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Abstract
Endocytic trafficking plays an important role in signal transduction. Signal transducer and
activator of transcription 3 (STAT3) has been localized to endosomal structures and is dependent
upon endocytosis for downstream function, but the nature of the interaction between STAT3 and
endosomes is poorly defined. Interleukin-6 (IL-6) treatment time courses combined with
pharmacologic and temperature inhibition, pulse-chase assays, and in vitro kinase assays allow us
to evaluate the role of endosomes in the initiation, modulation, amplification and persistence of
STAT3 signal transduction and transcription. We demonstrate that IL-6-induced STAT3 activation
is initiated by direct interaction with internal structures upstream of the lateendosome and that
persistent STAT3 signaling depends upon recurrent activation from endocytic structures. Further,
we show that STAT3 subcellular localization is not dependent upon endocytic trafficking. Instead,
STAT3 interacts with endosomes transiently and relocates to the nucleus by an endosome-
independent mechanism. Finally, we establish STAT3 serine 727 phosphorylation as dependent
upon endocytic trafficking and crosstalk with the mitogen-activated protein kinase (MAPK)
signaling system. These data reveal endosomes as central to the genesis, course and outcome of
STAT3 signal transduction and transcription.

Keywords
STAT3; MAPK; Erk1/2; IL-6; Signaling Endosome

*Corresponding Author: Charles L Howe, PhD, Department of Neurology, Mayo Clinic College of Medicine, Guggenheim 442-D, 200
First ST SW, Rochester, MN 55905, USA, (507) 538-4603, howe.charles@mayo.edu.
6Present Address: Department of Pharmacology & Toxicology, University of Utah, 30 S 2000E Rm 115, Salt Lake City, UT 84112,
USA.

NIH Public Access
Author Manuscript
Exp Cell Res. Author manuscript; available in PMC 2013 October 02.

Published in final edited form as:
Exp Cell Res. 2011 August 15; 317(14): 1955–1969. doi:10.1016/j.yexcr.2011.05.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Signal transduction over large distances, as may exist between the distal axon and cell body
in neurons, cannot occur by diffusion alone within physiologically relevant time frames [1,
2]. Instead, signaling systems demonstrably employ endocytic structures to properly target
and transport signals across vast intracellular expanses [3]. These endosomes are
additionally involved in regulating the spatial and temporal dynamics of signal initiation,
propagation and cessation, which has led to the formation of the signaling endosome
hypothesis [4]. Most simply, the signaling endosome hypothesis posits that ligand-bound
receptor complexes at the plasma membrane are internalized into endosomal structures to
which the proteins necessary for signal transduction, sorting, and transport have been
recruited [1, 5, 6]. These signaling endosomes then serve as intracellular platforms from
which activated signals are moved to distinct subcellular locations, propagated and then
terminated through lysosomal degradation [7].

Importantly, the spatial challenges of signaling within neurons also exist within smaller cell
populations. According to random walk modeling data, the predicted spatial range for free
diffusion of signal transduction proteins, such as STAT3, before dephosphorylation and
inactivation is 200 nm [2]. Distances greater than 200 nm readily exist between the plasma
membrane and the nucleus within nearly all cells [1, 2]. Consequently, a facilitated
mechanism for the trafficking and targeting of signaling proteins during transduction is
necessary and endosomes likely fill this role.

Endosomes have been experimentally implicated in nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), epidermal growth factor (EGF) and transforming
growth factor beta (TGF-β) signal transduction [6, 8–10]. As the importance of endocytic
trafficking in signal transduction has become clearer, the need to understand the relationship
between endosomes and the signaling proteins interacting with these structures has become
essential. Within these systems, endosomes have been shown to facilitate intracellular signal
transport to discrete subcellular location across a broad range of distances, to maintain signal
fidelity through the preservation of ligand-receptor binding within the endosomal lumen,
and to provide a physical substrate for the accumulation and interaction of proteins involved
in signaling, sorting and transport, and to terminate signal propagation through the
separation of ligand from receptor and lysosomal degradation [3, 6, 8, 11]. While the
necessity of endosomes in signal transduction has been clearly demonstrated, the nature of
interactions between signaling proteins and endosomal structures is largely undescribed.

We have employed IL-6 signaling to gain insight into the endosomal regulation of STAT3
and MAPK signal initiation, crosstalk and regulation. The IL-6 receptor has no inherent
signaling capacity and initiates signal transduction through dimerization of the integral
signaling protein gp130 upon ligand binding [12]. Following gp130 dimerization,
constitutively associated Janus kinase (JAK) proteins phosphorylate the gp130 cytoplasmic
tail to recruit and then activate the STAT and MAPK signaling systems [12].

Members of the STAT protein family are unique in their capacity to rapidly transmit signals
from plasma membrane to nucleus without the involvement of a second-messenger signaling
cascade [13]. Preformed STAT3 dimers recruited to the gp130 cytoplasmic tail are
phosphorylated upon tyrosine residue 705 (Y705) by JAK, resulting in a structural change
that permits DNA binding [14]. In the unstimulated state, STAT3 constitutively shuttles
between the cytoplasm and nuclear compartments with the aid of alpha importins and
exportin-1 [15–17]. STAT3 Y705 phosphorylation enables transcription and reduces the rate
of nuclear export, increasing STAT3 concentration within the nuclear compartment [16].
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STAT3 phosphorylation upon serine residue 727 (S727) facilitates an interaction with the
transcriptional co -activators CBP and P300, maximizing transcriptional activity [18, 19].

MAPK signaling is initiated by the recruitment of Shc and SHP-2 to the cytoplasmic tail of
gp130 following IL-6 treatment [12, 20, 21]. Signaling then continues through the adaptor
protein Grb2, the GTPases Sos and Ras, and the kinases Raf, MEK1/2, and Erk1/2.
Activated Erk1/2, a serine/threonine kinase, then phosphorylates and initiates transcription
through a wide range of transcription factors, of which CREB and Elk-1 are the most widely
recognized.

MAPK signal transduction has been closely associated with endosome-based signaling
whereas STAT3 signal transduction has not [6]. Recently, STAT3 was localized to
endosomal structures and endocytosis was demonstrated to be necessary for STAT3
transcriptional activity within the IL-6 signaling system [22]. In addition, STAT3 nuclear
localization following receptor tyrosine kinase activation is demonstrably dependent upon
endocytosis and peripheral cytoplasmic activation [23, 24]. However, substantial questions
regarding the nature of STAT3 interaction with endosomal structures remain.

We hypothesize that the internalization and endocytic trafficking of activated IL-6 receptor
complexes regulates STAT3 signal initiation, crosstalk, transcription and subcellular
translocation. To evaluate this hypothesis, we performed the following experiments. First,
we identified the subcellular loc ale from which STAT3 is activated. Second, we determined
the extent to which endocytic trafficking regulates STAT3 signal propagation, signal
persistence, transcriptional activity, crosstalk with the MAPK signaling system, and
subcellular localization. Third, we examined whether or not endosomes directly amplify
STAT3 signals.

Experimental Procedures
Cell Culture, Inhibitors, Antibodies and Reagents

The HepG2 human hepatocytoma cell line was acquired from ATCC and grown in
Dulbecco’s Modified Eagle’s Media (DMEM) with 10% fetal bovine serum (FBS) and 40
μg/ml penicillin-streptomycin at 37 °C in a 5% CO2 environment. All cell culture reagents
were purchased from Mediatech (Monassas, VA). Human recombinant IL-6 was purchased
from R&D Systems (Minneapolis, MN). The inhibitors 2′-Amino-3′-methoxyflavone(PD
98059); 6-Nitrobenzo[b]thiophene-1,1-dioxide (STATTIC); and 2-(1,1-Dimethylethyl)-9-
fluoro-3,6-dihydro-7H-benz[h]-imidaz[4,5-f]isoquinolin-7-one (Pyridone 6; P6); were
purchased from Calbiochem (San Diego, CA), 2-Chloro-10-[3′-
(dimethylamino)propyl]phenothiazine, HCl (Chlorpromazine, CPZ) and (Monensin) were
purchased from Sigma Aldrich (St. Louis, MO). Antibodies against STAT3 (9132, 9139),
phospho-STAT3 Y705 (9131), phospho-STAT3 S727 (9136), Erk1/2 (9102) and phospho-
Erk1/2 (9101, 9106) were purchased from Cell Signaling Technologies (Beverly, MA).
Antibodies against rab5, rab9, and dynein were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibody against clathrin heavy chain was purchased from Affinity
Bioreagents (Rockford, IL). The E-cadherin antibody was a kind gift from Dr. Bruce
Horazdovsky (Mayo Clinic) and the histone H3 antibody was a kind gift from Dr. Zhiguo
Zhang (Mayo Clinic). Rabbit and mouse HRP conjugated secondary antibodies were
purchased from Jackson Immunoresearch (West Grove, PA).

Western Blotting
Samples were mixed 1:1 in Laemmli Sample Buffer (2% SDS (w/v), 10% glycerol, 60 mM
Tris-Cl pH 6.8, 0.01% bromophenol blue (w/v)) containing 20% DTT (v/v), and boiled at
100° C for 5 minutes. Samples and a protein standard for molecular weight calibration were
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loaded onto either 7.5% or 10% polyacrylamide Tris-HCl gels with 5% stacking gels and
run for 15 hours at 90V under constant voltage at 4 °C. Gels were then transferred to 0.45
μm nitrocellulose (Whatman Protran BA85; Maidstone, Kent) for 3 amp-hours under
constant current at 4 °C, washed in ddH2O and blocked in 4% bovine serum albumin in tris-
buffered saline (TBS; 20 mM Tris, 137 mM NaCl, pH 7.5 in ddH2O) for one hour at room
temperature while rocking. Antibodies diluted 1:1000 in TBS were incubated with
membranes while rocking at 4 °C overnight. The following morning, membranes were
washed three times quickly with TBS-T (1x TBS with 0.002% Tween-20) and then once for
30 minutes at room temperature while shaking. Membranes were then incubated with HRP-
conjugated secondary antibodies diluted 1:15000 in TBS for 1 hour at room temperature
while shaking. Following secondary incubation, membranes were washed as before with
TBS-T, developed using West Pico Chemiluminescent Substrate per manufacturer’s
instruction (Pierce; Rockford, IL) and detected by film exposure (Denville HyBlot CL;
Metuchen, NJ).

Whole Cell Lysate Activity Profile
HepG2 cells plated at a density of 2.5 × 105 cells per well in 6 -well plates were starved in
serum-free DMEM for 3 hours at 37 °C. Inhibitors – 25 μM Mek1/2 inhibitor PD98059, 80
μM STAT3 tyrosine 705 inhibitor STATTIC, 100 μM JAK inhibitor P6, 50 mM NH4Cl, 2
μM Na+/H+ ionophore monensin, and 40 μM clathrin-mediated endocytosis inhibitor
chlorpromazine – were applied to cells for 15 minutes at 37 °C. For temperature restriction,
20 mM HEPES was added to the starvation media and cells were incubated at either 4 °C or
15 °C for 15 minutes prior to IL-6 treatment. 20 ng/mL IL-6 was added directly to the
starvation media and cells were incubated for 5, 10, 15, 30, or 45 minutes at 37 °C. Cells
were then placed on ice, media was aspirated and cells were lysed in 100 μL RIPA buffer
(1% Nonidet P-40 (v/v), 1% deoxycholic acid sodium salt (w/v), 0.1% sodium dodecyl
sulfate (w/v) and 0.002 M EDTA in 1x TBS pH 8.0 with 1 mM PMSF, 10 μg/mL aprotinin,
1 μg/mL leupeptin, 1 mM NaVO3 and 1 mM NaF added prior to use). Cells were scraped
into 1.5 mL microfuge tubes, bath sonicated for one minute at 4 °C and protein
concentration was determined using the bicinchoninic acid protein assay kit from Pierce
(Rockford, IL). 20 μg protein from each sample was loaded onto 7.5% Tris-HCl gels,
separated by electrophoresis, transferred and blotted as described.

Pulse-Chase
HepG2 cells in 6-well plates were serum-starved as described above. Cells were pulsed with
20 ng/mL IL-6 for 5 minutes at 37 °C, quickly washed twice with warm DPBS, and then
chase media (warm starvation media without IL-6) was applied for 5, 10, 15, 30 or 45
minutes. To prevent cell-surface initiated STAT3 activity, cells were exposed to a low pH
environment that releases receptor-bound IL-6 by adding two pH 4.0 Dulbecco’s phosphate
buffered saline (DPBS) washes following the pulse period. To inhibit prolonged JAK1
activity, 100 μM P6 was included in the chase media. Following the chase time course, cells
were placed on ice, media was aspirated, and the cells were lysed in RIPA buffer. Lysate
was prepared and proteins characterized as described.

Luciferase Assay
Luciferase constructs containing the STAT3 responsive M67 c-Fos sis-inducible element
(M67 SIE) promoter (a kind gift from Dr. Keith Bible, Mayo Clinic), AP-1 promoter (a kind
gift from Dr. Dan Billadeau, Mayo Clinic) and Elk-1 promoter (Panomics; Fremont, CA)
were used to assess the transcriptional response of HepG2 cells following IL-6 treatment.
Prior to elecroporation, 19.5 μg of reporter construct was mixed with 500 ng of Renilla
luciferase control vector (a kind gift of Dr. Richard Bram, Mayo Clinic) and precipitated by
mixing with 1/10 volume 3M sodium acetate pH 5.2 and 2 volumes of ice-cold 100%
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ethanol followed by a 5 minute incubation on dry ice and centrifugation at 16,000 x g for 10
minutes at 4° C. DNA pellets were air dried and resuspended in 50 μL DMEM with 10 mM
HEPES pH 7.4. HepG2 cells plated at a density of 4.0 × 106 in 10 cm plates 18 hours prior
to electroporation were scraped into 15 mL conical tubes, spun down, and resuspended in
350 μL electroporation media (RPMI with 5% (v/v) fetal calf serum, 5% (v/v) calf serum,
0.1 mM 2-mercaptoethanol, 25 mM HEPES pH 7.4 and 2 mM glutamine). DNA and cell
mixtures were combined, incubated at room temperature for 10 minutes, and then
transferred to 4.0 mm gap electroporation cuvettes (BTX 640; Holliston, MA). Samples
were electroporated in a BTX T820 ElectroSquarePorator in LV mode with 1 70 ms pulse at
150 V. Samples were then flicked ten times, incubated at room temperature for ten minutes,
and plated into 3 cm dishes containing DMEM with 10% FBS and incubated at 37 °C. The
next day, cells were split into 24-well plates with 50,000 cells per well. Two days after
electroporation cells were starved in serum-free DMEM for three hours at 37 °C. Inhibitors
were applied for 15 minutes prior to IL-6 treatment as previously described. Cells treated
with IL-6 received 20 ng/mL for 3 hours or 6 hours. Following treatment, cells were placed
on ice, aspirated, washed in DPBS and lysed in 40 μL Passive Lysis Buffer included with
the Dual Luciferase Reporter Assay kit (Promega; Madison, WI). Firefly (reporter) and
Renilla (control) luciferase activity was then detected using a GloMax Luminometer
(Promega) according to manufacturer’s instruction. All treatments and experiments were run
in triplicate. Samples were normalized by dividing reporter activity by control activity and
fold change was calculated by dividing this ratio by the ratio of untreated controls.

Cellular Fractionation
Cells plated in 15 cm plates were starved in serum-free DMEM for 3 hours at 37 °C and
then treated with 20 ng/mL IL-6 for the indicated time period. Following treatment, cells
were placed on ice, aspirated, washed with DPBS, and scraped into 1.5 mL microfuge tubes
with 1 mL MES buffer (150 mM NaCl, and 25 nM 2-(N-Morpholino) ethanesulfonic acid
sodium salt (Sigma M5057) pH to 6.5 in ddH2O with 1 mM PMSF, 10 μg/mL aprotinin, 1
μg/mL leupeptin, 1 mM NaVO3 and 1 mM NaF added fresh prior to use) and placed on ice.
Subcellular fractions were isolated as described and resuspended in either RIPA lysis buffer
or MES buffer depending upon use [25]. All fractions were used immediately for activity
based assays or stored at −20 °C for western blot characterization.

Immunofluorescence
HepG2 cells plated on poly-d-lysine coated glass coverslips in 6-well plates at a density of
150,000 cells per well were serum starved, treated with inhibitors, and 20 ng/mL IL-6 was
applied as described above. Cells were then placed on ice, immediately fixed with ice-cold
2:1 methanol:acetone for 15 minutes at room temperature, and then washed three times with
PBS pH 7.5 for 5 minutes each at room temperature. Blocking solution (10% horse serum,
1% BSA, and 0.1% saponin in PBS pH 7.5) was then added to cells for 1 hour at room
temperature. Primary antibody against STAT3 was diluted 1:400 in PBS pH 7.5 with 0.1%
saponin and 75 μL was applied to coverslips overnight at 4 °C. The following day,
coverslips were washed three times with PBS containing 0.1% saponin for 5 minutes at
room temperature. FITC-conjugated secondary antibody was diluted 1:200 in PBS with
0.1% saponin and 75 μL was applied to coverslips for 45 minutes at room temperature in the
dark. Coverslips were then washed twice with PBS containing 0.1% saponin for 5 minutes,
twice with PBS for 5 minutes at room temperature, and then mounted onto slides using
DAPI hardmount (Vector Labs; Burlingame, CA). Images were collected with a Zeiss LSM
510 confocal microscope and 63x/1.2 NA C-Apochromat lens. STAT3 nuclear staining was
quantified by imaging 25 nuclei (identified by DAPI stain) from 5 fields of cells under each
experimental condition with identical microscope settings and measuring the mean
fluorescence intensity in the appropriate channel.
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Endosome In Vitro Kinase Assay
HepG2 cells plated at 4.0 × 106 cells per plate in 6 15 -cm plates were starved in serum-free
DMEM for 3 hours at 37° C. Two plates of cells were left untreated while two plates of cells
were used for each 5 minute or 10 minute 20 ng/mL IL-6 treatment at 37 °C. Following
treatment, cells were placed on ice, washed once with DPBS, scraped into microfuge tubes
with MES buffer and Balch homogenized as described. Samples were then spun at 1000 x g
for 10 minutes at 4 °C and supernatants were transferred to new microfuge tubes.
Centrifugation was repeated to remove contaminants and supernatants were transferred to
ultracentrifuge tubes and spun at 115,000 x g for 60 minutes at 4 °C. Supernatant was
discarded and the remaining ‘Endosomes’ pellet, a combination of the large and small
vesicle fractions highly enriched in endosomes, was resuspended in 100 μL MES buffer and
protein concentration was determined by BCA. For the kinase assay, 20 μg endosomes were
mixed with 500 ng His-tagged human recombinant STAT3 (Abcam; Cambridge, MA) and
25 μM ATP in kinase assay buffer (50 mM NaCl, 25 mM HEPES pH 7.5, 25 mM MgCl2,
10 mM MnCl2) for 30 minutes at 30 °C. 80 μM STATTIC was added directly to the kinase
assay when used. To stop the reaction, equal volume NDG lysis buffer was added to the
samples and they were immediately placed on ice. Ni+-NTA beads washed with MES were
then added to the samples and rotated overnight at 4 °C to isolate protein targets. For M67
SIE pulldown experiments, 50 mM EDTA was used to stop the reaction. Protein was pulled
down by the addition of 500 ng biotinylated M67 SIE oligo to each sample and neutravidin
beads as described. Following overnight incubation, samples were spun down at 1000 x g
and supernatants were removed as the “no pulldown” fraction and mixed with 35 μL sample
buffer containing DTT. Beads were then washed three times with MES buffer before adding
35 μL elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0) and 35
μL sample buffer with DTT. All samples were boiled at 100 °C for 5 minutes, spun down at
1000 x g for one minute and then run on 7.5% Tris-HCl SDS-PAGE gels to separate
proteins. Gels were transferred and blotted as described to detect changes in target
phosphorylation.

Oligonucleotide Binding Assay
Oligonucleotides containing a known STAT3 DNA binding sequence were synthesized with
the forward oligonucleotide biotinylated on the 3′ end [26].

Forward Oligo

5′ –
TTTGGTATTCCCGGAAATGTTTTTGGTATTCCCGGAAATGTTTTTTTTTTTTTT
T – 3′

Reverse Oligo

5′ –
AAACCATAAGGGCCTTTACAAAAACCATAAGGGCCTTTACAAAAAAAAAAA
A AAA – 3′

A 100 ng/μL oligo stock was made by mixing the two oligos in annealing buffer, heating the
mixture to 72 °C for 10 minutes, and allowing the stock to cool to room temperature over a
four hour period. Following 20 ng/mL IL-6 treatment, the nuclear fraction and the
‘endosomes’ fraction, consisting of the combined 16,000 x g and 115,000 x g fractions, were
isolated as described. 20 μg protein from each sample was mixed with 500 ng biotinylated
oligonucleotide and rotated at 4 °C overnight. The following day, samples were added to 50
μL neutravidin beads (Pierce) and rotated for 2 hours at room temperature. Samples were
then spun down at 1000 x g. Supernatants were removed as the ‘no pulldown’ fraction and
mixed with 35 μL sample buffer with DTT. Beads were washed three times with MES
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buffer and eluted in 75 μL sample buffer containing DTT. All samples were boiled at 100
°C, spun down and run on 7.5% Tris-HCl SDS-PAGE gels to separate proteins. Gels were
transferred to nitrocellulose and probed as described.

Statistics
Statistical analyses were performed on data from the luciferase and immunofluorescence
experiments. Two-way ANOVA tests were run in Sigma Stat 3.0 using the Student-
Neuman-Keuls method for pairwise comparison with significance set at p < 0.05. All errors
are reported as 95% confidence intervals.

Results
IL-6 Initiates STAT3 and Erk1/2 Signaling and Crosstalk

Hepatocytes are highly sensitive to IL-6 given their role in the acute phase response, making
them a good model in which IL-6 induced signaling may be studied [12]. Serum-starved
HepG2 cells were treated with 20 ng/mL IL-6 by direct addition of cytokine to the media for
5, 10, 15, 30 or 45 minutes. Whole cell lysates were then analyzed by western blot to define
the phosphorylation profiles of STAT3 and Erk1/2 activation. STAT3 is phosphorylated at
two residues, tyrosine 705 (Y705) and serine 727 (S727), upon activation. Phosphorylation
of Y705 is obligatory for STAT3 transcriptional activity and is the most widely recognized
marker for activation [13]. Additional phosphorylation of S727 is required for maximal
STAT3 trancriptional output, which does not occur through Y705 phosphorylation alone
[13]. Erk1/2 activitation is characterized by phosphorylation of threonine 202 and tyrosine
204 in Erk1 and threonine 185 and tyrosine 187 in Erk2.

Within 5 minutes of IL-6 treatment, STAT3 was extensively phosphorylated upon Y705
with activation peaking between 10 and 15 minutes post-treatment and gradually decaying
by 45 minutes (Fig. 1A). Phosphorylation of S727 began 5 minutes post-treatment,
progressed comparatively slowly, and existed for the duration of the time course (Fig. 1A).
A STAT3 molecular weight shift observed 5 minutes after IL-6 treatment was increasingly
prevalent as the time course progressed, consistent with post-translational modification.
Unlike STAT3, a basal level of Erk1/2 activation was present in the untreated state. Erk1/2
phosphorylation peaked 15 minutes after IL-6 treatment followed by a gradual decay in
activation over the next 30 minutes (Fig. 1A).

Transcription is a hallmark of both STAT3 and MAPK signal transduction. Many target
genes of these pathways contain multiple promoter sequences to which both STAT3 and
MAPK-associated transcription factors, such as Elk-1, may bind [27]. To avoid ambiguity in
measuring the transcriptional response of these pathways, luciferase reporter assays with
promoters responsive to only either STAT3 or MAPK transcription factors were utilized.
Luciferase reporter constructs containing promoters to which AP-1, Elk-1 and STAT3(M67
SIE) bind were electroporated into HepG2 cells. Cells were serum-starved, treated with IL-6
for 3 or 6 hours and luciferase activity within the cellular lysates was compared to untreated
controls. No change in AP-1 or Elk-1 luciferase reporter activity was detected upon IL-6
treatment (data not shown) despite robust Erk1/2 phosphorylation (Fig 1). Further, cells with
10% serum returned to the media or cells treated with 100 ng/mL EGF for 6 hours had no
detectable AP-1 or Elk-1 luciferase response (data not shown). In contrast, IL-6 induced a
significant increase in STAT3 transcription, as M67 SIE luciferase activity demonstrated a
14.59 ± 2.44 fold change 3 hours and a 25.51 ± 8.05 fold change 6 hours after application
(Fig. 1B).

To delineate the IL-6-induced STAT3 and Erk1/2 signal transduction and transcription
pathways, we employed the pharmacologic inhibitors P6, STATTIC, and PD 98059 [28–30].
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P6 (100 μM), a broad spectrum JAK inhibitor [30], prevented both STAT3 and Erk1/2
activation by IL-6, indicating that both signaling pathways are downstream of JAK activity
(Fig. 1A). STATTIC (80 μM), a small molecule inhibitor that binds the STAT3 SH2 domain
to inhibit phosphorylation [29], abolished IL-6 induced STAT3 Y705 phosphorylation
following IL-6 treatment (Fig. 1A). In addition, no significant M67 SIE luciferase activity
was detected 3 or 6 hours after IL-6 application in cells treated with STATTIC, indicating
that M67 SIE output was entirely a product of STAT3 transcriptional activity(Fig. 1B).
Treatment with the MEK1/2 inhibitor PD 98059 (25 μM) eliminated IL-6 induced Erk1/2
activation [28](Fig. 1A).

Noticeable changes occurred in STAT3 and Erk1/2 signal transduction when the opposite
pathway was inhibited, suggesting crosstalk between the STAT3 and MAPK signaling
pathways. STATTIC inhibition of STAT3 resulted in persistent Erk1/2 activation in the
absence of IL-6, which was unaltered by IL-6 treatment (Fig. 1A). PD 98059 inhibition of
Erk1/2 did not alter the overall phosphorylation state of STAT3 Y705, but instead slowed
the rate of STAT3 molecular weight shift (Fig. 1A). Importantly, PD 98059 markedly
reduced IL-6-induced STAT3 S727 phosphorylation and significantly inhibited STAT3
transcription as measured by M67 SIE luciferase activity 3 hours or 6 hours following IL-6
treatment (Fig. 1A, 1B). Within the EGF and NGF receptor signaling systems, activated
MAPK members Erk1/2 and MEK1 have been shown to interact with STAT3 and
phosphorylate S727, yielding an increase in STAT3 transcriptional output [31, 32].
Consequently, the reduction of STAT3 phosphorylation and transcription we observe
following MEK1/2 inhibition by PD98059 leads us to conclude that crosstalk between the
MAPK and STAT3 signaling pathways is involved in regulating STAT3 transcriptional
activity within the IL-6 signaling system.

STAT3 and Erk1/2 Associate with Endosomes
Subcellular fractions were isolated from IL-6 treated cells to evaluate the localization of
STAT3 and Erk1/2. Balch homogenization and differential centrifugation were employed to
yield five subcellular fractions – a nuclear fraction, a ghost fraction, a cytoplasmic fraction,
a 16,000 x g fraction and a 115,000 x g fraction(25). Early and late endosomal structures as
well as clathrin-coated vesicles were highly enriched within the 16,000 x g fraction as
indicated by the presence of rab5, rab9, and clathrin heavy chain, respectively (Fig. 2A). The
115,000 x g fraction predominantly contained clathrin -coated vesicles and some early
endosomes (Fig. 2A). Dynein, a retrograde transport protein, was also highly enriched
within this fraction, suggesting the presence of mobile, vesicular structures (Fig. 2A).
Further, negative staining and transmission electron microscopy of the pooled 16,000 x g
and 115,000 x g fractions, referred to as the endosome fraction, revealed numerous
membrane-bound organelles, consistent with an endosome-enriched population (Fig. 2B).

Prior to IL-6 activation, STAT3 localized to all of the subcellular fractions, but was
particularly concentrated within the 16,000 x g and 115,000 x g vesicular fractions (Fig.
2A). Except for the cytoplasmic fraction, Erk1/2 was present within each of the fractions.
Following IL-6 treatment, phosphorylated STAT3 localized to the vesicular and ghost
fractions and persisted through the 45 minute time point (Fig. 2A). Total STAT3 protein and
Y705 activated STAT3 rapidly localized to the nucleus (Fig. 2A). These data indicate that
following IL-6 treatment, STAT3 is activated throughout the subcellular space and rapidly
moves to the nucleus. Notably, activated STAT3 was present in and moved through the
vesicular fractions as the IL-6 time course progressed. Contrary to expectation, activated
Erk1/2 did not relocate to the nucleus but instead remained within the 16,000 x g vesicular
fraction for the duration of the time course (Fig. 2A). This accounts for the lack of MAPK
transcriptional activity observed following IL-6 treatment.
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To demonstrate the transcriptional relevance of STAT3 isolated from the endosome-
enriched fractions, a biotinylated oligo containing the M67 SIE promoter sequence was used
to pull down STAT3 competent to bind DNA. Following IL-6 treatment, the nuclear and
endosomes fractions were isolated and incubated with the oligo. As compared to untreated
controls, greater amounts of STAT3 protein was pulled down with the oligo from the
endosomes fraction of IL-6 treated cells, indicating that STAT3 localized to these fractions
can bind DNA (Fig. 2C). From these data we conclude that transcriptionally competent,
activated STAT3 interacts with endosomal structures.

Endocytosis is Necessary for STAT3 and Erk1/2 Signal Transduction
In canonical IL-6 signaling models, both STAT3 and Erk1/2 are activated at the plasma
membrane [12, 13]. Accordingly, blocking endocytosis, the first stage of cargo maturation
along the endocytic pathway, should not affect the phosphorylation of either STAT3 or
Erk1/2. The cationic amphiphilic drug chlorpromazine (CPZ) and reduction of cellular
temperature to 4 °C both inhibit internalization [33–35]. Treatment with 40 μM CPZ
abolished both STAT3 and Erk1/2 phosphorylation upon IL-6 treatment(Fig. 3A).
Temperature restriction to 4 °C prior to and during IL-6 treatment also abolished Erk1/2
activation and diminished and delayed STAT3 activation (Fig. 3A). Importantly, under both
conditions cellular viability was not decreased (data not shown) and overall protein levels of
both STAT3 and Erk1/2 remained unaltered (Fig. 3A). No significant STAT3 transcription
following IL-6 treatment as assessed by M67 SIE luciferase reporter activity could be
detected in samples either held at 4 °C or treated with CPZ (Fig. 3B). Together, these data
demonstrate that STAT3 and Erk1/2 are not activated at the plasma membrane, contrary to
canonical IL-6 signaling models.

STAT3 is Activated from Endocytic Structures
Following internalization, material is sorted within early endosomes and typically sent along
a recycling or degradation pathway [36, 37]. Material sorted into the recycling pathway
moves into recycling endosomes and is then reintegrated into the plasma membrane [36, 37].
Material moving through the degradation pathway is trafficked from early endosomes into
late endosomes/multivesicular bodies [36, 37]. Material within the late endosome
intravesicular lumen is then transferred into the lysosome and degraded [36, 37].

Since STAT3 and Erk1/2 are not activated from the plasma membrane, pharmacologic
inhibition and temperature regulation were used to manipulate endocytic trafficking and
assess the impact upon signal transduction. Reduction of cellular temperature to 15 °C
allows internalization but prevents endocytic trafficking beyond the early endosome stage
[38]. When HepG2 cells were held at 15 °C, the rate of IL-6 induced STAT3 Y705
phosphorylation was noticeably delayed (Fig. 4A). Further, the STAT3 molecular weight
shift seen within 5 minutes of IL-6 treatment in cells at 37 °C did not occur in cells held at
15 °C until 45 minutes following IL-6 application (Fig. 4A). No significant STAT3
transcriptional activity was detected within cells held at 15 °C and treated with IL -6 (Fig.
4B).

As vesicles traffic from the early endosome to late endosome and the lysosome, their pH is
progressively reduced through the facilitated movement of hydrogen ions into the lumen by
H+-ATPase pumps [39–41]. Ammonium chloride (NH4Cl) and monensin prevent vesicle
acidification by directly increasing vesicular pH or reducing the capacity of vesicle
associated H+-ATPase pumps, respectively [40, 42]. Under these conditions trafficking of
vesicles between the early endosomal, late endosomal and lysosomal compartments is
effectively halted, while endocytosis and vesicular movement into early endosomes still
takes place. Previous work has demonstrated 50 mM NH4Cl and 2 μM monensin effective
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concentrations for the disruption of endocytic trafficking in cell culture applications [43–
45]. When applied to HepG2 cells, we found that both NH4Cl and monensin altered the
phosphorylation profile of STAT3 Y705 and substantially reduced Erk1/2 activation upon
IL-6 treatment (Fig. 4A). NH4Cl also delayed and reduced the extent of STAT3 S727
phosphorylation, in correspondence with the decline in Erk1/2 activity (Fig. 4A). The extent
of STAT3 Y705 phosphorylation was unchanged between inhibitor treated and untreated
cells, but NH4Cl and monensin delayed both the molecular weight shift and decay in Y705
activation as compared to cells treated with IL -6 in the absence of inhibition. A significant
increase in STAT3 transcriptional activity was only detected in NH4Cl treated cells 6 hours
following IL-6 application (Fig. 4B). However, the level of IL-6 induced STAT3
transcriptional activity within NH4Cl treated cells as compared to cells without inhibitor was
significantly reduced (Fig. 4B). Together, these data demonstrate STAT3 is activated from a
vesicular structure upstream of the late endosomes whereas Erk1/2 is activated from a
vesicular structure downstream of the early endosome. When taken with the observation that
neither STAT3 nor Erk1/2 are activated when trafficking from the plasma membrane is
restricted, these data lead us to conclude that IL-6 induced signal transduction must be
initiated from an internal structure.

STAT3 Subcellular Localization is Not Dependent Upon Endocytic Trafficking
STAT3 rapidly translocates to the nucleus upon IL-6-induced activation. To determine the
roles internalization and endocytic trafficking play in STAT3 subcellular localization, we
evaluated the mean fluorescent intensity (MFI) of STAT3 nuclear staining following IL-6
treatment and inhibition of endocytosis and trafficking. At rest, STAT3 staining was
punctate but homogeneous throughout the cytoplasm (Fig 5A). In the absence of inhibitors,
STAT3 nuclear MFI at 5 minutes and 15 minutes following IL-6 was significantly (ANOVA
5′ p < 0.0001, 15′ p < 0.0001) greater than cells at rest, but the 5 minute and 15 minute
treatments were not significantly different than one another (Figure 5A, 5B). STAT3 was
observed predominantly within the nucleus 5 minutes and 15 minutes after IL-6, but
substantial amounts could be observed within the cytoplasm in punctuate and fibrillary
staining patterns (Figure 5A). When endocytosis was inhibited with CPZ or 4 °C
temperature restriction, IL-6 stimulation did not result in significant STAT3 nuclear
accumulation at any time point as measured by MFI (Figure 5A, 5B). This observation was
expected given that STAT3 is not activated when internalization is inhibited (Fig. 3).
Surprisingly, STAT3 translocated to the nucleus upon IL-6 treatment despite disruption of
endocytic trafficking by 15 °C temperature restriction or 50 mM NH4Cl demonstrating an
MFI significantly greater than untreated cells at both 5 and 15 minute time points following
IL-6 (ANOVA 5′ P < 0.001, 15′ P < 0.001) (Figure 5A, 5B). Cells treated with IL-6 at 37
°C, however, had a significantly greater increase in STAT3 nuclear accumulation when
compared to 15 °C temperature restriction or NH4Cl inhibition at all time points after
stimulation (Two-Way ANOVA, Unt vs. 15 °C P < 0.001 at 5′ and 15′, Unt vs. NH4Cl P <
0.001 at 5′ and 15′) (Fig. 5B). Again, the amount of STAT3 reaching the nucleus in IL-6
treated cells without inhibition was significantly higher at both the 5 and 15 minute time
points (Fig 5A, 5B). These data further support the assertion that STAT3 is activated from
an internal structure following endocytosis as no significant subcellular relocalization is seen
when internalization is inhibited. Surprisingly, IL-6 still initiates significant STAT3
movement into the nucleus when trafficking along the endocytic pathway is inhibited by 15
°C temperature restriction and NH4Cl treatment. From these data we conclude that
endosomes function predominantly as a platform for STAT3 activation following IL-6
stimulation rather than a vector of transport.
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Temporally Persistent STAT3 Activation Arises from Endocytic Structures
STAT3 activation and nuclear relocation was rapid and long-lasting following IL-6
treatment (Figs. 1, 2, 5). This persistent STAT3 phosphorylation may be the consequence of
a single activation event or persistent, recurrent activation following IL-6 stimulus. To
examine the temporal dynamics of STAT3 activation in the context of receptor complex
internalization, various iterations of pulse-chase experiments were performed.

The pulse-chase condition tested the necessity of continuous IL-6 receptor complex
activation at the plasma membrane for persistent STAT3 signaling. Serum-starved cells
were treated with IL-6 added to the media for 5 minutes (Pulse) followed by two quick
DPBS washes and reapplication of starvation media without IL-6 (Chase) for the indicated
period of time. Little difference in the extent or persistence of the STAT3 Y705
phosphorylation profile was seen between pulse-chase treated cells (Fig. 6A, 5′ Pulse-
Chase) and those with constant IL-6 exposure for the duration of the time course (Fig 6A,
Pulse). As determined by STAT3 nuclear MFI, no significant difference was detected in
STAT3 nuclear aggregation between the pulse or pulse-chase treatments at any time point
(Fig. 6B). From this result we conclude that the entirety of IL-6 receptor binding required
for STAT3 activation and nuclear aggregation occurred within 5 minutes of treatment and
continuous activation of IL-6 receptor complexes at the plasma membrane was unnecessary
for persistent STAT3 activation and nuclear translocation over the 45 minute time course.
The extent of Erk1/2 signaling was reduced in the pulse-chase condition (Fig. 6A). Erk1/2
activation may arise from a subset of receptor complexes internalized at a slower rate than
those which activate STAT3, require continuous ligand binding and internalization of
receptor complexes from the plasma membrane, or require greater receptor occupancy than
STAT3 for maximal activation.

To evaluate the necessity of endocytosis for signal propagation, low pH washes were used to
strip IL-6 from the plasma membrane following the 5 minute pulse. The IL-6 receptor does
not bind IL-6 at pH less than 5.0 [46], so pH 4.0 DPBS was used during the wash stage of
pulse-chase experiments to strip away any receptor-bound IL-6 residing at the plasma
membrane. When compared to cells treated under the pulse or pulse-chase conditions, low
pH-stripped cells showed diminished persistence of STAT3 signal activation at 45 minutes
but did not exhibit noticeable changes in the overall extent of activation (Fig. 6A). Low pH-
stripped cells demonstrated a small but significant decrease in STAT3 nuclear staining when
compared to pulse and pulse-chase conditions 45 minutes after the chase (Two Way
ANOVA, Pulse vs. Low pH P < 0.05, Pulse-Chase vs. Low pH p < 0.05) (Fig. 6B). At the
same time, Erk1/2 activation was almost completely eliminated in surface-stripped cells,
further indicating that MAPK signal activation requires greater receptor occupancy or arises
from a population of receptor-complexes internalized later than those that initiate STAT3
signaling. Since STAT3 Y705 phosphorylation and nuclear translocation was not
substantially altered across the time course by low pH washes, the IL-6 receptor-complexes
responsible for STAT3 activation must be protected from plasma membrane manipulation
within 5 minutes (Fig. 6A, 6B). From these data we conclude that persistent STAT3
activation arises from an internal structure (Fig. 6A). These observations also suggest that
Y705 phosphorylated STAT3 and S727 phosphorylated STAT3 are temporally and spatially
distinct protein species. STAT3 protein that is Y705 phosphorylated rapidly translocates to
the nucleus, which would prevent MAPK interaction and S727 phosphorylation on the same
protein. The reduction in STAT3 activation and nuclear aggregation after low pH washes
and a 45 minute chase also suggests some level of delayed receptor internalization is
involved in the persistence of STAT3 Y705 phosphorylation that may be tied to MAPK
signaling.
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To test whether STAT3 signal persistence and nuclear inclusion is the product of a single
activation event or continual reactivation, activated receptor complexes were inhibited by
the inclusion of the JAK inhibitor P6 within the media during the chase stage. The addition
of P6 to the chase media dramatically reduced the extent and persistence of STAT3 Y705
activation, which was completely absent at chase time points beyond 15 minutes(Fig. 6A).
Addition of P6 to the chase media resulted in a very significant reduction in STAT3 nuclear
inclusion at all chase time points after 5 minutes when compared to all other treatments
(Two-Way ANOVA, P < 0.001 comparing P6 to all other treatments) (Fig. 6B). These data
indicate that persistent STAT3 signal transduction and nuclear inclusion requires continuous
cytoplasmic stimulation from activated receptor complexes within an endosomal structure
and is not dependent upon continuous activation from the plasma membrane.

Transcriptionally Competent STAT3 is Directly Activated from Endosomal Structures
The inhibition of endocytosis, disruption of endocytic trafficking, STAT3 nuclear
relocalization and pulse-chase experiments all suggest STAT3 is activated from vesicular
structures within the cytoplasm (Figs. 3, 4, 5, 6). To directly test the capacity of endosomes
to activate STAT3, in vitro kinase assays were performed utilizing exogenous STAT3 target
and IL-6 activated endosomes. Endosomes were isolated as pooled 16,000 x g and 115,000 x
g fractions from HepG2 cells at restor following 5 or 10 minute treatment with 20 ng/mL
IL-6 at 37 °C. These endosomes were then incubated with recombinant His-tagged STAT3
target for 30 minutes at 30 °C and the target isolated using Ni-NTA beads. STAT3 target
incubated with IL-6-activated endosomes experienced substantially greater Y705
phosphorylation than target incubated with endosomes from untreated cells (Fig. 7A).
Endosomes from cells treated with IL-6 for 5 minutes demonstrated the greatest kinase
activity, corresponding with the time period in which an initial STAT3 activating event
occurs, as demonstrated by the pulse-chase experiments(Fig 6A).. To rule out the potential
false positive created by dimerization between His-STAT3 and phosphorylated, endogenous
STAT3 from the endosomes fraction, 80 μM STATTIC was added directly to the kinase
assay. STATTIC prevented phosphorylation of the STAT3 target, ensuring target
phosphorylation was the product of the in vitro assay itself (Fig. 7A). Untreated STAT3
target was only detected within the Ni-NTA pulldown fraction, indicating the entire amount
of target used was isolated by the Ni-NTA beads (Fig. 7A). Substantial STAT3 in the resting
and phosphorylated state was also detected within the ‘no pulldown’ fraction, indicating a
clear separation of His-STAT3 from endogenous STAT3 within the endosomes fraction
(Fig. 7A). To determine the transcriptional relevance and capacity of endosome activated
STAT3, biotinylated oligonucleotide containing the M67 SIE promoter was used to isolate
STAT3 from the kinase reactions instead of Ni-NTA beads. The presence of the His-tag
within the pull-down fraction indicates that the STAT3 target was capable to bind DNA
following phosphorylation by endosome-associated receptor complexes(Fig. 7B). These
experiments demonstrate that STAT3 is directly activated by endosomes and endowed with
the capacity to bind DNA, suggesting that transcriptionally-relevant STAT3 signals arise
from endosomal structures.

Discussion
Three important aspects of STAT3 endosome-based signaling are demonstrated in this
study. First, STAT3 signal activation, signal persistence, and transcriptional activity arise
from endocytic structures. Second, crosstalk between the MAPK and STAT3 signaling
systems is requisite for maximal STAT3 transcriptional activity, and these events depend
upon Erk1/2 activation from late endosomal structures. Third, the subcellular localization of
activated STAT3 is not strictly dependent upon endocytic trafficking.
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Previous work has localized STAT3 to vesicular, endosomal structures and shown the
relevance of internalization upon STAT3 transcriptional activity within the IL-6 signaling
system [22]. In support of these observations, our data confirm STAT3 localization to
endosomal structures and the necessity of internalization for transcriptional activity (Figs. 2,
3). Localization alone does not demonstrate the necessity of endosomes for the initiation or
regulation of STAT3 signal transduction. If STAT3 is activated at the plasma membrane,
then any transcriptional reduction upon inhibition of endocytosis is a consequence of
trafficking deficits. Under these circumstances, endosomes would function as a mechanism
for transport of activated STAT3 and would not play a direct role in STAT3 activation.
Indeed, internalization is not necessary for STAT3 activation by receptor tyrosine kinases
but is required for STAT3 nuclear localization within these systems [23, 24]. This is
consistent with the signaling endosome hypothesis and its supporting work, which claims
endosomes responsible for signal trafficking and fidelity [1, 5, 6, 11].

Our observations taken together, however, indicate that endosomes function primarily as a
mechanism for local STAT3 signal initiation, amplification and modification rather than a
vector for intracellular transport and distribution within the IL-6 system. We clearly
demonstrate internalization itself as crucial for IL-6-induced STAT3 activation since STAT3
signal transduction, localization and transcription are all abrogated when endocytosis is
inhibited (Figs. 3, 5). Transcriptionally relevant STAT3 also interacts with endosomes (Fig.
2) and these structures demonstrate the capacity to directly phosphorylate STAT3 and
induce DNA binding (Fig. 7). That STAT3 activation follows internalization fundamentally
contradicts canonical signaling models in which STAT3 is activated at the plasma
membrane [12, 13]. While STAT3 activation is rapid, characteristic and prolonged STAT3
signaling requires recurrent IL-6 activation from an internal structure, not the plasma
membrane, as shown in the pulse-chase studies (Fig. 6). In addition, endosomes containing
activated IL-6 receptor complexes augment STAT3 transcriptional activity through MAPK
activation and subsequent S727 phosphorylation. The STAT3 S727 residue is flanked by an
Erk1/2 kinase phosphorylation sequence [47], -P-X-S-P-, and has been shown to be
phosphorylated by both MEK1 and Erk1/2 following receptor tyrosine kinase activation [31,
32]. We demonstrate that PD98059 MAPK inhibition and endocytic traffic restriction
substantially reduce both STAT3 S727 and Erk1/2 activation following IL-6 treatment (Fig
1A, 1B, 4A, 4B). These observations indicate that STAT3 S727 phosphorylation and
transcriptional modulation following IL-6 treatment is a consequence of interaction with the
MAPK signaling system and that this interaction takes place upon late endosomal structures
(Figs. 1, 4). Finally, we found STAT3 nuclear localization reduced but not eliminated when
endocytic trafficking was halted(Fig. 5). As a consequence, endosomes cannot be the sole or
primary means of STAT3 subcellular distribution in response to IL-6. This finding also
suggests that interaction between STAT3 and endosomes is brief and that STAT3 moves
away from endosomal structures following signal initiation.

Our data support a model in which IL-6 ligand binding at the plasma membrane induces
receptor complex internalization into an endosomal structure (Fig. 8). These endosomes then
function as beacons of activation as they move through the endocytic pathway, directly and
catalytically phosphorylating local cytoplasmic populations of STAT3 through brief,
transient interactions. Activated STAT3 then utilizes a means of subcellular transportation
separate from the endocytic pathway to reach the nucleus and initiate transcription. The rate
of STAT3 diffusion is rapid, but short-lived [2]. Provided the point of STAT3
phosphorylation is within 200 nm of the final target, we propose local activation and
diffusion away from IL-6 signaling endosomes as a probable mechanism for STAT3 nuclear
localization. Previous work has shown STAT3 to constitutively shuttle between the
cytoplasm and nucleus, and nuclear accumulation the consequence of a phosphorylation-
induced conformational change within STAT3 that prevents nuclear export [15–17].
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Recurrent, perinuclear activation of cytoplasmic STAT3 from an endosome would shift the
balance between STAT3 nuclear import and export towards a higher rate of import, resulting
in STAT3 nuclear aggregation. Upon reaching the late endosome, IL-6-receptor complexes
induce MAPK signaling to further modify STAT3 signaling and transcriptional activity
through S727 phosphorylation. Following transcription, STAT3 returns to the cytoplasm
whereupon it is reactivated by JAK1 or MAPK upon IL-6 signaling endosomes. As
activated STAT3 receptor complexes are degraded within the lysosome and protein
inhibitors of STAT3 signaling are produced, STAT3 signal propagation is terminated. The
disparate manner in which receptor tyrosine kinase and cytokine receptor systems utilize
endosomes warrants substantially greater investigation into the role these structures play in
signal transduction.
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Figure 1. IL-6 Activates STAT3 and Erk1/2
(A) HepG2 cells were treated with IL-6 (20 ng/mL) for the indicated period of time. STAT3
and Erk1/2 activation was assessed by phosphorylation profile. The MEK1/2 inhibitor PD
98059, the STAT3 inhibitor STATTIC, and the broad spectrum JAK inhibitor P6 were all
applied for 15 minutes prior to IL-6 treatment. Blots shown are representative of at least
three separate, replicate experiments. (B) M67 SIE luciferase reporter activity in HepG2
cells treated with IL-6 for 3 or 6 hours. Cells were incubated with inhibitors for 15 minutes
prior to IL-6 treatment. Fold change is compared against untreated samples. PD98059
treated cells exhibited a significant reduction in luciferase activity as compared to cells
without inhibitor at both 3 and 6 hours post-IL-6. No significant luciferase activity was
detected in STATTIC treated cells at any time period. Data were analyzed by two-way
ANOVA with Student-Neuman-Keuls (SNK) pairwise comparison. Error bars indicate 95%
confidence intervals. * indicates significant difference from untreated, p < 0.05. $ indicates
significant difference between specified treatments, p < 0.05.

German and Howe Page 17

Exp Cell Res. Author manuscript; available in PMC 2013 October 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. STAT3 Associates with Vesicular Structures
Blots shown are characteristic of results seen within at least three separate and replicate
experiments. (A) Subcellular fractions isolated from IL-6 (20 ng/mL) treated HepG2 cells
using Balch homogenization and differential centrifugation as described within the materials
and methods section. (B) Transmission electron microscopy of the combined 16,000 x g and
115,000 x g “endosomes” fraction after phosphotungstic acid negative staining, showing and
enriched population of membrane-bound organelles. (C) HepG2 cells were treated with IL-6
(20 ng/mL) for the indicated period of time and subcellular fractions were isolated. The
endosomes and nuclear fractions were prepared as described and incubated with a
biotinylated M67 SIE oligonucleotide to test the DNA binding capacity of STAT3 within
these fractions. Protein bound to DNA was separated by pull down with neutravidin beads
and identified as ‘SIE Pulldown’. Protein that did not bind DNA and precipitate with
neutravidin beads is identified as ‘No Pulldown’.
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Figure 3. STAT3 Requires Endocytosis for Activation
(A) Phosphorylation profile of STAT3 and Erk1/2 following IL-6 treatment (20 ng/mL) for
the indicated period of time. Cells were treated with clathrin-mediated internalization
inhibitor chlorpromazine (CPZ) or held at 4° C for 15 minutes prior to IL-6 application.
Three separate replicate experiments are represented by the blots shown. (B) M67 SIE
luciferase reporter activity in IL-6 treated cells that were held at 4° C, inhibited with CPZ, or
treated without inhibitors for the period of time indicated. Inhibition and temperature
manipulation was applied for 15 minutes prior to IL-6 treatment. Fold change is compared
against cells not treated with IL-6. Neither 4 °C restricted or CPZ treated cells exhibited a
significant increase in luciferase activity as compared to untreated cells either 3 or 6 hours
following IL-6 treatment. Data were analyzed by two-way ANOVA and pairwise
comparisons were made using the SNK method. Error bars indicate 95% confidence
intervals. * indicates significantly different from untreated, p < 0.05. $ indicates significant
difference between specified treatments, p < 0.05.
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Figure 4. STAT3 is Activated from Endocytic Structures
(A) STAT3 and Erk1/2 phosphorylation profile after IL-6 treatment (20 ng/mL) for the
indicated time period. Disruption of endocytic trafficking was achieved by altering vesicular
pH with ammonium chloride (NH4Cl) or monensin treatment, or holding cells at 15° C for
15 minutes prior to IL-6 application. Blots shown are representative of at least three separate
replicate experiments. (B) M67 SIE luciferase reporter activity in cells treated with IL-6 for
the amount of time indicated. Inhibition or temperature manipulation was done for 15
minutes prior to IL-6 application. Fold change is compared to cells untreated with IL-6. No
significant increase in luciferase activity over untreated controls was detected in 15 °C
restricted cells at either 3 or 6 hours following IL-6 treatment or in NH4Cl treated cells 3
hours after IL-6 treatment. NH4Cl treated cells exhibited a significant increase in luciferase
activity over untreated cells 6 hours post-IL-6, but this level of activity was significantly
when compared to cells without inhibitor. Error bars indicate 95% confidence intervals and
data were analyzed by two-way ANOVA with pairwise comparisons made using the SNK
method. * indicates significantly different from untreated, p < 0.05. $ indicates significant
difference between specified treatments, p < 0.05.
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Figure 5. STAT3 Rapidly Localizes to the Nucleus Following IL-6 Treatment
(A) STAT3 staining within HepG2 cells under various inhibitor treatments and temperature
restriction following IL-6 treatment. Panels on the left demonstrate STAT3 staining in both
the nuclear and cytoplasmic compartments. Panels on the right demonstrate fields from
which mean fluorescent intensity of STAT3 nuclear staining was calculated. (B) Mean
fluorescent intensity of STAT3 nuclear staining under the treatment conditions in (A)
calculated as described in the Experimental Procedues. Error bars represent 95% confidence
intervals and significance is discussed within the Results section. Scale bars are equivalent
to 20 um.
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Figure 6. Persistent STAT3 Activation Arises from Endocytic Structures
(A) STAT3 and Erk1/2 phosphorylation profile following pulse or pulse-chase 20 ng/mL
IL-6 treatment as described in the Experimental Procedures and the Results sections. Blots
shown are representative of results seen in at least three independent experiments. (B) Mean
fluorescent intensity of STAT3 nuclear staining across a time course of 20 ng/mL IL-6 pulse
and pulse-chase conditions. Error bars indicate 95% confidence intervals and significance is
discussed within the Results section.

German and Howe Page 22

Exp Cell Res. Author manuscript; available in PMC 2013 October 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Endosomes Directly Activate STAT3
(A) Phosphorylation profile of His-STAT3 by in vitro kinase assay. Endosomes isolated
from HepG2 cells treated with 20 ng/mL IL-6 as indicated were mixed with His-tagged
recombinant human STAT3 target for 30 minutes at 30 C. Ni+-NTA pulldown indicates
protein isolated with Ni+-NTA agarose beads. No pulldown indicates protein that did not
bind Ni+-NTA beads. Blots shown are representeative of at least three, replicate
experiments. (B) M67 SIE oligo binding following an endosome in vitro kinase assay as in
(A). At the conclusion of the kinase assay, 500 ng biotinylated M67 SIE oligo was used to
pull down protein with DNA binding capacity as described within experimental procedures.
‘Pulldown’ indicates protein bound to the biotinylated oligo and isolated with neutravidin
beads. ‘No Pulldown’ indicates protein that did not bind the biotinylated oligo.
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Figure 8.
Model of Endocytic Regulation of IL-6-Induced STAT3 Signaling.
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