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Summary

Reactive oxygen species (ROS) regulate growth factor receptor signalling at least in part by inhibiting oxidation-sensitive phosphatases.
An emerging concept is that ROS act locally to affect signal transduction in different subcellular compartments and that ROS levels are
regulated by antioxidant proteins at the same local level. Here, we show that the ER-resident antioxidant peroxiredoxin 4 (Prdx4)
interacts with the cytoplasmic domain of the granulocyte colony-stimulating factor receptor (G-CSFR). This interaction occurs when the
activated G-CSFR resides in early endosomes. Prdx4 inhibits G-CSF-induced signalling and proliferation in myeloid progenitors,
depending on its redox-active cysteine core. Protein tyrosine phosphatase 1b (Ptplb) appears to be a major downstream effector
controlling these responses. Conversely, Ptplb might keep Prdx4 active by reducing its phosphorylation. These findings unveil a new
signal transduction regulatory circuitry involving redox-controlled processes in the ER and activated cytokine receptors in endosomes.
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Introduction

Reactive oxygen species (ROS) are generated by nicotinamide
adenine dinucleotide phosphate oxidase (Nox) complexes. In
phagocytes the Nox system mainly serves to produce high levels
of H,O, for the so-called oxidative burst, a major weapon in host
defence against bacteria. In non-phagocytic cells, H,O, has long
been considered as an unwanted by-product of cell metabolism,
potentially hazardous because of the damaging effects on
proteins, lipids, carbohydrates and nucleic acids (Rhee, 2006;
Rhee et al., 2005b). There is increasing evidence that moderate
levels of ROS are pivotal for many cellular processes, including
the control of cell proliferation, survival and differentiation. For
example, H,O; inactivates enzymes, in particular protein tyrosine
and lipid phosphatases, involved in growth factor signalling
(Rhee, 2006). As a consequence, the signal magnitude and
duration from cell surface receptors, such as platelet-derived
growth factor receptor (PDGFR), interleukin 3 receptor (IL-3R),
granulocyte-macrophage colony-stimulating factor receptor
(GM-CSFR) and G-CSFR is increased (liyama et al., 2006;
Sundaresan et al., 1995; Zhu et al., 2006). An important new
insight that emerges is that ROS are produced in specific
subcellular compartments and act locally to modulate signalling
responses in different organelles (Rhee, 2006; Terada, 2006).

In view of the local actions of ROS, an attractive hypothesis is
that their levels are controlled by nearby antioxidants, but
evidence supporting this concept remains limited. Proteins of the
peroxiredoxin (Prdx) family are major candidates for such local
antioxidant activities (Rhee et al., 2005a). Prdx proteins contain a
core of usually two cysteine residues responsible for their redox

activity (Rhee et al., 2005a). Prdx1 and Prdx2 were found to
associate with PDGFR and to modulate signalling by controlling
H,0, levels at the plasma membrane (Choi et al., 2005; Woo et al.,
2010). Importantly, PDGFR-induced tyrosine phosphorylation
of Prdx1 temporarily reduced its antioxidant activity, thereby
allowing a transient accumulation of H,O, and inhibition of
phosphatase activity in the vicinity of the plasma membrane
(Woo et al., 2010). Among the six mammalian Prdx proteins
(Rhee et al., 2005a), Prdx1, Prdx 2, and Prdx 6 are cytosolic,
Prdx3 mitochondrial and Prdx5 peroxisomal. The exact
localization of Prdx4 has been somewhat ambiguous, but
recent studies suggest that Prdx4 resides mainly in the
endoplasmic reticulum (ER) (Giguere et al., 2007; Sasagawa
et al., 2001; Tavender et al., 2008).

Granulocyte colony-stimulating factor (G-CSF) is the major
hematopoietic growth factor involved in the production of
neutrophils (Demetri and Griffin, 1991; Lieschke et al., 1994;
Touw and van de Geijn, 2007). G-CSF induces the proliferation,
survival and neutrophilic differentiation of myeloid progenitor
cells, which are cellular responses that require a balanced
activation and subsequent attenuation of signalling pathways
linked to the G-CSFR (Touw and van de Geijn, 2007), a member of
the cytokine receptor class I superfamily (Wells and de Vos, 1996).
Signal attenuation of the G-CSFR is severely compromised by
mutations causing truncations in the cytoplasmic domain of the G-
CSFR, as observed in severe congenital neutropenia (SCN)
patients showing disease progression to acute myeloid leukaemia
(AML) (Dong et al, 1995; Freedman and Alter, 2002;
Germeshausen, 2007). A major mechanism implicated in the
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perturbed signalling functions of these truncated G-CSFR mutants
is the loss of appropriate receptor endocytosis and lysosomal
routing. These processes are controlled by a dileucine-based
internalization motif (Hunter and Avalos, 1999; Ward et al., 1999)
and by receptor ubiquitylation involving the suppressor of cytokine
signalling protein SOCS3 (Aarts et al., 2004; Hermans et al., 2003;
Hortner et al., 2002; Irandoust et al., 2007; Wolfler et al., 2009).

Here, we investigated whether Prdx proteins control signalling
from the G-CSFR and in which subcellular compartment this
takes place. In contrast to PDGFR, G-CSFR does not bind Prdx1
and Prdx2, but exclusively interacts with Prdx4. This interaction
takes place during retrograde routing, when the activated G-
CSFR resides in early endosomes. Prdx4 attenuates G-CSF-
induced cell proliferation and STAT (signal transducers and
activators of transcription) proteins, and this depends on the
integrity of its redox-active cysteine core. The tyrosine
phosphatase Ptplb, known to reside in the ER (Eden et al,
2010; Haj et al., 2002), appears the major target for Prdx4-
controlled modulation of G-CSF responses. In turn, Ptplb
reduces Prdx4 phosphorylation, which by analogy to Prdxl
might keep Prdx4 in an active state. These findings identify the
ER as an important signalling organelle controlling G-CSF
responses of myeloid progenitors and provide insight into the
complex interplay between redox-controlled processes and
receptor signalling at the boundary between the ER and
retrograde endocytotic vesicles.

Results
Prdx4 interacts with the G-CSFR
In an earlier yeast two-hybrid screen, we identified

peroxiredoxins as putative G-CSFR-interacting proteins. To
assess whether these interactions occur in mammalian cells, we
used the mammalian protein—protein interaction trap (MAPPIT)
assay (Eyckerman et al., 2002). Bait and prey constructs are
shown in Fig. 1A. Prdx3 and Prdx5 were excluded from this
analysis because of their mitochondrial and peroxisomal
localizations, respectively. After a series of standard positive
and negative controls to assure specificity of the system
(supplementary material Fig. S1), we performed experiments
with the Prdx preys and found that Prdx4, but not Prdx1, Prdx2,
or Prdx6, interacted with the G-CSFR C-terminus (Fig. 1B).
Using additional bait constructs, we identified the distal region
spanning amino acids 792—-813 as the major PRDX4-binding site
(Fig. 1C). This region does not show sequence homology with
other cytokine receptors. To assess whether the integrity of the
cysteine core of Prdx4 is required for its interaction with G-
CSFR, we generated Prdx4 prey constructs in which both
cysteines in the active site (Cys124 and Cys245) were changed
into serines (Prdx4mut). Prdx4 and Prdx4mut prey constructs
showed comparable binding to the G-CSFR baits, implying that
the redox status of Prdx4 does not affect this interaction
(Fig. 1D). Prdx4 differs from the other family members in that
its N-terminus has a 73 amino acid extension, including a
predicted signal peptide of 37 amino acids. Deletion of the N-
terminal region abolished MAPPIT activity, suggesting that this
region is predominantly responsible for Prdx4 binding to the G-
CSFR (Fig. 1E). Conversely, a prey construct consisting of only
the N-terminal 73 amino acids (N73a.a. Prdx4) interacted with
the G-CSFR bait, confirming the importance of the Prdx4 N-
terminus for G-CSFR binding (Fig. 1F). In immunoprecipitation
experiments, G-CSFR co-precipitated with endogenous Prdx4

from lysates of HEK293T cells ectopically expressing wild-type
G-CSFR, confirming the results from the MAPPIT assay.
However, under these conditions basal Prdx4 binding to G-
CSFR was seen, indicating that the physical interaction between
G-CSFR and Prdx4 proteins per se does not depend on receptor
activation (supplementary material Fig. S2).

Colocalization of endocytosed G-CSFR with Prdx4
residing in the ER/ERGIC

We subsequently used confocal microscopy to study where Prdx4
and G-CSFR interact in intact cells. Prdx4 did not colocalize with
G-CSFR at the cell surface. Thirty minutes after G-CSF treatment,
when G-CSFR resided in early endosome antigen 1 (EEA1)-
positive early endosomes, colocalization with Prdx4 was maximal
and declined after 1 hour, when the G-CSFR was present in late
endosomes and lysosomes (Fig. 2A and supplementary material
Fig. S3). By contrast, colocalization of the lysosomal routing
defective G-CSFR mutant K5R persisted at 60 minutes after G-
CSF stimulation, confirming that Prdx4 interacts with G-CSFR
localized in early endosomes (Irandoust et al., 2007; Wolfler et al.,
2009) (supplementary material Fig. S4a). Quantification of these
data is shown in supplementary material Fig. S4b. As expected
based on the MAPPIT experiments, no significant colocalization
of Prdx2 and G-CSFR was detectable, neither at the plasma
membrane nor in endocytotic vesicles (supplementary material
Fig. S5). Because Prdx4 was detected mainly in the ER and ER—
Golgi intermediate compartment (ERGIC), with only a minor
fraction in the Golgi (supplementary material Fig. S6), these
findings imply that the interaction between G-CSFR and Prdx4
takes place when the endocytosed G-CSFR complexes are in
proximity of the ER or ERGIC. Supporting this, G-CSFR also co-
stained with the ER marker Grp94 and with the ERGIC marker
ERGIC-53 after ligand-induced internalization (Fig. 2B). In situ
proximity ligation analysis (in situ-PLA) is a recently developed
tool to demonstrate the close proximity of proteins in situ. Using
this technique, we could confirm the results obtained by confocal
laser scanning microscopy (CLSM) showing colocalization of G-
CSFR, Ptplb and Prdx4 (supplementary material Figs S7 and S8).

Prdx4 inhibition of G-CSF-induced proliferation of myeloid
progenitor cells requires the integrity of its cysteine core
To directly study the functional implications of Prdx4 binding on
G-CSFR signalling and to determine the role of the redox-active
cysteines, we fused the catalytic domain of Prdx4 and the mutant
domain missing the crucial cysteine residues directly to G-
CSFR-A795 (to give G-CSFR-A795-Prdx4 and G-CSFR-A795-
Prdx4mut, respectively). G-CSFR-A795 was chosen because it
lacks a major C-terminal domain that is responsible for
endogenous Prdx4 binding, as identified by MAPPIT (Fig. 3A).
Although a drawback of this approach is that the interaction with
Prdx4 is constitutive, as opposed to temporal and depending on
endocytotic routing, the routing of the G-CSFR towards the ER
and ERGIC was not affected by the Prdx4 fusion (supplementary
material Fig. S9A). Hence, Prdx4 is still able to function in this
setting at the ER—early endosome interface. We first transduced
32D cells with these constructs and selected clones with
comparable expression of wild-type G-CSFR (32D/wt), G-
CSFR-A795 (32D/A795), G-CSFR-A795-Prdx4 (32D/A795-
Prdx4) and G-CSFR-A795-Prdx4mut (32D/A795-Prdx4mut) at
the plasma membrane (supplementary material Fig. S9B),
allowing comparisons of their signalling abilities at equal
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Fig. 1. MAPPIT assay of interactions between Prdx and G-CSFR. (A) Bait and prey MAPPIT constructs. Epo-R, erythropoietin receptor; LR, leptin receptor.
(B) MAPPIT with G-CSFR-C65 (amino acids 749—813) bait and Prdx 1, Prdx2, Prdx4 and Prdx6 prey constructs showing specific interaction with Prdx4. (C) Mapping of
domains of the G-CSFR involved in Prdx4 binding. Mutants C65A792 and C65A769 represent C-terminal deletions of 21 and 44 amino acids of C-CSFR-C65 bait,
respectively; EV, empty bait vector control. (D) MAPPIT showing that cysteines in the active sites of Prdx4 (Cys124 and Cys245) are not involved in interaction of Prdx4
with G-CSFR-C65. (E) Loss of Prdx4 binding to G-CSFR upon deletion of the specific extended N-terminus of Prdx4 (A73Prdx4). (F) Binding of the N-terminal region
of Prdx4 (N73a.a Prdx4) to C65-G-CSFR. Full-length Prdx4- and Prdx2-containing preys were included as positive and negative controls, respectively. MAPPIT
experiments were performed in HEK293T cells as detailed in Materials and Methods.

receptor densities. Relative to 32D/wt cells, the 32D/A795 clones
showed increased proliferation in response to G-CSF, whereas
the proliferation rate of 32D/A795-Prdx4 clones was similar to
that of 32D/wt clones (Fig. 3B). By contrast, 32D/A795-
Prdx4mut clones showed the same elevated proliferation rate as
and 32D/A795 clones, indicating that the redox-active thiol group
of Prdx4 confers growth inhibition (Fig. 3B). No differences in
proliferation rates of these clones were seen in IL-3-containing
cultures (not shown). To extend these observations to primary
myeloid progenitors, we transduced bone marrow cells from
Csf3r~'~ mice with the above-mentioned G-CSFR constructs

using the BABE retroviral vector (conferring puromycin
resistance), and cultured these cells in colony cultures
supplemented with G-CSF or GM-CSF and puromycin. GM-
CSF-induced colony formation did not differ significantly in the
presence of puromycin (Fig. 3C), which is indicative of the
comparable transduction efficiencies of the G-CSFR—puromycin
expression constructs. In line with the findings in 32D cells, G-
CSFR-A795-expressing bone marrow cells produced higher
numbers and greater-sized colonies, whereas G-CSFR-A795-
Prdx4-expressing bone marrow cells generated fewer and smaller
colonies in response to G-CSF compared to wild-type
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Fig. 2. G-CSFR and Prdx4 interaction and colocalization. (A) HeLa cells ectopically expressing wild-type G-CSFR were deprived of growth factor for

4 hours. Surface membrane G-CSFRs were labelled with anti-G-CSFR antibody prior to stimulation with G-CSF for different times. Cells were permeabilized,
fixed and stained with anti-Prdx4 antibody, followed by secondary anti-rabbit Cy3 and anti-mouse CyS5 antibodies, and then analysed by CLSM.

(B) Colocalization of endocytosed G-CSFR (arrows) with Grp94-stained ER (left) and with ERGIC-53-stained ERGIC (right) 30 minutes after ligand stimulation.
Experimental conditions were the same as for A.

G-CSFR-expressing bone marrow cells (Fig. 3C). As in 32D cells, this were subjected to western blotting with phospho-specific
effect of Prdx4 depended on the integrity of the redox active cysteines. antibodies to detect activation of STAT3, STATS and Akt. In

experiments in which cells were first deprived of growth factor
Prdx4 attenuates G-CSF-induced STAT3 activation and serum and then stimulated with G-CSF for up to
To identify the signalling pathways that are modulated by Prdx4, 120 minutes, fusion of active Prdx4, but not the inactive
lysates of 32D clones expressing the different G-CSFR forms mutant, inhibited STAT3 phosphorylation (Fig. 4A). In
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Fig. 3. Prdx4 attenuates G-CSF-induced proliferation in myeloid progenitors depending on its active cysteine core. (A) G-CSFR—Prdx4 fusion constructs.
For details see Materials and Methods. (B) Proliferation of 32D cells expressing constructs shown in A. Cells were cultured in 10 ng/ml G-CSF. Data represent the means
+ s.d. of five independent clones for each transfectant. (C) Colony assay of csf3r '~ bone marrow cells transduced with the constructs shown in A. Transduced bone
marrow cells (50,000) were plated in triplicate in medium containing either G-CSF or GM-CSF and puromycin as a selection marker. Colonies were counted on day 7 of
culture (upper panel). Data are expressed as the mean of triplicate cultures + s.d. Lower panel: representative photomicrographs showing differences in colony size.

long-term cultures, in which cells were switched from IL-3- to G-
CSF-containing culture medium and lysates made every 2 days,
phospho-STAT3 levels were again markedly reduced in 32D/
A795-Prdx4 clones compared to 32D/A795-Prdx4mut clones
(Fig. 4B). By contrast, no significant differences were seen in
STATS and Akt phosphorylation (not shown). A possible
explanation for this difference is that G-CSF-induced STAT3
activation requires recruitment of STAT3 to phosphotyrosines in

the G-CSFR membrane distal cytoplasmic region, whereas
STATS and Akt activation occurs through the membrane
proximal G-CSFR region without the involvement of receptor
tyrosines (de Koning et al., 1996; Dong and Larner, 2000;
Dong et al., 1998). Moreover, Akt phosphorylation is already
downregulated early in G-CSFR endocytosis, i.e. before
endosome-ER contacts take place and Prdx4 modulates G-
CSFR signalling (Irandoust et al., 2007).
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0.0 m Prdxd. (B) Western blot analysis of phospho-STAT3 levels in
raxa-- the same 32D cell transfectants at 0, 2 and 4 days of
culture with 100 ng/ml G-CSF. (C) Western blot
D 25 analysis of phospho-STAT3 in wild-type and
Egﬁzi ;:::’r:: Prdx4~'~ MEFs stably expressing G-CSFR after

20{ M G-CSF- 10ng/mi
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15| Mcm-csF
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Prdx4 -/-

Increased G-CSF-induced STATS3 activation and myeloid
colony formation in Prdx4~'~ cells

Having shown that enforced interaction of Prdx4 with G-CSFR
attenuates G-CSF signalling in myeloid progenitors, we
investigated how depletion of Prdx4 affects G-CSF signalling.
To this end, we transduced Prdx4-deficient and Prdx4-proficient
mouse embryonic fibroblasts (MEFs) with the G-CSFR and
assessed phosphorylation of STAT3, STATS and Akt. As
illustrated in supplementary material Fig. S10, Prdx4 '~ cells
showed a significantly increased accumulation of ROS relative to
MEFs expressing Prdx4, supporting the major role of ER-resident

serum deprivation followed by G-CSF stimulation for
indicated times. Histograms show quantification of
bands using Odyssey application software 3.0 (Li-
Cor). (D) Colony assay of Prdx4 /= and wild-type
littermate control bone marrow cells. Cells (50,000)
were plated in triplicate in Methocult containing either
G-CSF or GM-CSF and puromycin as a selection
marker. Colonies were counted on day 7 of culture.
Data are expressed as the mean of triplicate cultures
+ s.d

Prdx4 in controlling intracellular ROS levels. Phospho-STAT3
levels were significantly increased in Prdx4 '~ cells relative to
wild-type controls (Fig. 4C). Again, phospho-Akt levels did not
significantly differ between Prdx4-deficient and Prdx4-proficient
cells, whereas phospho-STAT5 was below detection level in
these cells (data not shown). To assess whether Prdx4 deficiency
affects G-CSF signalling in primary hematopoietic cells, we
performed colony cultures with increasing concentrations of G-
CSF. Prdx4~'~ bone marrow cells yielded significantly higher
numbers of colonies relative to wild-type littermate control cells
at different concentrations of G-CSF (Fig. 4D). By contrast,
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GM-CSF-induced colony growth did not differ between Prdx4-
deficient and wild-type bone marrow cells, showing that G-CSF,
but not GM-CSF, signalling is controlled by Prdx4.

Ptp1b inhibits G-CSF-induced signalling and proliferation
of myeloid progenitors

Ptp1b resides at the ER (Frangioni et al., 1992; Haj et al., 2002),
is highly sensitive to oxidation (Groen et al., 2005) and is
therefore a likely downstream effector of Prdx4-modulated
signalling. We confirmed the colocalization of Ptplb and Prdx4
in the ER and ERGIC compartments in primary bone marrow
cells (supplementary material Fig. S11). Biotinylated G-CSF
pull-down showed that Ptplb interacts with G-CSFR (Fig. SA).
Western blot analysis in PtpIb~'~ and Ptp1b reconstituted MEFs
transduced with G-CSFR showed significantly elevated G-CSF-
induced Jak2 and STAT3 phosphorylation in the Piplb ' cells
(Fig. 5B). Similar to Prdx4-deficient cells, phospho-Akt levels
were unaffected by Ptplb depletion (Fig. 5B). Colony cultures
with PtpI1b~'~ bone marrow cells also yielded results comparable
to those obtained with Prdx4-deficient cells, showing elevated
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numbers and greater-sized colonies in response to G-CSF, with
GM-CSF-induced colony formation unchanged relative to wild-
type Ptplb controls (Fig. 5C).

Ptp1b reduces phosphorylation of both G-CSFR and Prdx4
We then asked whether Ptplb controls ligand-induced G-CSFR
phosphorylation. For this, we performed off-rate experiments in
which cells were stimulated for 10 minutes with G-CSF, then
washed and further cultured without growth factor. Tyrosine
phosphorylation of G-CSFR was elevated in Ptplb~'~ MEFs
compared to the reconstituted control cells (Fig. 6A). Supporting
the notion that Ptplb reduces G-CSFR phosphorylation in early
endosomes, this difference was more pronounced in cells
expressing the G-CSFR mutant KS5R (Fig. 6B). Notably,
because the KSR mutant is hampered in its routing to late
endosomes and lysosomes, increased phosphorylation levels of
G-CSFR persisted at 30 minutes and 60 minutes after G-CSF
washout. Finally, because phosphorylation of Prdx1 has been
reported to decrease its activity (Woo et al., 2010), we
investigated whether Ptplb controls the phosphorylation status

C 160
[J G-CSF- 1ng/ml
[ G-CSF- 5ng/ml
B G-CSF- 10ng/mi
Il G-CSF- 50ng/ml
W GM-CSF

=y
N
=3

No. of colonies

40

wt Ptp1b -

Fig. 5. Ptplb interacts with G-CSFR and attenuates
signalling. (A) Ptplb immunoprecipitation from HEK293T
cells transfected with lysine-less pPBABE-K5R-G-CSFR and
pJ3H-Ptplb-HA constructs. Cells were deprived of growth
factor for 4 hours, followed by stimulation with biotinylated
G-CSF (BioG) for the indicated times. Precipitates were
collected on streptavidin-coated beads. Blots were stained
for G-CSFR and Ptplb; TCL total cell lysate. (B) Western
blot analysis of phospho-STAT3, phospho-Jak2 and
phospho-Akt in Piplb~’~ and reconstituted MEFs stably
expressing G-CSFR (Ptplb rec); stimulation conditions as
for Fig. 4C. B-actin served as loading control in all
experiments. Ptpl b’ and reconstituted MEFs expressed
comparable G-CSFR expression levels, as determined by
flow cytometry. Histograms show quantifications of
phospho-STAT3 and phospho-JAK2 (Odyssey 3.0).

(C) Colony assays of PipIh~'~ and wild-type littermate
control bone marrow cells. Culture conditions were similar
to those described for A.



[}
&}
c

2
o

w

©

)

—
o

‘©
c
S
5
o

=

3702 Journal of Cell Science 124 (21)

wt G-CSFR
Ptp1b rec Ptp1b -/-
EEL EIL
time (min)-BioG 10 15 30 60 -BioG10 15 30 60
p-Tyr| pad 54 N
G-CSFR|  + » T IR
04 [JPtpib rec
H Ptp1b--

p-Tyr levels
(corrected for total
G-CSFR levels)
=2
]

-BioG 10 15  30' 60’
ON OFF OFF OFF

C

KSR G-CSFR

Ptp1b rec Ptp1b -/-

), |

IP:Prdx4

SR |

time (min) -Ab NS 10 30 60 120 -Ab NS 10 30 60 120

| - . .‘| | '.E p-Tyr-biotin minutes after addition of biotinylated G-CSF, cells were

TCLlh' qn----—r-’-| |—- (N - — —_-—-lPrdx4

4

[JPtp1b rec
I Ptpib--

©w

Prdx4 levels)
~N

p-Tyr levels
(corrected for total

-Ab NS 10 30’ 60" 120°

of Prdx4. Prdx4 was clearly hyperphosphorylated in Ptplb-
deficient MEFs compared to reconstituted cells (Fig. 6C). This
was also evident in the absence of G-CSF stimulation (Fig. 6C),
indicating that receptor signalling is not required for Ptplb-
controlled phosphorylation of Prdx4.

Discussion

The key finding reported here is that the antioxidant protein
Prdx4, localized in the ER, attenuates G-CSFR signalling from
early endosomes. In addition, we provide evidence to suggest that
this is achieved by preventing the loss of activity of the ER-
resident tyrosine phosphatase Ptplb. Recent studies have shown
that different Nox complexes allocate to specific subcellular
compartments (Hilenski et al., 2004; Lambeth, 2004; Ushio-
Fukai, 2006; Van Buul et al., 2005; Wu et al.) and act in spatially
restricted microdomains, which is thought to be essential for
specificity of ROS-mediated signalling (Terada, 2006). For
instance, the local action of Nox2 in a signalling module was
demonstrated for interleukin-1 (IL-1) signalling: after activation
of the IL-1 receptor, Nox2 controlled the binding of TRAF6 to

B
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Fig. 6. Increased tyrosine phosphorylation of G-CSFR
and Prdx4 in Ptplb-deficient cells. (A) Phosphotyrosine
analysis of wild-type G-CSFR after biotinylated G-CSF
(BioG) pull-down in PipIb~’" or Ptplb reconstituted
MEFs expressing wild-type G-CSFR (Ptplb rec). Ten

washed and further cultured without growth factor.
Histograms show quantifications of Tyr-P levels relative
to total G-CSFR protein in biotinylated G-CSF pull-downs
at the indicated times. Data shown are representative of
three independent experiments. (B) Similar to A, with
lysine-less G-CSFR mutant K5R that accumulates in early
endosomes. (C) Phosphotyrosine analysis of Prdx4
immunoprecipitates in Piplb ™'~ or reconstituted control
MEFs at various times after stimulation with G-CSF.
Histograms show quantification of Tyr-P (Odyssey) levels
relative to immunoprecipitated Prdx4. Data are
representative of two independent experiments. TCL total
cell lysates, NS not stimulated.

the IL-1R-MyD88 complex in early endosomes (Li et al., 2006).
Nox4, on the other hand has been shown to drive ROS signalling
from the ER (Chen et al., 2008; Wu et al., 2010). A recent study
on the interleukin-4 (IL-4) receptor showed that ROS promotes
IL-4 signalling by inhibition of Ptplb (Sharma et al., 2008).
Furthermore, Nox4 was shown to be responsible for ROS
production in the ER and to be crucial for the regulation of Ptp1b,
further illustrating that the specificity of intracellular ROS-
controlled signalling depends on the localization of Nox isoforms
within particular subcellular compartments (Chen et al., 2008).
Based on our findings and these recent reports, we propose a
model in which Prdx4 negatively controls G-CSF signalling by
neutralizing ROS produced by Nox4 in the ER, thereby keeping
Ptplb in an active state (Fig. 7). Conversely, Ptplb inhibits
tyrosine phosphorylation of Prdx4, which by analogy to Prdxl,
might increase its activity (Woo et al., 2010).

Whether G-CSFR and Prdx4 are direct substrates of Ptplb or
whether Ptplb acts mainly through dephosphorylation and
inhibition of JAKs (Fig. 5B) as also shown previously for
interferon and leptin signalling (Myers et al., 2001; Zabolotny
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et al, 2002) is presently unknown. Neither the G-CSFR
cytoplasmic domain nor Prdx4 contains the Ptplb recognition
motif [E/D]Y(P)Y(P)[R/K] identified in JAK2 and TYK2 (Myers
etal., 2001; Salmeen et al., 2000). However, this does not preclude
that tyrosine-based motifs in G-CSFR are a direct substrate for
Ptplb. Another unresolved issue is whether Prdx4, in addition to its
antioxidant function, acts as a tethering molecule and thereby
stabilizes the interaction between G-CSFR and Ptplb at the ER—
early endosome interface. The finding that Prdx4 is localized at the
ER and ERGIC is in agreement with an earlier report (Tavender
et al., 2008). Based on structure prediction and resistance to
proteinase K digestion, this study also suggests that Prdx4 resides
inside the ER lumen (Tavender et al., 2008). Although this would
be in apparent conflict with an interaction of Prdx4 with the G-
CSFR cytoplasmic domain, proteins residing in the ER might
retrotranslocate from the lumen and enter the cytoplasm. For
instance, this was demonstrated for the protein chaperone
calreticulin (Afshar et al., 2005; Frangioni et al., 1992). A
similar process could explain how Prdx4 exits the ER lumen and
binds to the cytosolic tail of G-CSFR. Possibly, an interaction with
the ER lipid bilayer or with binding proteins located therein would
keep Prdx4 in proximity of the ER. Notably, in
immunoprecipitation experiments, G-CSFR also co-precipitated
with Prdx4 in the absence of growth factor (supplementary
material Fig. S2). This interaction might occur either after ligand-
independent constitutive retrograde routing of G-CSFR or when G-
CSFR passes through the ER in the biosynthetic pathway. Whether
either of these would have functional significance is unknown.
In conclusion, our study suggests that the antioxidant protein
Prdx4 negatively controls G-CSF signalling in the early endosome
compartment by reducing ROS levels in proximity of the ER, thereby
keeping Ptp1b active. As a consequence, STAT3 phosphorylation is
reduced, either by direct (receptor dephosphorylation) or indirect
(reduced JAK activity) mechanisms. Intriguingly, the G-CSFR
truncation mutants found in SCN and AML respond differentially to
suppressor of cytokine signaling 3 (SOCS3) in terms of STAT3
versus STATS inhibition: SOCS3-mediated inhibition of STATS
activation is abolished as a result of the G-CSFR truncation, whereas
inhibition of STAT3 remained largely intact (van de Geijn et al.,
2004). This discrepancy relates to the fact that SOCS3-induced

lysosome

Fig. 7. Model of Prdx4-controlled G-CSF signalling. Activation of
G-CSFR leads to internalization of G-CSF (red ovals) and entry into
early endosomes. G-CSFR dephosphorylation is then mediated by
Ptplb, which requires endosomal trafficking of the G-CSFR towards
the ER, where Ptp1b resides. Ptp1b activity is inhibited by ROS, which
is locally produced in the ER by Nox4 (Chen et al., 2008). ER-resident
Prdx4 reduces ROS, thereby elevating Ptplb activity. After or during
dephosphorylation in early endosomes, G-CSFR ubiquitylation takes
place (Wolfler et al., 2009), which triggers routing to late endosomes
and lysosomes, where G-CSFR are degraded. P, phosphate;

U, ubiquitin.

STATS inhibition entirely depends on SOCS box-mediated
ubiquitylation of G-CSFR, whereas SOCS3-induced STAT3
inhibition is less dependent on this process (Irandoust et al., 2007;
van de Geijn et al., 2004; Wolfler et al., 2009). Together with these
previous results our current data suggest that, whereas attenuation of
STATS mainly depends on lysosomal degradation of the activated G-
CSFR, STATS3 inhibition is mediated mainly by dephosphorylation
of STAT3-binding tyrosine motifs controlled by the kinase inhibitory
region of SOCS3 and by Ptplb, when the G-CSFR resides in the
early endosome. These findings support the idea that signal
diversification from certain growth factor receptors is to a major
extent determined by routing dynamics, a concept that becomes
increasingly attractive to explain how growth factor receptors exert
specific functions while activating largely overlapping signalling
pathways. The dynamic interplay between ER-localized enzyme
systems and activated receptors in endocytotic vesicles turns out to be
a key event in this process.

Deregulation of redox-controlled signalling pathways is
increasingly implicated in a variety of diseases, including
leukaemia. For instance, the gene encoding Thioredoxin inhibitory
protein (Txnip), a common target for retroviral integration in murine
leukaemia virus-induced mouse leukaemia, appears to be
significantly upregulated in a subgroup of human AML patients
(Erkeland et al., 2009). A case of AML with a chromosomal
translocation t(X;21)(p22;q22) has been reported in which the
PRDX4 gene located on Xp22 was fused to RUNXI at 21q22,
resulting in a RUNX1-PRDX4 fusion transcript (Zhang et al., 2004).
We screened 65 myelodysplastic syndrome (MDS) patients and 113
AML patients for possible mutations, but no mutations in the
PRDX4 coding region were detected, suggesting that genomic
aberrations affecting PRDX4 are rare in MDS and AML (Palande
et al., 2011). Intriguingly, this study also showed that PRDX4
expression is significantly downregulated in acute promyelocytic
leukaemia (APL) cells, involving H3K27 tri-methylation as a
mechanism of histone-mediated gene silencing (Palande et al.,
2011). Although the role of PRDX4 downregulation in primary APL
stem and progenitor cells remains to be established, predictably the
loss of PRDX4 might lead to reduced ER-linked PTPIB activity,
providing an explanation for the increased responsiveness of APL
clonogenic precursors to G-CSF (Pebusque et al., 1988).
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Materials and Methods

PCR primers

Primers used for the preparation of constructs are listed in supplementary material
Table S1. All PCR products were checked for correct nucleotide sequences.

G-CSFR expression constructs

The G-CSFR wild-type and KSR expression constructs have been described
previously (Irandoust et al., 2007). To create G-CSFR-Prdx4 fusions, the G-CSFR
part was amplified using primers Fw7 G-CSFR and A73Prdx4-A795GR Rv
(supplementary material Table S1). A glycine—glycine—serine (GGS) flexible
linker was introduced between G-CSFR and Prdx4. For amplification of A73
Prdx4, the primers A73Prdx4-A795GR Fw and Rv Prdx4 EcoRV (supplementary
material Table S1) were used. These fragments were used as a template for the
fusion PCR, performed with primers Fw7 G-CSFR and Rv Prdx4 EcoRV. The
fusion product was cloned as an EcoRV-Hpal fragment into the pPBABE/G-CSFR
(wild-type) vector. The multisite-directed mutagenesis kit from Stratagene
(Huissen, The Netherlands) was used to mutate both cysteines in the active site
of Prdx4, using A795-G-CSFR-A73Prdx4 as a template.

Cells, retroviral transduction and transfection

Mouse bone marrow progenitor cells were isolated as described (Erkeland et al.,
2007) and transduced with pBABE virus generated in Phoenix E cells expressing
the different G-CSFR constructs. Cells were pre-cultured for 2 days in CellGro
medium supplemented with IL-3 (10 ng/ml), Flt3-ligand (50 ng/ml), stem cell
factor (10 ng/ml) and thrombopoietin (10 ng/ml) (Hermans et al., 2003). 32D cells
were transduced with the same retroviral constructs, as described (Erkeland et al.,
2007). For each construct, multiple independent clones were expanded for further
analysis. Mouse embryonic fibroblasts were transduced with virus generated by
transfection of Phoenix E cells with pBABE/G-CSFR (wild-type). Cells expressing
wild-type GCSFR were selected using puromycin (1.5 pg/ml) selection. HEK293T
cells were transiently transfected using calcium phosphate precipitation, and HeLa
cells were transfected using lipofectamine (Invitrogen, Breda, The Netherlands).

Mammalian protein—protein interaction trap assay

Bait constructs

G-CSFR fragments were cloned in-frame with the MAPPIT bait receptor,
consisting of the extracellular domain of the erythropoietin receptor and the
cytoplasmic domain of leptin receptor lacking STAT3-binding sites, as described
(Erkeland et al., 2007).

Prey constructs

Prdx1, Prdx 2, Prdx 4 and Prdx 6 sequences were amplified from HL60 cells using
forward primers with a 5’ EcoRI site, followed by the respective Prdx sequence.
The reverse primers were designed with an X#ol restriction site 3’ of the STOP
codon. The Prdx fragments were cloned into the pMG2 prey vector (Eyckerman
et al.,, 2002), thus generating the FLAG-tagged Prdx—gp130 fusion constructs.
Prey-bait interactions were quantified in STAT3 luciferase assays as described
(Erkeland et al., 2007; Eyckerman et al., 2002). In brief, HEK293T cells (2 x 10°)
were transfected with bait and prey constructs along with a luciferase reporter
(pXP2d2-rPAP-Luci). At 48 hours after transfection, the chimeric bait receptors
were activated with erythropoietin (0.5 U/ml) for 24 hours or left unstimulated.
Luciferase activity from STAT3 luciferase reporter was determined using the
Steady Glo luciferase assay system (Promega, Leiden, The Netherlands).

Antibodies and fluorescent reagents

Prdx4 rabbit polyclonal (Ab15574), Prdx4 mouse monoclonal (Ab16943) and
GRP94 rabbit polyclonal (Ab3674) antibodies were purchased from Abcam
(Cambridge, UK). Goat polyclonal antibodies against EEA1 (sc6414) and B-actin
(sc1616) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Mouse anti-human G-CSFR (CD114) was from Becton Dickinson (Franklin Lakes,
NJ); phospho-STAT3 (Tyr705 and Ser727), Akt and phospho-JAK2 (Y1007/1008)
antibodies were from Cell Signaling (Danvers, MA), anti phospho-STAT5
(STAT5A-pY694, STATS5B-pY699); and anti-phosphotyrosine 4G10 and 4G10-
biotin antibodies were from Millipore (Billerica, MA). The latter were visualized
on western blots using Streptavidin-IRDye800CW (LI-COR, Lincoln, NE).
Secondary donkey anti-rabbit Cy3 and donkey anti-mouse Cy5 antibodies used
for confocal imaging were from Jackson ImmunoResearch. ERGIC-53 rabbit
polyclonal antibody (E1031) was purchased from Sigma-Aldrich.

Immunoprecipitations, Bio-G-CSF pull-downs and western blotting

HEK293T cells transfected with pPBABE/G-CSFR were placed for 4 hours in
DMEM without foetal calf serum and then stimulated with G-CSF (100 ng/ml).
After stimulation, cells were lysed at 4°C in lysis buffer (50 mM Tris-HCI pH 7.4,
50 mM NacCl, 10% glycerol, 1% NP40, 0.5% sodium deoxycholate, 20 mM NaF)
containing a cocktail of protease inhibitors. Lysates were incubated overnight at
4°C with pre-washed Protein G Dynabeads (Invitrogen/DYNAL) coated with
Prdx4 mouse monoclonal antibody purchased from Abcam. Immune complexes

were visualized by western blotting. To study tyrosine phosphorylation of the G-
CSFR, pull-down of G-CSFR using biotinylated G-CSF and streptavidin-coated
beads was performed as described (Wolfler et al., 2009).

Confocal laser scanning microscopy

HeLa cells transiently transfected with pPLNCX2/G-CSFR (wild-type) were used
for CLSM. At 48 hours after transfection, HeLa cells were deprived of growth
factor and serum by incubation for 4 hours in DMEM. G-CSFR antibody (2.5 ng/
ml) was added to the medium and incubated at room temperature for 20 minutes to
allow binding of the antibody to the extracellular domain of the G-CSFR. Excess
antibody was washed off and cells stimulated with G-CSF for different time
periods. Immunostaining was performed as described previously (Irandoust et al.,
2007). Cells were imaged using the multitrack detection mode on a Zeiss LSM 519
confocal microscope equipped with Argon and HeNe lasers using a 63 x
Planochromat oil immersion objective.

Colony assays

Retrovirally transduced Csf3r~'~ bone marrow cells

Cells were harvested 48 hours after retroviral infection and placed in Methocult
(M3231; Stem Cell Technologies, Vancouver, Canada) containing puromycin
(1.5 pg/ml) and either human recombinant G-CSF (100 ng/ml, Amgen, Breda, The
Netherlands) or mouse GM-CSF (20 U/ml, Peprotech, Rocky Hill). All cultures
were done in triplicate and colonies were counted on day 7 of culture.

Prdx4~'~ and Ptp1b™'~ bone marrow cells

Femurs, tibiae and sterna from Prdx4 '~ (luchi et al., 2009), PipIb~’~ and age-
and sex-matched control mice (Klaman LD, 2000) were shipped on ice from the
laboratories of JF and BGN. Bone marrow mononuclear cells were obtained as
described (Erkeland et al., 2003) and cultured in colony assays with different
concentrations of G-CSF or with one standard concentration of GM-CSF (10 ng/
ml). All animal experiments were performed according to the relevant regulatory
standards.

Proximity ligation assay and ROS measurements

In situ-PLA was performed using the Duolink II PLA kit (Olink Bioscience,
Uppsala, Sweden; http://www.olink.com/products-services/duolink/situ-pla-
technology). ROS levels were detected using CM-H,DCFDA (Invitrogen,
Carlsbad, CA). Details on the antibodies and incubation conditions used for these
experiments are given in supplementary material Figs S7 and S8.
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