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THE physio logical role of th e pro-m ye locytic  leukae-
m ia (PML) gene product is  poor ly defined. Am ong
oth er functions, PML is  in volved in  haem atopoie tic
differentiation  and in  control of cell grow th and
tum or igenesis . We in ves tigated the  regulation of
hum an  PML ex press ion by in ter fe rons (IFNs) and IL-1
in  var ious hum an  haem atopoietic  line s  (U937, THP1,
HL60, NB4), in  hum an  diploid fibroblasts  and in
hum an  peripheral blood leukocytes . Cytokine -
in duced m odulation of PML ex pres s ion  w as asse ssed
by Northern blot analyses , flow  cytom etry s tudie s  and
in s itu im m unolabe lling. Our data show  that IFNs and
IL-1 upregulate PML transcrip t and protein  ex pres-
s ion  in  a tim e  and dose -dependen t m anner. In s itu
im m unolabelling revealed that upregulation  of pro-
tein  ex press ion by IFN-a is  a consequence of a
m arked in crease  in  both  the  num ber and the  in ten -
s ity of the  s tain in g of so-called PML nuclear bodies .
Our data suggest that s tim ulation  of PML ex pre ss ion
by inter ferons and IL-1 m ay account fo r upregulation
of PML protein s  obse rved in  in flam m atory tis sues  and
in  prolife rative s tates .
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Introduction
The PML (pro-myelocytic  leukaemia) gene  w as identi-
fied originally as a fusion partner of the RARa gene  in
the chromosomal translocation t(15;17) specific for
acute promyelocytic  leukaemia (APL).1– 4 Seve ral PML-
cDNAs have be en isolated, re sulting from alternative
RNA splicing in the 3 9 coding re gion of a s ingle  gene .5

The encoded proteins have  a predicte d molecular
w eight ranging from 47 to 98 kDa. PML prote ins
be long to a heterogene ous family of DNA-binding
prote ins characte rized by the  C3HC4 zinc binding ring
finger. PML prote in ex press ion fe ature s a typic al
speckled nuclear pattern w hich is  the consequence  of
the localization of the  prote in in nuclear compart-
ments named nuclear bodie s.2 The  func tion of the
PML nuclear bodies  is still unknow n. Recently it has
been show n that PML participates  in regulation of
haematopoietic  differentiation and in control of ce ll
grow th and tumorigenesis.6 In addition, there  is
evidence  that PML protein is aberrantly ex pre ssed in
a varie ty of pathological conditions including malig-
nanc ie s.7,8 The leve l of PML ex pression is upregulated
in inflammatory tissues and in be nign or malignant
prolife rative state s.7 – 9 Cytokine s, especially inte r-
ferons (IFNs), are likely to represent some of the
mediators that may be  involved in overex pression of
PML under the se c ircumstance s. Interferons  are
polypeptide s that mediate pleiotropic  e ffec ts on
sensitive ce lls (review ed in Sen and Lengyel1 0 ). Major
activities of IFNs include  immunomodulating ac tiv-

itie s, antiviral effects and inhibition of c ellular
grow th. Two families of IFNs can be  distinguished:
type  I IFNs (IFN-a / b and IFN-v ) and type II IFN ( g ).
Type  I IFNs are encoded by a family of over 20 genes,
w hereas type  II IFN is structurally unrelated and
encoded by a single gene .1 0 An important func tion of
IFNs is regulation of ce llular grow th of normal and
malignant ce lls. The molecular mechanisms involved
in grow th inhibition are  poorly unde rstood.

Here , we  investigated modulation of PML ex pre s-
sion by inte rferons, TNF-a and IL-1. We present
evidence  that PML gene  ex press ion is enhanced by
type  I and type  II inte rferons and by IL-1. We  analysed
cytokine induced up-regulation of PML transcript and
prote in ex pre ssion in human haematopoie tic ce ll
lines , in human diploid fibroblasts and in human
peripheral blood leukocyte s. Modulation of PML
prote in ex press ion by IFN-a and IL-1 w as asse ssed
w ith immunofluorescence flow  cytometry. Immuno-
fluorescence  in  s itu analysis of PML nuclear bodie s
revealed that IFN treatment re sulted in up-regulation
of both the  intensity and the  number of the se nuclear
struc tures.

Materials and methods
Cell culture and materials

HL60, NB4, U937 and THP1 cells w ere  obtained from
the American Type Culture Colle ction (Rockville , MD,
USA). Pe ripheral blood mononuclear ce lls  (PBMNC)
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w ere  isolated from heparinized venous blood from
normal donors by Fioll-Hypaque (Lymphopre p, Nye-
gaard, Norw ay) density separation as de sc ribed.1 1

Human diploid fore skin fibroblasts w ere  obtained
from the Department of Dermatology, University of
Mainz, Germany. All ce lls we re  grow n in RPMI 1640
(Seromed, Munich, Germany) supplemented w ith
10% fetal calf se rum (PAA, Cölbe , Germany), pen-
ic illin 50 IU/ml (Serva, He ide lbe rg, Ge rmany), strepto-
myc in 50 IU/ml (Se rva), sodiumpyruvate 1 nmol/l,
L-glutamine  2 mmol/l (Se romed), L-asparagine
20 m g/ml (Boehringer, Mannheim, Germany), 2-mer-
captoethanol 0.05 mmol/l, HEPES 10 mmol/l, and
nonessential aminoacids (Seromed) at 37°C and 5%
CO2 as de sc ribed.1 1

rh-IFN-a 2b w ith a spec ific  activity of 1.8 3 108 IU/
mg w as obtained from Essex  Pharma (Munich, Ger-
many). h-IFN-g w as purchased from Thomae  (Bibe rach,
Ge rmany). rh-IL-1 a w as kindly provided by Hoffmann
La Roche (Nutley, NJ), rh-TNF-a (6.6 3 106 IU/mg) by
Knoll AG (Ludw igshafen, Germany) and rh-IFN-b (3 3
108 IU/mg) by Bioferon (Lauphe im, Ge rmany).

Northern blot analysis

Total RNA w as isolated by the  method of Chomczyn-
ski and Sacchi12 and Northe rn blot analysis  w as
performed essentially as desc ribed.11 RNA (20 m g)
w as subjected to e lectrophore sis on a 1% formalde-
hyde  agarose  gel and transfe rred to nylon membrane s
(Hybond N, Amersham Buchler, Braunschw e ig, Ge r-
many). All hybridizations were  carried out at 65°C for
16 h in a solution containing 1% BSA, 7% SDS, 1 mM
EDTA, and 0.5 M sodium phosphate  buffer (pH 7.2).
Filte rs we re  hybridized w ith PML cDNA inse rt radi-
olabe lled by the random priming method. A partial
cDNA probe  for PML w as synthesized by RT-PCR from
total RNA of THP1 ce lls  using primers S1:
5 9 -ACCAGTCGGTGCGTGAGTT-3 9 and AS1:
5 9 -TGGATCTCTGCGCTGATGTC-3 9 , corre sponding to
nucleotide s 525–544 and 715–734, re spec tively of
the published sequence .13 This part of the PML
sequence  is 100% homologous for all PML genes. The
synthesized cDNA w as  controlled by DNA-sequencing
and w as subcloned into pCRTM II using a commercial
cloning kit (Invitrogen, Leek, Netherlands). For quan-
titativ e analysis of mRNA leve ls densitometric scan-
ning of autoradiographs w as  applied by using the
Quanti-scan® program. PML-spec ific transcript leve ls
w ere  normalized to b -ac tin mRNA ex pre ssion.

Immunofluorescence analysis

Quantitativ e immunofluorescenc e studies  of PML
ex pre ssion were  performed by flow  cytometry
(EPICS, Coulter, Ge rmany) as described11 by using
saturating concentrations of a PML specific mAb.1 4

Normal mouse IgG (2 m g/ml) (Coulter, Krefe ld, Ger-

many) w as used as background control, and FITC-
labelled goat-anti-mouse  IgG (Coulte r, Krefe ld, Ge r-
many) as  second reagent. A total of 50 000 ce lls  w as
analysed for each determination and spec ific  fluore s-
cence  intensity w as  calculated on the basis  of
background fluore scenc e w ith control antibodie s by
using the EPICS program. Mean specific  fluorescenc e
intensity is  given as channe l number on a log scale
from 1 to 1024 or in pe rc entage of the re spective
untreated control.

Indirect immunofluorescence microscopy

Cells w ere  air dryed ove rnight, fix ed for 5 min w ith
aceton follow ed by incubation w ith PG-M3 antibody1 4

as undiluted hybridoma supe rnatant or w ith normal
mouse IgG (Coulter, Krefe ld, Germany) at a concen-
tration of 2 m g/ml for 5 min. Cells w ere  then w ashed
w ith PBS and incubated w ith a FITC labelled goat-anti-
mouse antibody (Coulte r, Kre fe ld, Germany)
(5 m g/ml). Cells  w ere  analysed w ith a fluorescenc e
mic roscope (Orthoplan, Leitz, Wetzlar, Germany).

Results
PML mRNA levels are upregulated by type I
and type II interferons

To inve stigate  w he ther IFN affec ts PML gene  ex pre s-
sion, we  pe rformed Northern blot analyse s of total
ce llular RNA ex trac ted from various hae matopoie tic
ce ll lines cultured w ith and w ithout IFNs. In all ce ll
type s te ste d inc luding the  myeloid cell line s HL60 and
THP1, human diploid fibroblasts and human pe riph-
eral blood mononuclear cells a marked incre ase  in the
three major PML transc ript leve ls was obse rved by
treatment w ith both type  I ( a , b ) and type II ( g )
inte rferons (Figs 1–4). Dose  re sponse  ex periments
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FIG. 1. Induction of PML mRNA by interferon. Northern blot
analysis of PML-specific mRNA levels from IFN-treated and
untreated PBMNC. PBMNC were treated with the indicated
dose of IFN- a , IFN- b , TNF- a or LPS for 6h. Medium treated
PBMNC and freshly isolated PBMNC without further incuba-
tion were included as controls. Size fractionated total cellular
RNA (20 m g per lane) was blotted and hybridized to the
indicated 32P-labelled cDNA probes. For quantitative analysis
of mRNA levels densitometric scanning of autoradiographs
was applied as described in Materials and Methods.



show ed that upregulation of PML mRNA leve ls was
alre ady evident upon incubation w ith 30 IU/ml IFN-a
for 6 h (Fig. 1). At IFNa dose s of 30 IU/ml and 3000 IU/
ml, quantitativ e  analysis  employing densitometric
scanning re vealed a 3.2-fold and a 5.3-fold induction of
PML mRNA leve ls, re spec tively (Fig. 1). As a control,
PML transc ript leve ls w ere  monitored upon incubation
for 6 h w ith TNF-a and LPS and were  found to be
unchanged (Fig. 1). In ex pe riments (Fig. 2 and data not
show n) investigating the  kinetics of IFN-a induced
PML mRNA upregulation in PBMNC, max imum
enhancement of PML transcript ex pression w as
alre ady observed upon incubation for 3 h (3000 IU/ml
IFN-a ). Thereafter PML transc ript leve ls  declined and
w ere  barely visible  after 24 h de spite  continuous

incubation w ith 3000 IU/ml IFN-a (Fig. 2). In contrast
to IFN-a , IFN-b (3000 IU/ml) induced PML transcript
induction increased gradually ove r time and max imum
enhancement w as reached at 24 h (Fig. 2). The time
course  of IFN-g induced PML transc ript enhancement
during a 6-h-incubation period w as  s imilar to IFN-a
(Fig. 3). Previous studie s indicated that transcriptional
regulation of the PML gene  is involved in up-regulation
of PML mRNA by IFNs.1 5,16 To confirm that IFN-
induced modulation of PML mRNA is independent
from de  no vo protein synthe sis, we  pe rformed
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FIG. 2. Time-response of induction of PML mRNA by IFN- a and IFN- b . Northern blot analysis of PML-specific mRNA levels from
IFN-treated and untreated PBMNC. PBMNC were treated with the indicated dose of IFN- a and IFN- b for the indicated time.
Medium-treated PBMNC and freshly isolated PBMNC without further incubation were included as controls. Size fractionated
total cellular RNA (20 m g per lane) was blotted and hybridized to the indicated 32P-labelled cDNA probes.

FIG. 3. Northern blot analysis of PML-specific mRNA levels
from IFN- a and IFN- g treated HL60 cells. HL60 cells were
treated with IFN- a (1000IU/ml) or IFN- g (1000U/ml) for the
indicated time or were left untreated. Northern blotting was
performed as described above. Densitometric scanning
revealed a 2.5-fold and 1.9-fold induction of PML-mRNA
levels upon incubation for 2h with IFN- a (1000IU/ml) and
IFN- g (1000IU/ml), respectively. Incubation for 6h with IFN- a
(1000IU/ml) and IFN- g (1000IU/ml) showed a 25.4-fold and a
27.4-fold induction of PML-specific transcript levels.

FIG. 4. Induction of PML-specific mRNA by IL-1a and IFN- a .
Human diploid foreskin fibroblasts were treated with IL-1a
(100IU/ml), with IFN- a (1000IU/ml) or with a combination of
IFN- a (1000IU/ml) and IL-1a (100IU/ml) for 6h. Cells were
grown in the absence or presence of an inhibitor of protein
tyrosine kinases (genistein 50 m g/ml). Northern blotting was
performed as described above. For quantitative analysis,
PML-specific transcript levels were analysed by densito-
metric scanning and normalized to b -actin mRNA expression
as described in Materials and Methods.



Northern blot analyse s w ith and w ithout an inhibitor
of protein synthesis  (CHX). These  ex pe riments demon-
strated that CHX had no e ffec t on IFN-induced
upregulation of PML mRNA (data not show n).

The  influence of IL-1 a on PML transc ript ex pre s-
sion w as investigated in human foreskin fibroblasts
(Fig. 4). Treatment w ith IL-1 a at a dose of 100 IU/ml
for 6 h resulted in a 3.8-fold upregulation of PML-
specific mRNA leve ls  as analysed by densitometric
scanning. A more  pronounced enhancement of PML
transc ript leve ls (7.1-fold induction) w as observed
w hen ce lls  w ere  incubated w ith IFN-a . IL-1 in
combination w ith IFN-a stimulated PML mRNA
ex pre ssion to more  than tw ic e the  leve l obtained w ith
IFN-a alone  (15.3 fold induction re lative to medium
control), as  estimated by densitometric  scanning. Co-
incubation w ith geniste in,17 an inhibitor of tyrosine
kinases, s ignificantly inhibited the IFN-induced
incre ase in the leve l of PML transc ripts, w hereas no
effect of geniste in on IL-1 induced PML mRNA
ex pre ssion w as noted (Fig. 4). Similar results  w ere
obtained using the amnion fibroblast ce ll line  WISH
(data not show n).

Influence of IFN- a on PML protein expression

In an attempt to investigate modulation of PLM
prote in ex pression, w e pe rformed flow  cytometry

analyses. IFN-a treatment of the  thre e mye loid ce ll
lines  HL60, NB4 and U937 resulted in upre gulation of
PML prote in ex pression. For ex ample , in HL60 cells,
upregulation of PML ex pression w as detectable upon
incubation w ith IFN-a for 18 h (Fig. 5). The time
course  of IFN-induced enhancement of PML prote in
ex pre ssion w as monitored in U937 cells (Fig. 6).
Induction of PML w as  not de tec table  upon incubation
w ith IFN-a (1000 IU/ml) for only 6 h or 12 h but
started thereafter and reached a plate au at 20 h (Fig. 6
and data not show n). Dose –re sponse  ex periments in
U937 cells revealed that incubation w ith 10 U/ml IFN-
a for 20 h already resulted in s light upregulation of
PML prote in ex pression to 113% of the  untreated
control (Fig. 7). Max imum upregulation of PML
ex pre ssion to 160% of that of untreated cells w as
achieved by incubation w ith dose s greater than
500 IU/ml IFN-a (Fig. 7). The se data indicate that half-
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FIG. 5. Induction of PML protein by IFN- a in HL60 cells. HL60
cells were treated with (B) and without (A) IFN- a (1000IU/ml)
for 18h. Expression of PML protein was analysed by flow
cytometry using a specific monoclonal anti-PML antibody as
descibed in Materials and Methods. Normal mouse IgG was
used as isotype control.

FIG. 6. Kinetics of induction of PML protein by IFN- a in U937
cells. U937 cells were treated with and without IFN- a
(1000IU/ml) for the indicated time (A: medium control; B:
IFN- a for 19.5h). Induction of PML protein was monitored by
flow cytometry using a specific monoclonal antibody recog-
nizing the aminoterminal domain of PML as described in
Materials and Methods. Normal mouse IgG was used as
isotype control. Given is the mean log specific fluorescence
intensity as described in Materials and Methods.

FIG. 7. Dose-response of induction of PML protein by IFN- a in
U937 cells. U937 cells were incubated for 18h in the absence
or presence of the indicated dose of IFN- a and PML protein
expression was analysed by flow cytometry using a specific
monoclonal antibody as described in Materials and Meth-
ods. Given is the mean log specific fluorescence intensity as
described in Materials and Methods.



max imum IFN-a response is reached at 50 U/ml IFN-a
w hich corresponds to the IFN-a concentration ne e-
ded to achieve  a half-max imum re sponse  in other
biological ac tivitie s of IFN-a .1 0

When human foreskin fibroblasts  w ere  grow n in
the absenc e or or in the presence  of saturating
concentrations of IL-1 a , a nearly tw o-fold inc rease of
PML prote in ex press ion w as de tec ted by flow  cyto-
metry analysis (Table  1). A s imilar result w as obtained
upon incubation w ith IFN-a (100 IU/ml). The  combi-
nation of IL-1 and IFN-a stimulated PML protein
ex pre ssion to about three  times the  leve l observed in
untreated controls (Table  1).

Analysis of PML nuclear bodies

Since it has be en show n that PML prote ins are  located
w ithin subnuclear structure s from ac tive sites of
transc ription and splicing, the so-called PML nuclear
bodie s we re  monitore d during IFN-a treatment using
indire ct immunofluore scenc e staining. PML-specific
immunofluorescenc e varied in intensity betw een the

ce ll lines  te sted. In all ce ll lines te sted (NB4, HL60,
U937) and in pe ripheral blood leukocytes  the  con-
stitutive leve ls  of endogenous prote ins w ere  de tec t-
able  (Figs 8 and 9). Peripheral blood leukocytes
revealed specific immunolabelling of PML nuclear
bodie s in neutrophils  and monocytes  (Fig. 8). When
HL60 and U937 ce lls  we re  incubated for 15 h w ith
and w ithout IFN-a (1000 U/ml) a marked enhance-
ment of the  immunolabe lling w as observed in treated
ce lls . Both the intensity of the  staining and the
number of the labe lled PML nuclear bodie s w as
inc re ased s ignificantly (Fig. 9 and data not show n).

Discussion
Our data confirm and ex tend pre vious studies demon-
strating that cytokines are involved in modulation of
PML gene  ex pression.15 ,16 We show  that PML tran-
sc ripts rapidly accumulate upon treatment w ith
inte rferons in a varie ty of haematopoie tic  ce ll line s
and in primary diploid ce lls . Howeve r, our ex peri-
ments demonstrate a marked diffe renc e in the time
course  of PML-mRNA induction betw een IFN-a and
IFN-b . Induction of PML in re sponse  to IFN w as
show n to be  independent from de  n ovo prote in
synthesis and ac tinomyc in sensitive indicating that
PML mRNA leve ls  are  transcriptionally re gulated by
IFNs.16 Recently, evidence has been provided that the
PML gene  is transcriptionally upregulated by IFNs
through activation and binding of STATs to an ISRE
and a GAS element in the  untranslated first ex on.1 8

IFNs activate  STATS through tyrosine phosphorylation
by members  of the JAK tyrosine  kinase  family.1 9 Our
results  demonstrating inhibition of IFN-induced upre-
gulation of PML transcripts by the  tyrosine  kinase
inhibitor geniste in are consistent w ith the se  findings.
Flow  cytometry analyse s using a specific  monoclonal
anti-PML antibody recognizing the  aminote rminal
domain clearly demonstrate that IFNs induce PML
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Table 1. Induction of PML protein by IFN- a , IL-1a or a
combination of both in human diploid fibroblasts

Treatment D
Mean X

x-fold
induction

Medium 1.29 1.0
IFN- a (100IU/ml) 2.75 2.1
IL-1a (100IU/ml) 2.31 1.8
IL-1a (1000IU/ml) 2.43 1.9
IFN- a (100IU/ml) + IL-1a (100IU/ml) 4.30 3.3
IFN- a (100IU/ml) + IL-1a (1000IU/ml) 3.80 3.0

Fibroblasts were incubated with and without the indicated cytokines
at the indicated dose for 21.5h. Induction of PML protein expression
was analysed by flow cytometry using a specific anti-PML mono-
clonal mouse antibody and normal mouse IgG as control as described
above. Given is the mean log specific fluorescence intensity as
described in Materials and Methods.

FIG. 8. In situ immunofluorescence analysis of PML proteins in human peripheral blood leukocytes. Indirect immuno-
fluorescence analysis of a peripheral blood smear was performed using the specific mouse monoclonal antibody PG-M3 (B)
and normal mouse IgG (A) as control as described in Materials and Methods. Specific immunolabelling can be detected in
neutrophils and monocytes which were identified by morphologic criteria.

(A) (B)



prote in in a dose dependent manner. Recently, it has
been show n that PML prote in ex pre ssion has a
speckled nuclear pattern.1 5 This is  due  to localization
of the prote in in poorly de fined nuclear organelles
named nuclear bodie s. The  func tions of the  nuclear
bodie s are  unknow n ex cept for the coiled bodie s
w hich act as storage compartments for splicing
factors.2 0 To analyse ex pression of PML prote ins
w ithin nuclear bodies  w e pe rformed indire ct in  s itu
immunofluorescenc e studie s. In  s itu immunolabel-
ling of PML prote in ex pression re ve aled an IFN-
induced increase  in number and intensity of so-called
PML nuclear bodie s.

To the best of our know ledge induction of PML by
IL-1 has not been de scribed so far. Here  w e show  that
IL-1 a rapidly induces PML mRNA ex pression in
fibroblasts. Since  IL-1 is a potent induce r of IFN-a and
IFN-b 2 1 it could be  argued that the obse rved induc-
tion of PML mRNA ex pression is a consequence  of IL-
1 induced autocrine  production of inte rferon-b . We
addressed this is sue by employing the tyrosine kinase
inhibitor geniste in. Geniste in w as show n to strongly
inhibit IFN signalling.1 7 Our ex periments clearly
show  that in fibroblasts geniste in is not able  to
suppress the  IL-1 induced upregulation of PML

transc ripts, w hereas IFN-induced enhancement of
PML-spec ific  transcripts  w as strongly inhibited. Thus,
indire ct regulation of PML by IL-1 induced autoc rine
production of IFN-b appears unlike ly. Flow  cytometry
analysis re vealed that IL-1 and IFN-a ac t synergistic ally
in induction of PML proteins. This  regulation could be
involved in the  observed upre gulation of PML pro-
te ins in inflammation. In contrast to normal tissue s, in
inflammatory tissue s the leve l of PML prote ins is
upregulated.7 ,8 Local production of IL-1 has be en
demonstrated in inflammatory and autoimmune dis-
ease  and this may contribute to tissue damage and
repair.21 ,22 In fibroblasts, IL-1 mediates tissue  repair
after inflammation and injury by re gulating key
prote ins nece ssary for formation of the ex tracellular
matrix .21 ,2 2 The data presented here  suggest that IL-1
induced PML ex pre ssion may represent the molecular
basis for the observed upre gulation of PML prote ins
during inflammation. IFNs, as  part of the cytokine
ne tw ork are indire ctly induced by regulators such as
tumour nec rosis factor during immune re sponses and
inflammation. This may contribute  to upregulation of
PML in inflammatory tissue s by syne rgistic action of
IFN-a and IL-1 in enhancing PML prote in ex pression
in fibroblasts .
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FIG. 9. In situ immunofluorescence analysis of PLM proteins in HL60 cells. HL60 cells were incubated with (C, D) and without
(A, B) IFN- a (1000IU/ml) for 15h. Indirect immunofluorescence analysis was performed using the specific mouse monoclonal
antibody PG-M3 (B, D) and normal mouse IgG (A, C) as control as described in Materials and Methods.

(A) (B)

(C) (D)
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