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Interleukin-17 is a T-cell-derived pro-inflammatory
ytokine, exhibiting multiple biological activities in a
ariety of cells and believed to fine tune all general
hases of hematopoietic response. However, the sig-
aling mechanism of this novel cytokine remains un-
nown. Here, we report for the first time that the early
ignaling events triggered by interleukin-17 involve
yrosine phosphorylation of several members of the
AK and STAT proteins in human U937 monocytic leu-
emia cells. Immunoprecipitation with specific anti-
odies followed by Western blot analysis with an-
iphosphotyrosine antibody has shown that in U937
ells, interleukin-17 induces time-dependent stimula-
ion of tyrosine phosphorylation of JAK 1, 2 and 3, Tyk

and STAT 1, 2, 3 and 4 within 0.5 to 30 min.
nterleukin-17-mediated tyrosine phosphorylation of
hese proteins strongly suggests that the JAK/STAT
ignaling pathway may play a major role in transduc-
ng signals from interleukin-17 receptors to the
ucleus. © 1999 Academic Press

Interleukin-17 (IL-17), which was earlier known as
TLA8, is a T-cell-expressed pleiotropic cytokine that
ppears to be part of a unique ligand-receptor system
hat regulates the production of various cytokines (1–
). IL-17 was originally cloned from a T cell hybridoma
roduced by fusion of a mouse cytotoxic T cell clone and
rat T cell lymphoma (4, 5). The human IL-17 was

loned based on its homology to the rodent sequence
nd to an Open reading frame (ORF) of Herpes virus
aimiri (HVS) (1, 5, 6). Besides the rat and human
actors, mouse IL-17 has also been cloned (7, 8).

Human IL-17 is secreted by CD41 activated memory
cells and is a variably glycosylated, 20–30 kDa ho-
odimeric polypeptide (1, 6). The 136 amino acid ma-

ure segment of human IL-17 containing one potential
-linked glycosylation site shows a sequence identity

f 62.5% and 58% to the mouse and rat sequences

1 Address communications to S. E. Adunyah. Fax: (615) 327-6442.
-mail: adunya58@ccvax.mmc.edu.
14006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
51 amino acid residues, has a 57% amino acid residue
dentity with the rat IL-17 (4, 5, 8) and 72% identity
ith the human IL-17 (1, 5, 8). The receptor for IL-17
lso has been recently isolated from mouse IL4 thy-
oma cells and has been characterized as a type-I

ransmembrane glycoprotein of 120 kDa (7, 9).
Though the biological functions of IL-17 have not

een fully elucidated, the limited literature available
n IL-17 so far suggest that it could function as a major
ehicle by which T cells communicate with the hema-
opoietic system (2). Fibroblasts, when cultured in the
resence of IL-17, are able to sustain CD341 hemato-
oietic progenitor cells and direct their maturation
owards neutrophils (5, 6). IL-17 has also been found to
nduce the release of IL-6, IL-8, and G-CSF, cytokines
hich regulate hematopoiesis (10) and also to have

ynergistic or antagonistic effects with other cytokines
11). However, the signaling pathway(s) utilized by
L-17 in various cells still remain unknown.

It is well documented that cytokines and growth
actors transduce signals across the cell membrane
hat result in the expression of early response genes.
ne of the key signaling pathways that is instrumental

n achieving this is the JAK/STAT signal transduction
athway that involves Janus kinases (JAKs) and
ignal transducers and activators of transcription

STATs) (12, 13). First, one or more members of the
AK family (JAK 1, 2, 3 and Tyk 2) of tyrosine kinases
ssociated with a transmembrane receptor is phos-
horylated and activated after ligand-receptor interac-
ion. Activated JAKs recruit and phosphorylate one or
ore of the STAT proteins on tyrosine residues. Ty-

osine phosphorylated STATs dimerize, translocate to
he nucleus and bind specific promoter elements to
egulate gene expression. Thus, the STAT proteins
unction as a direct link between growth factor recep-
ors and the nucleus by performing a dual role, first as
ignal transducers by acting as substrates of the JAKs,
nd after phosphorylation, homo or hetero dimeriza-
ion, and nuclear translocation, by acting as transcrip-
ional activators. The STAT family includes at least six
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amily kinase in response to specific cytokines (13).
Because of its significance, we wanted to know
hether the JAK/STAT pathway plays a role in IL-17R
ediated signaling in U937 cells. As revealed by im-
unoprecipitation and Western blot analysis, here, we

eport for the first time that in U937 cells, IL-17 me-
iates rapid tyrosine phosphorylation of Tyk 2, JAK 1,
, and 3, and STAT 1, 2, 3 and 4, suggesting that the
AK/STAT pathway may be involved in mediating the
iological effects of IL-17.

ATERIALS AND METHODS

U937 cells. Human leukemia U937 cells obtained from ATCC
ere maintained at 37°C under 5% CO2 tension in RPMI 1640
edium containing 10% FBS and 50 units/ml each of penicillin and

treptomycin. Viability of cells was estimated to be greater than 95%
y Trypan blue dye exclusion. Cells (3 3 106 per treatment) were
retreated with 5 mM orthovanadate for 30 minutes at 37°C to
nhibit endogenous phosphotases. Thereafter, aliquots of vanadate
retreated cells were exposed to various doses of IL-17 for varying
eriods of time at 37°C. Following treatment, cells were rapidly
acked by micro-centrifugation at 13,000 rpm for 20 sec, washed
wice in PBS and were lysed in lysis buffer (50 mM Tris (pH 7.4), 150
M NaCl, 2 mM EDTA, 50 mM NaF, 0.2 mM Na Vanadate, 1%
rij-35, 0.5% Triton X-100, 10 mg/ml each of aprotinin and Leupep-

in, 1 mM PMSF and 1 mM of Microcystin) by extensive vortexing.
amples were spun down to remove cell debris and the total protein
ontent was determined using Coomassie protein assay reagent. For
ll further experiments, known quantity of the protein samples were
sed (19).
Human recombinant IL-17 was purchased from R & D Systems,
inneapolis, MN and diluted into tissue culture medium in the

bsence of fetal bovine serum (FBS). FBS was from Atlanta Biologi-
als, Atlanta, GA, and Pepstatin A, leupeptin, aprotinin, phenyl
ethyl sulfonyl fluoride (PMSF), microcystin and EDTA were prod-
cts of Sigma Chemicals, St. Louis, MO. The anti-phosphotyrosine
ntibody coupled to horseradish peroxidase (RC20) and antibodies to
TAT 1, 2, 3 and 4, JAK 1 and Tyk 2 were from Transduction Labs,
exington, KY, and antibodies to JAK 2 and 3 from Upstate Biotech-
ology, Lake Placid, NY. Coomassie protein assay reagent and Su-
ersignal CL-HRP detection reagent were purchased from Pierce,
ockford, IL; protein A-agarose from Boehringer-Mannhein and
nti-mouse Ig peroxidase linked antibody from Amersham, Arling-
on Heights, IL.

Immunoprecipitation and Western blotting. To determine
hether IL-17 stimulation of U937 cells causes changes in the ty-

osine levels of members of the JAK/STAT family of proteins, we
mmunoprecipitated the proteins with specific antibodies to Tyk2,
AK and STAT proteins. Briefly, 500 mg of lysate proteins were
ncubated with 3–5 mg of antibody (as recommended by the manu-
acturer) with gentle shaking at 4°C for either 3 hours or overnight.
hirty microliters of Protein A agarose were used to capture the

mmunocomplex. The resulting Protein A agarose-immunocomplex
ellet was resuspended in SDS-gel sample buffer and extensively
ortexed and boiled for 3 minutes to solubilize the bound proteins.
he samples were divided into two equal portions and were analyzed
n either 10 or 12% polyacrylamide SDS gels in duplicate along with
nown molecular weight markers. Protein bands were transferred to
itrocellulose filters by electrotransfer at 4°C and the transfer effi-
iency was verified by Ponceau staining (0.4% in 5% TCA). The filters
ith the protein bands were subjected to RC20 Western blot for
etection of phosphotyrosine bands as follows. The filters were
estained and incubated in TBST blocking buffer (TBS containing
15
uently, the filters were immunoblotted in a blocking solution con-
aining anti-phosphotyrosine antibody (RC20 in a dilution of 1/2500)
or 30 minutes at 37°C. Filters were then washed in TBST for 30
inutes at 37°C with changes in buffer every 10 minutes. Finally,

hey were incubated in supersignal CL-HRP detection reagent for
ne minute followed by exposure to X-ray film.
To verify that the samples resolved on gels contained equal

mounts of proteins, the membrane filters containing the phospho-
yrosine blots were stripped by incubation with gentle shaking at
0°C in Tris buffer (0.5 M, pH 6.8) containing 2% SDS and 100 mM
-mercaptoethanol for 15 min. This was followed by 6 washings in a
ash buffer (TBST). For detection of the protein levels, after block-

ng, each filter was immunoblotted in blocking solution containing
he specific primary antibody for 30 minutes at 37°C. After 2 to 3
ashes with TBST, the filters were exposed to the secondary anti-
ody (anti-mouse IgG-HRP) for 30 minutes at 37°C. The filters were
hen incubated in supersignal CL-HRP detection reagent for one
inute followed by exposure to X-ray film (19).

ESULTS

The role of tyrosine phosphorylation in cytokine-
eceptor signaling cascades in regulation of cellular
unctions is very well established as evidenced by the
act that the initial signaling events triggered by sev-
ral cytokines including IL-2, IL-3, IL-4, IL-6, IL-13
nd IL-15 involve rapid induction of phosphorylation of
roteins on tyrosine residues (14–18). Also, it is well
stablished that cytokine-mediated phosphorylation of
ey signaling molecules including the JAK and STAT
roteins occurs on tyrosine residues (12, 13, 33). In our
arlier studies, it was established that in U937 cells,
he optimal dose of IL-17 required to induce tyrosine
hosphorylation of various cellular proteins is either
.5 or 1.0 ng/ml (19).
IL-17 has been considered to play a role in fine tun-

ng all the phases of hematopoiesis including differen-
iation (2). Because the JAK/STAT pathway has been
emonstrated to play relevant roles in transducing
ignaling from molecules which regulate differentia-
ion (20, 30), our next goal was to determine whether
his pathway is utilized by IL-17. To address this issue,
937 cells were exposed to IL-17 (0.5 ng/ml) for various

ime points. Cellular proteins were immunoprecipi-
ated with specific antibodies to JAK 1, 2 and 3, Tyk 2
nd STAT 1 to 4 proteins respectively and Western
lotted to RC20, an anti-phosphotyrosine antibody cou-
led to horse-radish peroxidase (Figs. 1 to 8). Figure 1
hows that in comparison to the untreated control,
here was an immediate increase to 1.7 fold in JAK 1
hosphotyrosine level in IL-17 stimulated cells within
.5 min. Following a slight drop to 1.4 fold at 2 min,
ncreases (2.2 and 2.1 fold) were noticeable at the later
ime points. Next, we examined the effects of IL-17 on
AK 2 and JAK 3 tyrosine phosphorylation. The re-
ults (Figs. 2 and 3) indicate that IL-17 induces maxi-
um increase in tyrosine phosphorylation of JAK 2

1.7 fold) and JAK 3 (2.2 fold) at 5 and 10 min respec-
ively. We also looked into the changes in the tyrosine
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hosphorylation levels of Tyk 2 in IL-17 treated U937
ells and observed that following an immediate maxi-
um increase to 1.7 fold by 0.5 min, there was a

radual decline until the last time point of 10 min.
xcept in the case of JAK 2, with all other members of

he JAK family, an increase in tyrosine phosphoryla-
ion was seen within 0.5 min.

It was noted that changes in JAK 1, 2 and 3 phos-
hotyrosine levels were not due to alterations in pro-
ein levels. These results suggest that JAK 1, 2 and 3
roteins undergo rapid alteration of tyrosine phosphor-
lation in response to IL-17 and provide an important
vidence that perhaps these proteins may play a key
ole in transducing signals from IL-17 downstream.

Cytokine-mediated activation of the JAK tyrosine
inases enables these kinases to mediate the tyrosine
hosphorylation of specific STAT proteins (30). There-
ore, in further analysis, we examined the ability of
L-17 to mediate tyrosine phosphorylation of specific
TAT molecules. IL-17-induced stimulation (2.6 fold)
f STAT 1 tyrosine phosphorylation was noticeable
ithin 0.5 min. The stimulatory effects of IL-17 on
TAT 1 showed an undulating pattern as could be
bserved by the decline in levels at 1 and 10 min and an

FIG. 2. Effects of IL-17 on JAK 2 tyrosine phosphorylation. Total
ell extract (500 mg protein) was immunoprecipitated with anti-JAK

antibody and probed with RC20. Probes were stripped and re-
robed for JAK 2 protein by Western blot hybridization.

FIG. 1. Effects of IL-17 on JAK 1 tyrosine phosphorylation. Hu-
an U937 cells (3 3 106) were either untreated or treated with 0.5

g/ml of IL-17 for various periods of time. Total cell extract (500 mg
rotein) was immunoprecipitated with anti-JAK 1 antibody. Immu-
ocomplexes were captured on Protein-A agarose and samples were
nalyzed for tyrosine phosphorylation using RC20. JAK 1 protein
as detected by Western blot hybridization of the stripped mem-
rane with anti-JAK 1 as the primary antibody followed by anti-
ouse IgG-HRP as the secondary antibody.
16
ncrease at the 5 and 30 min time points (Fig. 5). The
esults in Figs. 6 and 7 demonstrate that a gradual but
teady increase in the levels of tyrosine phosphoryla-
ion was noticeable with STAT 2 and STAT 3 proteins.
he maximum levels were reached at 30 and 10 min
ime points for STAT 2 (4.5 fold) and STAT 3 (3.8 fold)
espectively. In STAT 4 (Fig. 8), tyrosine phosphoryla-
ion was found to be rapidly activated by IL-17 as
videnced by the 2.6 fold elevation in the level within
.5 min. This was followed by a steady decline till 10
in. In all of these cases, the protein levels of the STAT
olecules did not contribute to the changes in phos-

hotyrosine levels (Figs. 5 to 8). The above results
ndicating the increase in tyrosine phosphorylation lev-
ls of several members of the JAK/STAT family
trongly suggests their role in the signaling pathway of
L-17 in U937 cells.

ISCUSSION

The limited literature available on the biological ac-
ivity of IL-17 indicate that it can be considered the
ewest T cell derived hematopoietic cytokine, that
ight ultimately have the ability to coordinate or im-

act all general phases of a hematopoietic response (2).
o understand how this cytokine may have an overall
ontrol on hematopoiesis, it is essential to elucidate its
ignal transduction pathway(s). As a major step in this

FIG. 4. Effects of IL-17 on Tyk 2 tyrosine phosphorylation. Total
ell extract (500 mg protein) was immunoprecipitated with anti-Tyk
and probed with RC20. Probes were stripped and reprobed for Tyk
protein by Western blot hybridization.

FIG. 3. Effects of IL-17 on JAK 3 tyrosine phosphorylation. Total
ell extract (500 mg protein) was immunoprecipitated with anti-JAK
and probed with RC20. Probes were stripped and reprobed for JAK
protein by Western blot hybridization.
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irection, we are providing the first evidence that the
echanism of action of IL-17 involves rapid activation

f tyrosine phosphorylation of several key signaling
olecules belonging to the JAK/STAT family.
Activation of the JAK family kinases followed by

TAT protein phosphorylation, represents a defined
ignal transduction pathway that directly links cyto-
ine receptors to gene expression (12). The binding of
any cytokines and growth factors like IL-2 & IL-12

21), IL-3 (22), IL-4 & IL-13 (23), IL-6 (24), IL-15 (25),
GF (26), LIF (27), G-CSF (28) and GM-CSF (29) to

heir receptors activates JAKs which are protein ty-
osine kinases that are physically associated with the
eceptors. This is usually followed by rapid tyrosine
hosphorylation of STATs which subsequently dimer-
ze (resulting in enhancement of their DNA binding
bilities) and translocate to the nucleus, where they
ctivate transcription (31). Whereas the STAT proteins
ossess SH2 & SH3 domains, the Tyk/JAK kinases
ave two putative catalytic domains (of which only the
arboxyl one is active) but lack SH2 & SH3 domains
32). Of the several conserved structural and functional
omains shared by all the STATs, the most critical one

FIG. 6. Effects of IL-17 on STAT 2 tyrosine phosphorylation.
otal cell extract (500 mg protein) was immunoprecipitated with
nti-STAT 2 antibody and probed with RC20. Probes were stripped
nd reprobed for STAT 2 protein by Western blot hybridization.

FIG. 5. Effects of IL-17 on STAT 1 tyrosine phosphorylation.
otal cell extract (500 mg protein) was immunoprecipitated with
nti-STAT 1 antibody and probed with RC20. Probes were stripped
nd reprobed for STAT 1 protein by Western blot hybridization.
17
s the SH2 domain, which is essential for the recruit-
ent of STATs to activate receptor complexes and for

nteraction with the JAKs, which phosphorylate the
TATs (13, 33).
Early tyrosine phosphorylation events are necessary

or the functioning of either the JAK/STAT or the Ras/
APK pathways. The results from our study clearly

ndicate that the major pathway(s) utilized by IL-17
nclude the JAK/STAT pathway as evidenced by the
apid stimulation of phosphorylation of the JAKs (JAK
, 2 and 3, Tyk 2 and the STAT proteins (STAT 1, 2, 3,
nd 4). Increases in tyrosine phosphorylation of these
olecules was noticed as early as 0.5 min in most of

hese proteins. Thus, treatment of cells with IL-17
ppears to lead to immediate activation of JAK 1, 2 and
and Tyk 2.
It has been shown that one or more STAT proteins

re activated in response to all cytokines that utilize
ytokine receptor superfamily members (30, 31). The
TAT family is also characterized by association with
ne or more members of the JAK family, whereby li-
and binding results in aggregation of receptor chains
nd the associated JAKs, allowing transphosphoryla-
ion and activation of JAK catalytic activity. JAK acti-
ation is required for initiation of multiple signaling

FIG. 7. Effects of IL-17 on STAT 3 tyrosine phosphorylation.
otal cell extract (500 mg protein) was immunoprecipitated with
nti-STAT 3 antibody and probed with RC20. Probes were stripped
nd reprobed for STAT 3 protein by Western blot hybridization.

FIG. 8. Effects of IL-17 on STAT 4 tyrosine phosphorylation.
otal cell extract (500 mg protein) was immunoprecipitated with
nti-STAT 4 antibody and probed with RC20. Probes were stripped
nd reprobed for STAT 4 protein by Western blot hybridization.



pathways including the Ras/MAPK pathway in re-
s
c
C
t
b
T
1
t
i
I

t
c
H
t
s
a
e
S
e
t
c

c
r
t
l
S
r
n
o
k
c
2
q
a
k
a
m
i
i
m

I
c
a
o
d
e
k
t
p
(
c
s
t

Clearly, this report provides the first evidence indi-
c
s

A

t
N
M
f
v
M

R

1

1

1

1

1

1

1
1
1

1

Vol. 262, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ponse to cytokines (30) and JAK 2 has been specifi-
ally shown to play a key role in this process (34, 35).
onsistent with this, studies in our lab have shown

hat cRaf, a major player in the Ras/MAPK pathway to
e involved in the signaling of U937 cells by IL-17 (19).
he fact that we were able to observe activation of JAK
, 2 and 3 in our present study strongly suggests that
he JAKs, especially Jak 2 could be a major factor in
nitiating the multiple signaling pathways induced by
L-17 in U937 cells.

The function of STAT proteins and the mechanism
hrough which specificity is reached in each particular
ytokine signaling system have not yet been clarified.
owever, there is growing evidence that STAT pro-

eins are likely to play an important role in mitogene-
is, survival or differentiation (12). The STAT proteins
re differentially phosphorylated in response to differ-
nt cytokines in different cells. Activation of different
TAT proteins leads to induction or stimulation of
xpression of a variety of genes which participate in
issue injury, inflammation and immune response pro-
esses (30).

The STAT family includes at least six members that
an be activated by one or more JAK family kinase in
esponse to specific cytokines. Each cytokine receptor
ends to signal through a subset of STATs, typically
eading to the phosphorylation of one to three different
TATs. For example, IL-3 and GM-CSF induce ty-
osine phosphorylation of STAT 1, 5 and 6 predomi-
antly (12). However, it is interesting to note that in
ur study there was stimulation of four of the six
nown STAT proteins (STAT 1 to 4). In the above
ontext, the stimulation of phosphorylation of STAT 1,
, 3 and 4 by IL-17 in U937 cells gives rise to many
uestions. Since each STAT member is associated with
specific biological function, it would be of interest to

now if indeed, IL-17 controls a wide variety of tissue
nd cellular functions by activating a specific or several
embers of the STAT family. Certainly, it will be of

nterest to characterize the nature of the role played by
ndividual members of the JAK/STAT pathway in the

echanism of action of IL-17.
As suggested by previous workers, it is likely that

L-17 functions as a true pleiotropic cytokine which
ontrols several functions like inflammation, immunity
nd hematopoiesis. IL-17 is known to induce secretion
f IL-6, IL-8, G-CSF and PGE2, molecules which have
ifferent functions at various stages of the hematopoi-
tic process (10, 19). Furthermore, murine IL-17 is
nown to stimulate activation of the transcription fac-
or NFkB, which is known to regulate a number of gene
roducts involved in cell activation and growth control
7). Thus, by stimulating the release of a number of
ytokines, IL-17 can have broad effects that can be
een as a summation of all events, some of which have
he potential to counterbalance each other.
18
ating the possible role of JAK/STAT pathway in the
ignaling mechanism of IL-17 in U937 cells.
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