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Abstract: In order to exert their activity, transcription factors must be
transported to the nucleus. Certain transcription factors have also been found on
mitochondria. Here, the localization of RelB and NFATx in the mitochondrial
fractions of normal thymocytes and thymic lymphoma cells is shown for the first
time. CREB was only found in the nucleus, while p50 (NFxB) was found in both
the nucleus and the cytoplasm, but outside the mitochondria. The translocation
of transcription factors to the mitochondria is differentially regulated. Unlike
RelB, which is always present in the mitochondrial fraction, NFATx appeared
on the mitochondria in cells treated with ionomycin together with an
immunosuppressant and inhibitor of calcineurin (FK506). This data reveals that
the mitochondrial localization of some transcription factors is precisely
controlled by a calcium signal sensitive to FK506 in T cells.

Key words: Mitochondrial translocation, Transcription factors, NFATx, RelB,
FK506, Thymocytes, Thymic lymphoma

* Author for correspondence: e-mail: strzadal@iitd.pan.wroc.pl, tel.: (+48) 71 370 9914

Abbreviations used: AP-1 — activator protein 1; CREB — cAMP response element-binding
protein, ECL — enhanced chemiluminescence; FCS — foetal calf serum; GR -
glucocorticoid receptor; Hsp60 — 60-kDA heat-shock protein; JNK — c-Jun N-terminal
kinase; NFATx (NFATc3) — nuclear factor of activated T cells 3; NFkB — nuclear factor
kB; PBS — phosphate-buffered saline; PVDF — polyvinylidene difluoride; p38 — mitogen-
activated protein kinase p38; SDS — sodium dodecyl sulphate; SDS-PAGE — SDS-
polyacrylamide gel electrophoresis; TBS — Tris buffer solution; TCR — T-cell receptor



494 Vol. 13. No. 4. 2008 CELL. MOL. BIOL. LETT.

INTRODUCTION

Signal transduction within a cell proceeds via post-translational modifications of
proteins (mainly phosphorylation) and protein trafficking. The strict control of
the localization of transcription factors is crucial for their proper function.
According to the general model, an activated transcription factor migrates from
the cytoplasm to the nucleus, where it regulates gene expression to initiate the
appropriate genetic program. An increasing number of reports reveal that
“nuclear” transcription factors can also undergo translocation to the
mitochondria under certain conditions. Some of these proteins, such as CREB
[1], estrogen receptor [2], AP-1 [3] and NFxB [4], were found to bind
mitochondrial DNA, while the localization of Nur77 [5], GR [6], p53 [7] and
Elk-1 [8] to the mitochondrial membrane was found to be linked to the induction
of apoptosis or decreased cell viability.

In T cells, the increase in the intracellular calcium level upon T-cell receptor
(TCR) engagement, mimicked by ionomycin treatment, activates calcineurin [9]
and subsequently multiple transcription factors, including Nur77, NFxB and
NFAT. RelB, a member of the NFkB family [10], and NFATx [11] were shown
to be involved in thymocyte survival and differentiation, while Nur77 is
indispensable for the negative selection of autoreactive cells [12]. FK506, an
inhibitor of the calcineurin and p38/JNK pathways [13], impairs the positive
selection of thymocytes, but does not affect calcium-induced apoptosis [14].
This compound also restores thymic lymphoma cells’ sensitivity to calcium-
dependent apoptosis [15]. We recently showed that in mouse thymocytes, Nur77
localizes to the mitochondria in reaction to an apoptosis-inducing calcium signal
[16], and that its translocation is unaffected by FK506. In this study, we
attempted to determine the effect of ionomycin and FK506 on the subcellular
distribution of NFATx, two NFkB subunits (pS0 and RelB), and CREB in
mouse thymocytes and thymic lymphoma cells.

MATERIALS AND METHODS

Cell culture and treatment

VIII/d cells derived from the primary thymic lymphoma of anti-HY-TCR
transgenic mice [17] were cultured at 37°C in 5% CO, in Iscove’s modified
Dulbecco’s medium (Gibco) supplemented with 20 pM [-mercaptoethanol,
100 U/ml penicillin, 100 pg/ml streptomycin (Sigma), and 10% FCS
(Boehringer Mannheim). The VIII/d cells and thymocytes obtained from
C57BL/6Boyliw mice (2-3 months old) were treated in 24-well tissue culture
plates (Corning Costar) for 6 h with 1 pg/ml of ionomycin (Sigma) or 40 nM of
FK506 (donated by Dr. M. Wasik, University of Pennsylvania, USA).
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Confocal microscopy

After the treatment, the cells were fixed in 4% paraformaldehyde (Sigma) in
phosphate-buffered saline (PBS) for 30 min at 37°C and washed three times with
PBS. The cells were then permeabilized with 0.15% Triton X-100 (Sigma) in
PBS containing 10% horse serum (Sigma) for 1 h at room temperature. The
washed cells were incubated overnight with the polyclonal antibodies (Santa
Cruz Biotechnology) anti-NFATX, anti-p50, anti-Rel B, or anti-CREB (1:100)
and anti-Hsp60 (1:20), followed by staining for 1 h with the secondary
antibodies anti-rabbit IgG conjugated with Alexa Fluor 488 (Molecular Probes;
1:200) and anti-goat IgG conjugated with Cy3 (Jackson Immuno Research;
1:400). After triple washing with PBS, the cell suspensions were placed onto
microscope slides and directly examined under a confocal microscope (Bio-Rad
MRC-1024ES). In each experiment, samples without primary antibody staining
were examined as a control.

Subcellular fractionation

To obtain mitochondrial, nuclear and cytosolic fractions, we used
a Mitochondria Isolation Kit (Pierce). Briefly, the cells were washed twice with
cold PBS and lysed. After centrifugation at 800 x g for 10 min, the nuclear pellet
was washed with lysis buffer, centrifuged at 1000 x g for 10 min, suspended in
SDS sample buffer, and sonicated. The postnuclear supernatant was centrifuged
at 10,000 x g for 15 min. The pellet containing the mitochondria was dissolved
in the sample buffer, and the clear supernatant was used as the cytosolic fraction.

Western blotting

Cell fractions were boiled and subjected to SDS-PAGE on a 10% gel
(20 pg/well for thymocytes and 50 pg/well for lymphoma cells). After transfer,
the PVDF membrane (Millipore) was blocked with 1% casein in TBS, and then
incubated with 1 pg/ml of the rabbit polyclonal anti-RelB, anti-p50, anti-CREB,
or monoclonal anti-NFATx antibodies (Santa Cruz Biotechnology), followed by
secondary horseradish peroxidase-labeled antibodies (DAKO). Anti-Hsp60, anti-
histone H1, and anti-actin antibodies (Santa Cruz Biotechnology) were used as
the controls for the protein content and purity of the fractions. The bound
antibodies were visualized using the ECL blotting detection system (Pierce).

RESULTS

The mitochondrial localization of RelB and NFATx in thymocytes, as
detected by confocal microscopy

We examined the subcellular localization of the chosen transcription factors in
the intact thymocytes via confocal microscopy. In the untreated cells, we
observed colocalization of RelB with Hsp60, a specific marker for the
mitochondria. This was unaffected by the treatments. The colocalization of
NFATx with Hsp60 was only detected after combined ionomycin/FK506
treatment, while the immunosuppressant alone caused cytosolic accumulation of
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Fig. 1. The subcellular distribution of transcription factors in thymocytes after 6 h of treatment.
The panels correspond to the particular treatment: U — untreated, FK — FK506, I — ionomycin,
I + FK — ionomycin with FK506. The mitochondrial localization of RelB and NFATx (A), and
non-mitochondrial localization of pS0 (B) was detected by confocal microscopy. Transcription
factors are stained with Alexa Fluor (green), Hsp60 is stained with Cy3 (red), colocalization is
shown in yellow. C — Immunoblotting of the three fractions: M — mitochondrial, N — nuclear,
and C — cytosolic. D — An exemplary analysis of purity of the fractions with anti-Hsp60, anti-
actin, and anti-histone H1 antibodies. Representative results are shown.
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Fig. 2. The subcellular distribution of transcription factors in thymic lymphoma VIII/d after
6 h of treatment. The panels correspond to the particular treatment: U — untreated, FK — FK506,
I — ionomycin, I + FK — ionomycin with FK506. The mitochondrial localization of RelB and
NFATx (A), and non-mitochondrial localization of p50 (B) was detected by confocal
microscopy. C — Immunoblotting of the three subcellular fractions: M — mitochondrial,
N — nuclear, and C — cytosolic. D — As a control, each fraction was analyzed with anti-Hsp60,
anti-actin, and anti-histone H1 antibodies. Representative results are shown.



498 Vol. 13. No. 4. 2008 CELL. MOL. BIOL. LETT.

this protein. No significant influence of FK506 alone on RelB subcellular
localization could be detected (Fig. 1A). The distribution of p50 and CREB was
non-mitochondrial regardless of the conditions (Fig. 1B and [16]). A similar
pattern of localization of the studied proteins could be observed after 2 and 12 h
of treatment (data not shown). To the best of our knowledge, this is the first time
that a mitochondrial localization has been shown for NFATx and RelB in T cells.

The localization of transcription factors in thymocytes, as detected by
Western blotting

To verify the RelB and NFATx mitochondrial localization, we performed studies
of the distribution of these proteins in subcellular fractions from thymocytes
treated for 6 h with ionomycin alone or ionomycin with FK506 (Fig. 1C). The
mitochondrial localization of RelB in the untreated thymocytes was confirmed.
However, Western blot analysis of the RelB distribution did not allow the
detection of this protein in the mitochondrial fractions of the treated cells
(Fig. 1C). This could be due to the low number of mitochondria in thymocytes,
which resulted in a very low protein concentration in the mitochondrial fractions
(data not shown), meaning the content of RelB in the mitochondrial fractions
could have been too low to be visualized in our blots. The relatively higher
sensitivity of confocal microscopy should also be taken into account.

In untreated cells, NFATx was detected in both the nucleus and cytosol.
Ionomycin treatment resulted in the nuclear retention of this transcription factor.
FK506 blocked the nuclear import of NFATx and, importantly, induced its
association with the mitochondria. CREB was present solely in the nuclei, and
the NFxB subunit p50 was detected in both the nuclear and cytosolic fractions,
but not in the mitochondrial fraction, regardless of the treatment (Fig. 1C). The
purity of each fraction was analyzed by Western blotting with the use of anti-
Hsp60, anti-histone H1, and anti-actin antibodies (Fig. 1D).

The mitochondrial localization of RelB and NFATX in thymic lymphoma cells
We performed analogous studies on the chosen transcription factors’ subcellular
localization in mouse thymic lymphoma cells with confocal microscopy (Fig. 2A, B)
and Western blotting (Fig. 2C). In general, the proteins displayed similar distribution
patterns in the normal and transformed thymocytes. It is noteworthy that RelB
was detected in the mitochondrial fraction regardless of the conditions. As
a control, each fraction was analyzed with anti-Hsp60, anti-actin, and anti-
histone H1 antibodies (Fig. 2D).

DISCUSSION

Our findings allow the addition of NFATx and RelB to the increasing group of
“nuclear” transcription factors known to undergo mitochondrial translocation.
The localization of NFATx was specifically controlled by a calcium signal
sensitive to FK506, while RelB localization remained mitochondrial in normal
and tumour-transformed thymocytes.
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Our results on NFATx subcellular distribution are consistent with those obtained
by other researchers. In untreated cells, NFATx cycles between the nucleus and
the cytoplasm, but it resides in the nucleus too transiently to bind DNA. To
efficiently arrest this protein in the nucleus, the activation of the calcium-
dependent phosphatase calcineurin is required [9]. FK506, as an inhibitor of
calcineurin, prevents the nuclear import of NFATx without affecting its nuclear
export. We showed here for the first time that the presence of FK506 also leads
to mitochondrial localization of this protein. The mechanism of NFATx
addressing to the mitochondria remains to be elucidated.

Not all the transcription factors were directed to the mitochondria, as we
observed no colocalization of Hsp60 with CREB or with p50. This further
indicates the specificity of NFATx mitochondrial import under the given
conditions. It also excludes the possibility that the detected NFATx and RelB
colocalizations with a mitochondrial marker were artifacts of the experimental
procedure. It is worth mentioning that the distributions of all the examined
proteins were comparable in normal and transformed thymocytes, and could
therefore be general for immature T cells.

Our results also show that the localization of RelB and p50, members of the
same protein family (NFkB), is distinctly regulated. We showed that RelB is
present on the mitochondria in untreated thymic lymphoma cells and freshly
prepared mouse thymocytes, and that a pool of this protein remains
mitochondrial regardless of the treatment. Bottero et al. [18] found p65, another
member of the NFkB family, in the intermembrane mitochondrial space in
quiescent Jurkat cells, which are derived from peripheral mature human T cells.
p65 and p50 were found in the mitochondria of resting liver cells [4], contrary to
the p50 nucleo-cytosolic distribution in our model. CREB was detected in the
mitochondria of the rat brain [1], while we observed a strictly nuclear
localization for this protein in immature T cells. This data reveals the complexity
of this phenomenon and suggests that the mitochondrial localization of
transcription factors is under strict control and depends on the cell type and
development stage.

There is no correlation between NFATx translocation and apotosis or oncogenic
transformation of thymocytes, and the role of the observed mitochondrial
localizations is not known. However, these observations are interesting, since the
subcellular distribution of proteins is important for their function. Do
transcription factors deliver any information to the mitochondria as elements of
signaling pathways or serve as adaptor proteins at the surface of the
mitochondrial membrane? Is it simply an additional way of anchoring proteins
and sequestering them far away from the nucleus (see NFATx after ionomycin
with FK506)? Alternatively, mitochondrial NFATx or RelB could be involved in
other calcium-regulated and/or energy-dependent biological processes, such as
proliferation or differentiation. Explaining this phenomenon and its role requires
further study.



500 Vol. 13. No. 4. 2008 CELL. MOL. BIOL. LETT.

Acknowledgements. We would like to thank Dr. Wasik of the University of
Pennsylvania for his generous gift of FK506. This study was partly supported by
grants No. 2PO5A109 29 and N401 11431/2607 from the Polish State
Committee for Scientific Research, and by the Polish Academy of Sciences
grant No. 3/2008.

REFERENCES

1. Cammarota, M., Paratcha, G., Bevilaqua, L.R., Levi de Stein, M., Lopez,
M., Pellegrino de Iraldi, A., Izquierdo, I. and Medina, J.H. Cyclic AMP-
responsive element binding protein in brain mitochondria. J. Neurochem.
72 (1999) 2272-22717.

2. Yang, S.H., Liu, R., Perez, E.J., Wen, Y., Stevens, S.M., Valencia, T., Brun-
Zinkernagel, A.M., Prokai, L., Will, Y., Dykens, J., Koulen, P. and
Simpkins, J.W. Mitochondrial localization of estrogen receptor . Proc.
Natl. Acad. Sci. USA 101 (2004) 4130-4135.

3. Ogita, K., Okuda, H., Kitano, M., Fujinami, Y., Ozaki, K. and Yoneda, Y.
Localization of activator protein-1 complex with DNA binding activity in
mitochondria of murine brain after in vivo treatment with Kkainite.
J. Neurosci. 22 (2002) 2561-2570.

4. Cogswell, P.C., Kashatus, D.F., Keifer, J.A., Cuttridge, D.G., Reuther, J.Y.,
Bristow, C., Roy, S., Nicholson, D.W. and Baldwin, A.S. NFxB and IkBa
are found in the mitochondria. J. Biol. Chem. 278 (2003) 2963-2968.

5. Li, H., Kolluri, S.K., Gu, J., Dawson, M.I., Cao, X., Hobbs, P.D., Lin, B.,
Chen, G.Q., Lu, J.S,, Lin, F., Xie, Z., Fontana, J.A., Reed, J.C. and Zhang,
X.K. Cytochrome c release and apoptosis induced by mitochondrial
targeting of nuclear orphan receptor TR3. Science 289 (2000) 1159-1164.

6. Sionov, R.V, Cohen, O., Kfir, S., Zilberman, Y. and Yefenof, E. Role of
mitochondrial glucocorticoid receptor in glucocorticoid-induced apoptosis.
J. Exp. Med. 203 (2006) 189-201.

7. Marchenko, N.D., Zaika, A. and Moll, U.M. Death signal-induced
localization of p53 protein to mitochondria. J. Biol. Chem. 275 (2000)
16202-16212.

8. Barrett, L.E., Van Bockstaele, E.J., Sul, J.Y., Takano, H., Haydon, P.G. and
Eberwine, J.H. Elk-1 associates with the mitochondrial permeability
transition pore complex in neurons. Proc. Natl. Acad. Sci. USA 103 (2006)
5155-5160.

9. Feske, S., Okamura, H., Hogan, P.G. and Rao, A. Ca*'/calcineurin signalling
in cells of the immune system. Biochem. Biophys. Res. Commun. 311
(2003) 1117-1132.

10. Guerin, S., Baron, M.L., Valero, R., Herrant, M., Auberger, P. and Naquet P.
RelB reduces thymocyte apoptosis and regulates terminal thymocyte
maturation. Eur. J. Immunol. 32 (2002) 1-9.



CELLULAR & MOLECULAR BIOLOGY LETTERS 501

11.

12.

13.

14.

15.

16.

17.

18.

Oukka, M., Ho, I.C., de la Brousse, F.C., Hoey, T., Grusby, M.J. and
Glimcher, L.H. The transcription factor NFAT4 is involved in the generation
and survival of T cells. Immunity 9 (1998) 295-304.

Woronicz, J.D., Lina, A., Calnan, B.J., Szychowski, S., Cheng, L. and
Winoto, A. Regulation of the Nur77 orphan steroid receptor in activation-
induced apoptosis. Mol. Cell Biol. 15 (1995) 6364-6376.

Matsuda, S., Shibasaki, F., Takehana, K., Mori, H., Nishida, E. and Koyasu,
S. Two distinct action mechanisms of immunophilin-ligand complexes for
the blockade of T-cell activation. EMBO Rep. 1 (2000) 428-434.

Woo, J., Ildstad, S.T. and Thomson, A.W. FK506 inhibits the differentiation
of developing thymocytes but not negative selection of T cell receptor V
beta 5+ and V beta 11+ T lymphocytes in vivo. Transpl. Immunol. 2 (1994)
11-21.

Kalas, W., Matuszyk, J., Ziolo, E. and Strzadala, L. FK506 restores
sensitivity of thymic lymphomas to calcium-mediated apoptosis and the
inducible expression of Fas ligand. Anticancer Res. 23 (2B) (2003) 1613-
1617.

Stasik, 1., Rapak, A., Kalas, W., Ziolo, E. and Strzadala, L. Ionomycin-
induced apoptosis of thymocytes is independent of Nur77 NBRE or NurRE
binding, but is accompanied by Nur77 mitochondrial targeting. Biochim.
Biophys. Acta. 1773 (2007) 1483-1490.

Strzadala, L., Miazek, A., Matuszyk, J. and Kisielow, P. Role of thymic
selection in the development of thymic lymphomas in TCR transgenic mice.
Int. Immunol. 9 (1997) 127-138.

Bottero, V., Rossi, F., Samson, M., Mari, M., Hofman, P. and Peyron, J.F.
IkB-a, the NF-kB inhibitory subunit, interacts with ANT, the mitochondrial
ATP/ADP translocator. J. Biol. Chem. 276 (2001) 21317-21324.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
    /POL ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


