomplete Freunds adjuvant as adjuvant. Supernatants were
tested in a differential enzyme-linked immunosorbent assay.
Peptide-specific antibodies were analyzed by Western blotting
and immunoprecipitation through the use of extracts from ES

PRMT1�/� and PRMT1�/� cells and recombinant hnRNP K
(20). Themonoclonal antibodyMRGR 3D1 (rat IgG2a, dilution
1:10) recognized specifically the non-methylated hnRNPK (see
Fig. 3, A and B).
RNAi—K562 cells (1� 106 cells in RPMIwithout fetal bovine

serum and antibiotics) were transfected by electroporation at
0.36 kV, 100 microfarads (GenePulser II, Bio-Rad) with 500
pmol of a mixture of siRNAs against hnRNP K: 5�-AGACUA-
CAAUGCCAGUGUUTT-3�, 5�-CUGUGGAAUGCUUAAA-
UUATT-3�, 5�-GGAACAAGCAUUUAAAAGTT-3�, 500
pmol of a mixture of siRNAs against hnRNP E1: 5�-CUACUC-
GAUUCAAGGACAATT-3�, 5�-UGAACCAGGUGGCAAG-
ACATT-3�, and 5�-UCACCAUUCCAAAUAACUUTT-3� or
500 pmol of a nonspecific control siRNA: 5�-AGGUAGUGU-
AAUCGCCUUGTT-3� (all MWG-Biotech). Cells were har-
vested 48 h post-transfection for immunofluorescence micros-
copy, Western blot assays, and RT-PCR.

RESULTS

Human K562 Cells Induced for Erythroid Maturation Show
Enucleation and Loss of Mitochondria—Erythroid maturation
of K562 cells can be inducedwith sodium butyrate (31, 32). The
synthesis of fetal �-globin, adult �-globin, and hemoglobin,
detected by benzidine staining, served as a suitable marker for
initiation of erythroid-specific gene expression (33). Morpho-
logical changes associated with the maturation of erythroid
cells have not been studied in cell culture. Enucleation and loss
of mitochondria have so far only been demonstrated in isolated
reticulocytes (34, 35).
When K562 cells were induced with sodium butyrate, the �-,

�-, �-, �-, and �-globin genes were up-regulated (Fig. 1A, lanes
1–5) and globin synthesis increased from day 2 of erythroid
maturation (Fig. 1B, lanes 2–5). The number of hemoglobin-
positive cells increased from 1.4% at day 0 to 85% at day 8 of the
induction period (Fig. 1C). Trypan blue exclusion indicated
that 98% of the cells were viable at day 8 (data not shown),
consistent with the finding that maturing erythroid cells are
resistant to apoptosis (9, 36).
To investigate the morphological changes that character-

ize terminal erythroid maturation, we examined the cells
from day 0 to 8 of induction. Importantly, enucleated cells, in
which nuclear DAPI staining was not detectable, while cyto-
plasmic �-tubulin was visible, appeared at day 4 (Fig. 1D,
arrows). Because the nucleus is surrounded only by a narrow
layer of cytoplasm, the loss of the nucleus causes a significant
reduction of the cell volume. At day 8 the nucleus was
extruded from 29% of the cells, and in an additional 6% the
nucleus was fragmented. Declining of mitochondria staining
started at day 6 of the maturation period and at day 8 22% of
the enucleated cells lacked mitochondria, as indicated by the
staining with MitoTracker (Fig. 1D, arrowheads). Nuclear
extrusion and the loss of mitochondria strongly indicated
terminal erythroid maturation.
Erythroid Maturation of K562 Cells Displays Control of

Human r15-LOX mRNA Expression—Because mitochondria
degradation could be detected from day 6 on (Fig. 1D) and
r15-LOX has been implicated in the maturational breakdown
of mitochondria in rabbit reticulocytes (12), we profiled the
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FIGURE 1. Globin expression, hemoglobin formation, enucleation, and loss of mitochondria during induced erythroid maturation of K562 cells. A, the
level of globin mRNAs and GAPDH mRNA was analyzed by RT-PCR. B, cytoplasmic K562 cell extract was resolved by SDS-PAGE and analyzed by silver staining.
Globin as a marker for erythroid-specific protein expression is indicated. C, benzidine staining of hemoglobin during erythroid maturation. D, immunofluo-
rescence microscopy of K562 cells during erythroid maturation. An �-tubulin antibody was used to localize the cytoplasm, nuclei were detected by DAPI
staining and mitochondria were visualized by MitoTracker orange that stains functional mitochondria. Cells lacking the nucleus are indicated by an arrow, and
the loss of mitochondria staining is indicated by an arrowhead, respectively. Cellular integrity was checked by phase contrast microscopy (data not shown).
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expression of human r15-LOX mRNA and protein in our
human erythropoiesis model. Human r15-LOX mRNA was
present during the entire maturation period (Fig. 2A, lanes
1–5), whereas human r15-LOX protein could only be detected
at days 6 and 8 (Fig. 2A, lanes 4 and 5). In contrast, GAPDH
mRNAand proteinwere both detected at day 0 (Fig. 2A, lane 1).
These data indicate repression of human r15-LOX mRNA
translation at early maturation stages. To explore whether the
induced human r15-LOX was enzymatically active we incu-
bated cytoplasmic extracts from cells at days 0 and 8 in the
presence of arachidonic acid and analyzed the reaction prod-
ucts (Fig. 2B). At day 8, human r15-LOX converted arachidonic
acid to 15-HETE. In contrast, when extracts of non-induced
cells (day 0) were used, only small amounts of 15-HETE were

detected, which also appeared in the absence of cell extract
(data not shown). Because at day 8 maturing erythroid cells
contain large amounts of hemoglobin, we confirmed that the
15-HETE did not originate from heme catalysis (37). 15(S)-
HETE strongly dominated the enantiomermixture as shown by
chiral phase HPLC (Fig. 2B, inset), and thus, heme catalysis
could be excluded (38). This proves that human r15-LOX
expressed at day 8 is enzymatically active.
Previously we have shown that hnRNP K and E1 singly or

together repress rabbit r15-LOX mRNA translation in a cell-
free system (16). To investigate their role in the control of
endogenous human r15-LOX expression in the inducible cell
system we performed RNAi against the endogenous hnRNP K
and hnRNP E1 singly or together. Interestingly, only the simul-

FIGURE 2. Expression and enzymatic activity of human r15-LOX (hr15-LOX) during induced erythroid maturation of K562 cells. A, detection of endog-
enous hr15-LOX or GAPDH mRNA and protein in cytoplasmic extracts of K562 cells by RT-PCR and Western blot assays. B, hr15-LOX activity assays and HPLC
analysis of the specific reaction product 15-HETE at days 0 and 8. Inset: the enantiomer composition of 15-HETE was analyzed by chiral phase HPLC. The profile
indicates the preferential formation of the specific r15-LOX product 15(S)-HETE. C, non-induced K562 cells were transfected with control siRNAs (ctrl.) or siRNAs
against hnRNP K and E1, as indicated. Cytoplasm was visualized by phalloidin-TRITC, nuclei by DAPI staining. hnRNP K, hnRNP E1, and hr15-LOX were detected
by specific antibodies. The knockdown of hnRNP K and E1 was verified by a Western blot assay shown in Fig. 6A.
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taneous knockdown of both proteins by siRNAs resulted in a
de-repression of human r15-LOX synthesis in non-induced
cells (Fig. 2C, panel 5), indicating that either protein inhibits the
translation of human r15-LOX mRNA. Taken together, the
data indicate that sodium butyrate-stimulated K562 cells con-
stitute a suitable human erythropoiesis model system that ade-
quately mirrors essential key features of in vivo erythropoiesis,
such as nuclear extrusion, mitochondria degradation, and
translational control of human r15-LOX mRNA regulated by
hnRNP K and E1.
Post-translational Modifications of hnRNP K Are Altered

during Erythroid Maturation—Because it was not known how
the factors involved in r15-LOX mRNA translational control
are regulated during erythroid maturation, we employed the
inducible K562 cell system to analyze their expression pattern
and changes in functional post-translational modifications.We
first analyzed the expression of the endogenous proteins
hnRNP E1 and K (Fig. 3A). The level of hnRNP E1 and K
decreased continuously starting at day 2 of induction, whereas
GAPDH did not change (Fig. 3A, lanes 1–5), indicating that
both proteins are degraded during erythroid maturation.
The regulatory activity of hnRNP K not only depends on its

intracellular concentration, but also on its methylation state.
hnRNP K is quantitatively asymmetrically dimethylated on five
arginine residues (Arg256, Arg258, Arg268, Arg296, andArg299) by
PRMT1 (20). The non-methylated form of hnRNP K interacts
with c-Src and activates the kinase more efficiently than the
methylated protein (20, 21). To discriminate between methyl-
ated and non-methylated hnRNP K, we generated a mono-
clonal antibody that specifically recognizes non-methylated
hnRNP K. The antibody reacts with hnRNP K synthesized in
murine embryonic stem cells, which do not express PRMT1

(ES�/�), or in Escherichia coli, but not with asymmetrically
dimethylated hnRNPK expressed in wild-type ES cells (Fig. 3B,
lanes 1–3). During erythroid maturation the amount of non-
methylated hnRNP K increased, although the level of total
hnRNP K decreased. This was paralleled by a decrease of
PRMT1 (Fig. 3A, lanes 1–5). Consequently, the methylation
activity of the extract was significantly reduced to 35% at day
8 compared with day 0, when recombinant hnRNP K was
used as a substrate and [14C]S-adenosylmethionine as a
methyl donor (Fig. 3C, lanes 2 and 5). The methylation activ-
ity of the extract from day 8 could be restored by addition of
recombinant PRMT1 (Fig. 3C, compare lanes 2, 5, and 8). In
contrast, the arginine substitution variant hnRNP K 5RG
(20) was not methylated (Fig. 3C, lanes 3, 6, and 9). hnRNP K
mRNA was present at a constant level during induction (Fig.
3D, lanes 1–5) and could presumably be translated, but due
to the lack of PRMT1, the only methyltransferase that acts
on hnRNP K (20) newly synthesized hnRNP K was not meth-
ylated (Fig. 3A, lanes 1–5).
Next we analyzed the expression of the Src tyrosine kinase

family members Lyn and c-Src (Fig. 3A). Consistent with the
finding that Lyn is present in erythroblasts and is degraded
during erythroid maturation (39), the expression level of Lyn
decreased from day 2 of induction (Fig. 3A, lanes 2–5). In con-
trast, c-Src was detectable only at day 6 and thereafter (Fig. 3A,
lanes 4 and 5).

Non-methylated hnRNP K, which interacts with c-Src and
activates the kinase (20) and c-Src that, in turn, phosphorylates
hnRNPK (18, 19) were detected in late stages of erythroidmat-
uration (Fig. 3A, lanes 4 and 5) when human r15-LOX mRNA
became translated (Fig. 2A, lanes 4 and 5). Therefore we asked
the question: Is hnRNPK tyrosine phosphorylated by c-Src? To

FIGURE 3. Expression of hr15-LOX mRNA translation regulators during induced erythroid maturation of K562 cells. A, cytoplasmic extracts of K562 cells
from days 0 to 8 were resolved by SDS-PAGE. The expression of hnRNP E1, total hnRNP K, non-methylated hnRNP K, PRMT1, Lyn, c-Src, and GAPDH as a loading
control was determined by specific antibodies in Western blot assays. B, the antibody non-RmetK recognizes specifically non-methylated hnRNP K in extracts
from ES cells that do not express PRMT1 (ES�/�) (lane 2) and recombinant hnRNP K expressed in E. coli (lane 3), but not asymmetrically dimethylated hnRNP K
in (ES�/�) cells (lane 1). A commercial monoclonal antibody against hnRNP K detects both, the methylated and non-methylated hnRNP K (lanes 1-3). C, 9 pmol
of recombinant hnRNP K (lanes 2, 5, and 8) or the arginine substitution variant hnRNP K 5RG as a specificity control (lanes 3, 6, and 9) were incubated with
[14C]S-adenosylmethionine and cytoplasmic K562 cell extract at day 0 (lanes 1–3) or day 8 (lanes 4 –9) of induction in the absence (lanes 1– 6) or presence (lanes
7–9) of 2.3 pmol of recombinant PRMT1, followed by SDS-PAGE and autoradiography. D, the level of mRNAs coding for hnRNP K, c-Src, and GAPDH was
analyzed by RT-PCR. E, immunoprecipitation of total hnRNP K with the commercial monoclonal antibody from cytoplasmic extracts of K562 cells followed by
SDS-PAGE and Western blot assays. The level of immunoprecipitated protein was detected with the hnRNP K antibody (hnRNP K), and the phosphorylated
protein was detected with an anti-phosphotyrosine antibody (p-Tyr) and co-immunoprecipitated c-Src with the c-Src antibody (c-Src).
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answer this, hnRNP K was immunoprecipitated from cytoplas-
mic extracts (Fig. 3E, lanes 2–6), and the precipitated proteins
were analyzedwith a phosphotyrosine-specific antibody and an
antibody against c-Src. Importantly, phosphorylation of
hnRNP K was observed only at days 6 and 8 of maturation (Fig.
3E, lanes 5 and 6) when c-Src co-immunoprecipitated with
hnRNP K (Fig. 3E, lanes 5 and 6). Taken together, these data

explain how the post-translational
modifications of hnRNP K, which
have an impact on its potency to
regulate r15-LOX mRNA transla-
tion, are altered during induced
erythroid maturation.
Interestingly, c-Src mRNA could

be detected from day 0 to 8 (Fig. 3D,
lanes 1–5), whereas c-Src protein
was present only at days 6 and 8 of
induction, (Fig. 3A, lanes 4 and 5).
This strongly indicates that c-Src
expression is also regulated at the
translational level.
Post-transcriptional Regulation of

hr15-LOX and c-Src Synthesis dur-
ing Erythroid Maturation Can Be
Recapitulated in CD34� Cells—To
verify that human K562 cells pro-
vide a physiologically relevant sys-
tem to study the translational regu-
lation of hr15-LOX and c-Src
synthesis, we analyzed their expres-
sion in primary humanCD34� cells,
which can be induced for terminal
erythroid maturation in the pres-
ence of erythropoietin (26). CD34�

cells continued to divide on differ-
entiation initiation only for one to
two divisions, thus only a small
number of terminally maturing
cells could be obtained. Therefore
we analyzed mRNA levels by RT-
PCR at days 0 and 6 of induction
and detected the proteins by
immunofluorescence microscopy
at days 0, 3, and 6. Only 2% of the
cells were hemoglobin-positive
before induction, indicating that
CD34� cells were not differenti-
ated. Hemoglobin accumulation
strongly increased until day 6 of
induction (Fig. 4A), consistent
with the formation of hemoglobin
in K562 cells (Fig. 1C). Whereas
the amount of �-globin mRNA
increased during induction, hr15-
LOX mRNA and c-Src mRNA lev-
els remained unchanged as in
K562 cells (compare Figs. 4B,
1A, 2A, and 3D). Importantly,

although hr15-LOX mRNA was already present in non-in-
duced CD34� cells (Fig. 4B), the protein could only be detected
at day 6 of induction (Fig. 4C). As in K562 cells, the expression
of hnRNPE1 andK that regulates hr15-LOXmRNA translation
strongly decreased until day 6 (compare Fig. 4D and 4Ewith Fig.
3A). In addition the level of PRMT1 decreased (Fig. 4F). As in
K562 cells, c-Src mRNA was already present in non-induced

FIGURE 4. Expression of hr15-LOX and its translational regulators in human CD34� cells induced for
terminal erythroid maturation. A, benzidine staining of hemoglobin during erythroid maturation. B, the level
of endogenous �-globin, hr15-LOX, and c-Src mRNAs in non-induced CD34� cells and at day 6 of the induction
period was analyzed by RT-PCR. C–G, immunostaining of CD34� cells during induction. Nuclei were stained
with DAPI. Erythroid maturation was monitored by staining of glycophorin A (GPA) and CD34 (except F; both
the CD34 and the PRMT1 antibody were raised in rabbit). Four representative cells are shown in every panel.
Enucleated cells are marked by an arrow. C, immunostaining of hr15-LOX. D, detection of hnRNP E1 with a
specific antibody. E, a specific antibody was used to detect hnRNP K. F, immunostaining of PRMT1 and hnRNP
K (instead of CD34). G, detection of c-Src by immunostaining.
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CD34� cells, but c-Src protein could only be detected at day 6 of
the induction period (compare Figs. 4B and 4G with Figs. 3A
and 3D). This indicates that expression of c-Src is regulated at
the translational level in induced CD34� cells as well.

During erythroid cell maturation the level of CD34 decreases
(40), whereas glycophorin A is augmented (40, 41). From days 0
to 6 of erythroid maturation we observed impairment in CD34
staining (Fig. 4, C, D, E, and G), whereas the glycophorin A
signal increased (Fig. 4, C–G). Furthermore, enucleated cells
appeared at day 6 (indicated by arrows, Fig. 4,C–G).Mitochon-
dria staining could not be reproducibly analyzed, because the
MitoTracker reagent produced a high background signal in the
small volume of CD34� cells, which did not allow clear distinc-
tion between stained (mitochondria containing) and unstained
cells (no mitochondria). Taken together, the induction of ter-
minal erythroid maturation of primary CD34� cells confirms
the results obtained in induced K562 cells.
hnRNP K Binds Directly to the c-Src mRNA 3�-UTR and

Inhibits c-Src Expression in Non-induced K562 Cells—Having
shown that c-Src expression is regulated post-transcriptionally

in induced K562 and CD34� cells, we asked the question: Is
hnRNP K involved in this process? To address this, hnRNP K
was immunoprecipitated from cytoplasmic K562 extracts at
days 0 and 8 of induction (Fig. 5A, lanes 2 and 5) and interest-
ingly the c-Src mRNA co-precipitated specifically with hnRNP
K at day 0, but not at day 8. Human r15-LOX mRNA also co-
precipitated specifically at day 0. In contrast, other erythroid-
specific mRNAs coding for �-globin, �-globin, and carboanhy-
drase I did not co-precipitate (Fig. 5A, lanes 2 and 5). This result
suggests that hnRNP K may act as a translational regulator of
the c-Src mRNA as well.
The 5�-UTR and 3�-UTR of the c-Src mRNA were screened

for the presence of potential hnRNP K binding elements. The
3�-UTR of the c-SrcmRNA contains UCCCmotifs, which were
identified previously as the sequence motif in the DICE that
interacts with KH domain 3 of hnRNP K (19, 42). To analyze
whether hnRNP K directly interacts with the c-Src mRNA
3�-UTR we performed UV-cross-linking experiments with the
32P-labeled c-SrcmRNA3�-UTR subdivided in three fragments
(Src1, -2, and -3) (Fig. 5B, lanes 1–9). Recombinant hnRNP K

FIGURE 5. hnRNP K directly binds to the c-Src mRNA 3�-UTR, which mediates translational inhibition by blocking 80 S complex formation. A, immu-
noprecipitated hnRNP K from cytoplasmic extract from non-induced cells (lane 2) and from cells at day 8 of induction (lane 5) was detected by Western blotting.
For the control immunoprecipitation (ctrl.) an unrelated monoclonal antibody was used (lanes 3 and 6). Co-immunoprecipitated mRNAs were detected by
RT-PCR as indicated. B, upper panel: schematic representation of the c-Src mRNA. Lower panel: 32P-labeled fragments of the c-Src mRNA 3�-UTR, Src1 (nt
1– 600, lanes 1–3), Src2 (nt 601–1200, lanes 4 – 6), or Src3 (nt 1201–2038, lanes 7–9) were incubated with 1.8, 3.6, and 7.2 pmol of recombinant hnRNP K.
The 32P-labeled Src3 was incubated with 7.2 pmol of hnRNP K (lane 10) in the presence of 10- or 100-fold molar excess of unlabeled competitor RNAs Src1
(lanes 11 and 12), Src2 (lanes 13 and 14), Src3 (lanes 15 and 16), or DICE (lanes 17 and 18). C, cytoplasmic extract of non-induced K562 cells was used in
cell-free translation reactions programmed with 32P-trace-labeled reporter mRNAs CAT, CAT-hDICE, CAT-Src3, or no RNA. Translation reactions were
carried out in the presence of [35S]methionine. Translation products were resolved by SDS-PAGE and analyzed by autoradiography. The percentage of
translated CAT protein is indicated below. 32P-trace-labeled mRNAs were extracted from the translation reactions at time point 0 and after 1 h, as
indicated. The 32P-trace-labeled short CAT (sCAT) mRNA was used as an extraction control. The extracted mRNAs were separated on an agarose gel and
analyzed by autoradiography. D, fractionation of translation initiation reactions containing cytoplasmic extract of non-induced K562 cells and 32P-
labeled reporter mRNAs sORF-ctrl, sORF-Src3, or sORF-hDICE in the presence of cycloheximide on 5–25% sucrose gradients and analysis by scintillation
counting. Positions of 80 S and RNP-containing fractions are indicated.
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was bound directly to Src3 (Fig. 5B, lanes 7–9). Only Src3 and the
r15-LOX DICE did compete for the hnRNP K-Src3 interaction
(Fig. 5B, lanes 15–18), indicating that hnRNPK binds to the same
sequencemotif in the 3�-UTRs of c-Src and r15-LOXmRNA.
To investigate whether the fragment Src3 of c-Src mRNA

3�-UTR mediates translation inhibition, we performed in vitro
translation assays. For this purpose translation-competent
extracts were generated from non-induced K562 cells. The
DICE of the human r15-LOXmRNA served as positive control.
The 32P-trace-labeled CAT reporter mRNAs bearing either the
human DICE (CAT-hDICE) or Src3 (CAT-Src3) were trans-
lated in these extracts in the presence of [35S]methionine (Fig.
5C). Translation of CAT-hDICE and CAT-Src3 mRNA was
reduced to 42% or 49%, respectively, compared with CAT con-
trolmRNA (Fig. 5C, left panel). A complete translational silenc-
ing cannot be expected, because the exogenously added
mRNAs compete with the endogenous human r15-LOX
mRNA and c-Src mRNA for hnRNP K. The reduced CAT
expression from mRNAs bearing either the DICE or Src3 was
not due to mRNA degradation as demonstrated by mRNA iso-
lation at time point 0 and after 1 h of translation (Fig. 5C, right
panel). This result indicates that the Src3 fragment mediates
translation inhibition in vitro.

To delineate the mechanism of translational control, we
performed translation initiation reactions with 32P-labeled
mRNAs (sORF-ctrl or sORF-Src3). As a positive control a
human DICE-bearing mRNA (sORF-hDICE) was employed.
The mRNAs were incubated in translation extracts in the
presence of cycloheximide that inhibits the peptidyltrans-
ferase reaction (43) and stalls 80 S ribosomes at the AUG.
Translation initiation complexes were resolved on linear
5–25% sucrose gradients, in which 80 S ribosomes can be
separated from RNPs (Fig. 5D). The incorporation of radio-
labeled sORF-Src3 mRNA and sORF-hDICE mRNA in the
80 S ribosome-containing fractions was significantly
reduced compared with that of the control mRNA (sORF-
ctrl) (Fig. 5D), indicating that the Src3 fragment and the
human r15-LOX mRNA DICE mediate translation inhibi-
tion at the level of initiation by preventing 80 S ribosome
formation. The latter confirms the experiments previously
shown for the rabbit r15-LOX mRNA DICE in a cell-free
system with added recombinant hnRNP K and E1 (16).
hnRNP K Silences Expression of c-Src in Erythroid Precur-

sor Cells—The mRNA binding studies with recombinant
hnRNP K and the translation experiments in extracts gener-
ated from non-induced K562 cells suggest that hnRNP K
inhibits c-SrcmRNA translation in erythroid precursor cells.
To test whether hnRNP K acts as a cellular inhibitor of c-Src
mRNA translation as well, we performed RNAi with siRNAs
against hnRNP K and E1, as a control, or a non-related
siRNA (Fig. 6, A and B). Transfection of non-induced K562
cells with specific siRNAs strongly suppressed the expres-
sion of hnRNP K and E1, respectively (Fig. 6, A and B). How-
ever, only the siRNA-mediated knockdown of hnRNP K, but
not hnRNP E1, resulted in a de-repression of c-Src synthesis
in non-induced K562 cells (Fig. 6, A and B).

DISCUSSION

In this study we demonstrate that butyrate-stimulated K562
cells constitute a useful human model for studying terminal
erythroid maturation. This erythroid model system mirrors
essential features of late erythroid development, such as
nuclear exclusion and mitochondria degradation (Fig. 1). Fur-
thermore it serves as a powerful system to analyze changes in
protein expression controlled at the post-transcriptional level,
to monitor post-translational modifications, and to identify
translational regulated mRNAs. We found that hnRNP K not
only functions as a translational regulator of human r15-LOX
mRNA (Fig. 2) but also represses expression of c-Src (Figs. 5
and 6), an important regulator of cell cycle control, prolifera-
tion, and differentiation (44, 45).
Human CD34� cells isolated from peripheral blood recapit-

ulated the results obtained with K562 cells following induction
of terminal erythroid maturation (Fig. 4). The expression pat-
tern of hr15-LOX and the regulators of hr15-LOX mRNA
translation, hnRNP E1, hnRNP K as well as the post-transcrip-
tional regulation of c-Src in inducedCD34� cells andK562 cells
prove that K562 cells provide a physiologically relevant system
to study the mechanisms of human erythropoiesis. Our results
discussed below are summarized in a model (Fig. 7) that
describes how hnRNP K controls the timely expression and
activity of its regulator c-Src and its impact on the expression of
human r15-LOX in erythroid maturation.
The role of the r15-LOX for erythroid maturation has been

studied in rabbits (12). In young rabbit reticulocytes the r15-
LOXmRNA is present, but expression of the enzyme is silenced
by binding of hnRNP K and E1 to the DICE in the r15-LOX
mRNA 3�-UTR (16). However, there is little experimental evi-
dence suggesting that themechanism identified for rabbitsmay
also be of physiological relevance in humans. When we com-
pared the 3�-UTRs of the rabbit and human r15-LOX mRNA,
we found that the rabbit r15-LOXmRNA3�-UTR bears a DICE
that consists of 10 tandem copies of a 19-nt CU-rich sequence
motif (46), whereas the human DICE bears only 4 repeated
elements, which are not consecutively arranged (23). Here we
report for the first time that in a human model of erythroid
maturation the expression of human r15-LOX follows a similar
scenario as in isolated erythroid cells from rabbits. The expres-
sion and activity of human r15-LOX is restricted to late stages
of maturation at days 6 and 8 (Fig. 2, A and B), when loss of
mitochondria could be detected in enucleated cells (Fig. 1D).
Importantly, only the simultaneous knockdown of hnRNP E1
and hnRNP K by RNAi led to an activation of human r15-LOX
expression in non-induced K562 cells (Fig. 2C), indicating that
either protein inhibits human r15-LOX mRNA translation.
AlthoughhnRNPE1has beendetected in the cytoplasmalready
in non-induced K562 cells, hnRNP K initially mainly nuclear,
became localized to the cytoplasm fromday 4 of induction (data
not shown). It has been shown that Erk-dependent phosphoryl-
ation of serines 284 and 353 in hnRNP Kmediates its cytoplas-
mic accumulation (47). Consistent with this finding, treatment
of K562 cells with the Erk kinase inhibitor PD98059 caused
nuclear retention of hnRNP K during induction (data not
shown).
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Human r15-LOX mRNA co-precipitated specifically with
hnRNPK from cytoplasmic extracts of non-inducedK562 cells,
whereas �-globin mRNA did not (Fig. 5A). It has been shown
before that �-globin mRNA 3�-UTR directly interacts with
hnRNP E1 and its homolog hnRNP E2 but not with hnRNP K
(48, 49). In contrast to the human r15-LOX mRNA, the �-glo-
bin mRNA is continuously translated and stabilized by the
�-complex formed at the CU-rich sequence in its 3�-UTR (50).

Surprisingly, in non-induced K562 cells c-Src mRNA is
already present, whereas c-Src protein could only be detected at
days 6 and 8 of induction (Fig. 3, A and D). Furthermore, c-Src
mRNA co-precipitated with hnRNP K from cytoplasmic
extract of non-induced cells, but not at day 8 of induction (Fig.
5A), and hnRNP K specifically interacted with the fragment
Src3 of the c-Src mRNA 3�-UTR (Fig. 5B). Translation of a
reporter mRNA bearing the fragment Src3 in its 3�-UTR was

inhibited at the level of initiation in a cell-free system derived
from non-induced K562 cells. Translation inhibition was not
due to reduced mRNA stability (Fig. 5, C and D). In addition,
siRNA-mediated knockdown of hnRNP K, but not of hnRNP
E1, led to the de-repression of c-Src expression in non-induced
K562 cells (Fig. 6,A and B). This indicates that only hnRNPK is
involved in the regulation of the c-Src mRNA translation, in
contrast to r15-LOX mRNA that is inhibited by hnRNP K and
E1. Thus, we have identified the c-Src mRNA as a new target of
hnRNP K-mediated translational control during erythroid cell
maturation.
The catalytic activity of c-Src is down-regulated by a series of

intramolecular interactions that impose conformational con-
strains on the catalytic domain, making it inaccessible for the
substrate (44, 45). hnRNP K in its non-methylated form inter-
acts with c-Src and functions as an activator of that kinase (20,

FIGURE 6. SiRNA-mediated knockdown of hnRNP K, but not hnRNP E1, causes de-repression of c-Src synthesis. A and B, non-induced K562 cells were
transfected with control (ctrl.), hnRNP K, or hnRNP E1 siRNAs as indicated. A, detection of endogenous hnRNP K, hnRNP E1, GAPDH, or c-Src protein in
cytoplasmic extracts of K562 cells at 0 and 48 h by Western blot assays. B, immunostaining of hnRNP K and E1 as in Fig. 2C. c-Src was detected with a specific
antibody. Staining of the cytoplasm and nuclei are as in Fig. 2C.
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21). hnRNP K activates only c-Src, but not the other members
of the Src tyrosine kinase family Lyn, Fyn, or Lck (21). In non-
inducedK562 cells hnRNPK is barely detectable by an antibody
that specifically recognizes non-methylated hnRNP K, but the
amount of non-methylated hnRNP K increased until day 8 of
induction (Fig. 3A). hnRNP KmRNAwas present at a constant
level and presumably translated (Fig. 3D), but PRMT1, the only
enzyme that specifically catalyzes the asymmetric dimethyla-
tion of hnRNP K decreased until day 8 of induction (Fig. 3A).
Therefore it is conceivable that the pool of methylated hnRNP
K is exchanged by the non-methylated protein, as shown for
histone H3.3 (51, 52). Consistent with this result, hnRNPKwas
phosphorylated at days 6 and 8 of erythroid maturation (Fig.
3E), when c-Src was expressed and the non-methylated hnRNP
K interacted with c-Src (Fig. 3, A and E). The c-Src-dependent
phosphorylation of Tyr458 inKH-domain 3 of hnRNPK leads to
the loss of DICE-binding activity and abolishes its function as
an inhibitor of r15-LOX mRNA translation (19).
Human r15-LOX expression and activity is restricted to late

stages of erythroid maturation (Fig. 2, A–C), when the inhibi-
tion of c-Src mRNA translation by hnRNP K is released. Acti-
vation of c-Src mRNA translation is mediated by a so far
unknown mechanism. It is possible that either the decreased
level of hnRNP K is no longer sufficient to inhibit c-Src mRNA

translation and/or non-methylated hnRNPK interacts less effi-
ciently with c-Src mRNA and therefore the kinase is expressed.
Interestingly, in erythroid cells threemRNAs have been identi-

fied, r15-LOX, c-Src, and�-globin, that containCU-rich elements
in their 3�-UTRs. ThesemRNAs are regulated by interacting pro-
tein complexes at the post-transcriptional level during erythroid
maturation. The mRNA 3�-UTR-protein complexes share two
proteins, hnRNP K and/or hnRNP E1: r15-LOXmRNA interacts
with hnRNP E1 and hnRNP K (16), c-Src mRNA is regulated by
hnRNP K, but not hnRNP E1 (this study), and �-globin mRNA
binds hnRNP E1, but not hnRNP K (48, 49). Additional compo-
nents that differ between individual mRNA-protein complexes
presumably specify their function in mRNA stabilization (�-glo-
bin mRNA) and translational regulation (r15-LOX mRNA and
c-Src mRNA). Interesting insight in the molecular mechanism of
mRNA-specific post-transcriptional control canbe expected from
the identification of additional components associated with
hnRNPK in complex with the human r15-LOXmRNA and c-Src
mRNA in this inducible erythroid cell system.
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FIGURE 7. Model of post-transcriptional regulation of gene expression in erythroid cell maturation. r15-LOX is a key enzyme in erythroid cell maturation.
The synthesis of r15-LOX is restricted to mature reticulocytes, where the enzyme initiates the degradation of mitochondria as a prerequisite for erythrocyte
formation (12). Left: in erythroblasts the translation of r15-LOX mRNA is silenced, because the formation of translation competent 80 S ribosomes on r15-LOX
mRNA is inhibited by hnRNP K and E1, which bind to the 3�-UTR DICE. This complex blocks the joining of the 60 S ribosomal subunit to the 40 S subunit at the
AUG (16, 17). hnRNP K also binds to the c-Src mRNA 3�-UTR element Src3 and inhibits the c-Src mRNA translation by blocking 80 S ribosome formation (this
study). hnRNP K is quantitatively asymmetrically dimethylated on five arginine residues by PRMT1 (20). Erk-dependent phosphorylation of hnRNP K on Ser284

and Ser353 leads to its cytoplasmic accumulation (47). Right: in mature reticulocytes hnRNP K is released from the element Src3 in the c-Src mRNA 3�-UTR, and
the kinase is synthesized. Methylated hnRNP K is exchanged by the non-methylated form during erythroid maturation (this study) and non-methylated hnRNP
K functions as a specific activator of c-Src (20, 21). The c-Src-dependent phosphorylation of Tyr458 in KH domain 3 of hnRNP K leads to the loss of DICE binding
activity and consequently its role as an inhibitor of r15-LOX mRNA translation (19). r15-LOX mRNA translation is activated, and the newly synthesized enzyme
catalyzes the dioxygenation of phospholipids in mitochondrial membranes (11–13).
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Supplemental Data 
 
Primers used for RT-PCR 

mRNA forward reverse (bp) 

α-globin GAGAGGATGTTCCTGTCCTT CAGTGGCTTAGGAGCTTGAA 224 

β-globin GTGGATGAAGTTGGTGGTGA TTGCCCAGGAGCCTGAAGTT 258 

γ-globin AAACCCTGGGAAGGCTCCT TTCCCAGGAGCTTGAAGTTC 246 

ε-globin TGGGCAGACTCCTCGTTGTT TACCCAGGAGCTTGAAGTTC 240 

ζ-globin TCTGGAGAGGCTCTTCCTCA GGACAGGAGCTTGAAGTTGA 223 

hnRNP K TTAAGGCTCTCCGTACAGAC TCCACAGCATCAGATTCGAG 199 

hr15-LOX TGAGCTGCAGTCTCATCTTC CAGTGCTCATTATCTGGTCG 197 

GAPDH ACAGTCAGCCGCATCTTCTT CTGGAAGATGGTGATGGGAT 290 

c-Src ACTATGAGTCTAGGACGGAG CCTTTCGTGGTCTCACTTTC 274 

CA-I AACCGATCAGTGCTGAAAGG CGTGAAGCTCGGCAGAATAT 229 
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