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Insulin-like growth factor binding protein (IGFBP)e1 influences fetal growth by modifying insulin-like
growth factoreI (IGF-I) bioavailability. IGFBP-1 phosphorylation, whichmarkedly increases its affinity for
IGF-I, is regulated by mechanistic target of rapamycin (mTOR) and casein kinase (CSNK)e2. However, the
underlying molecular mechanisms remain unknown. We examined the cellular localization and potential
interactions of IGFBP-1, CSNK-2b, and mTOR as a prerequisite for proteineprotein interaction. Analysis of
dual immunofluorescence images indicated a potential perinuclear co-localization between IGFBP-1 and
CSNK-2b and a nuclear co-localization between CSNK-2b and mTOR. Proximity ligation assay (PLA)
indicated proximity between IGFBP-1 and CSNK-2b as well as mTOR and CSNK-2b but not between mTOR
and IGFBP-1. Three-dimensional rendering of the PLA images validated that IGFBP-1 and CSNK-2b in-
teractions were in the perinuclear region and mTOR and CSNK-2b interactions were also predominantly
perinuclear rather than nuclear as indicated bymTOR and CSNK-2b co-localization. Compared with control,
hypoxia and rapamycin treatment showed markedly amplified PLA signals for IGFBP-1 and CSNK-2b
(approximately 18-fold, P Z 0.0002). Stable isotope labeling with multiple reaction monitoringemass
spectrometry demonstrated that hypoxia and rapamycin treatment increased IGFBP-1 phosphorylation at
Ser98/Ser101/Ser119/Ser174 butmost considerably (106-fold) at Ser169. We report interactions between
CSNK-2b and IGFBP-1 as well as mTOR and CSNK-2b, providing strong evidence of a mechanistic link
between mTOR and IGF-I signaling, two critical regulators of cell growth via CSNK-2. (Am J Pathol 2018,
188: 111e124; https://doi.org/10.1016/j.ajpath.2017.09.009)
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During fetal development, insulin-like growth factor (IGF)
binding protein (IGFBP)-1, which is primarily secreted by the
fetal liver, is the most predominant IGFBP.1 Phosphorylation
of IGFBP-1 increases its affinity for IGF-I, resulting in in-
hibition of IGF-I function.2 Phosphorylation is suggested to
play an important role in the development of fetal growth
restriction (FGR),3 a condition associated with marked
IGFBP-1 hyperphosphorylation that results in reduced
bioavailability of IGF-I, a key regulator of fetal growth.4e7
stigative Pathology. Published by Elsevier Inc
Casein kinase (CSNK)-2 is a pleiotropic, multifunctional,
universal protein kinase crucial in cell differentiation, prolif-
eration, and survival and can phosphorylate multiple
. All rights reserved.
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proteins.8,9 CSNK-2 plays a global constitutive role within the
cell.10 Two of the three phosphorylated serine residues on
IGFBP-1 conform to the general recognition motif for CSNK-
2.11 Indeed, we previously reported that inhibition of CSNK-2
activity reduces IGFBP-1 phosphorylation in human hepato-
cellular carcinoma (HepG2) cells,7,11 consistent with the
possibility that CSNK-2 phosphorylates IGFBP-1 in vivo.
CSNK-2 is a ubiquitous serine/threonine kinase localized in the
cytoplasm, nuclei, and several other cell organelles.12 It is also
bound to the exterior of the cell membrane as an ectokinase,
and thus can phosphorylate extracellular proteins.13 Whether
IGFBP-1 is phosphorylated by CSNK-2 and at which subcel-
lular location this occurs remain to be fully established.

CSNK-2 is composed of two regulatory a and/or a0 sub-
units and two noncatalytic b subunits.9 Previous studies have
indicated that CSNK-2 is regulated by several protein-
protein interactions and that the CSNK-2 subunit b regu-
lates the cellular and biological functions of the kinase.14

CSNK-2 is up-regulated in hypoxia.15 Similarly, IGFBP-1
secretion and phosphorylation are also induced in hypox-
ia,16,17 which potently inhibits the action of IGF-I.17 In
addition, mechanistic target of rapamycin (mTOR) is a
serine/threonine kinase that controls cell growth and meta-
bolism, which is primarily mediated by effects on protein
translation.18,19 Our previous data indicate that inhibition of
mTOR stimulates CSNK-2 activity and IGFBP-1 secretion
and phosphorylation and decreases IGF-I action, an effect
that is prevented by CSNK-2 inhibition.7 Collectively, these
data strongly suggest that regulation of IGF-I bioavailability
in response to hypoxia is controlled by IGFBP-1 phosphor-
ylation, which is linked to mTOR inhibition17 and activation
of protein kinase CSNK-2.7,11,17 It is likely that hypoxia can
potentiate CSNK-2 activation mediated by mTOR inhibition,
resulting in IGFBP-1 hyperphosphorylation.6 Whether the
effects of mTOR on IGFBP-1 secretion and phosphorylation
may be due to their proximity with CSNK-2 is largely un-
known. We speculate that CSNK-2b may be co-localized
with IGFBP-1 and mTOR and can mediate IGFBP-1 phos-
phorylation. This is plausible because CSNK-2b can recog-
nize many biological targets, while retaining specificity.

To address this gap in knowledge, multiple complementary
strategies that provide direct visualization of the potential co-
localization of CSNK-2b with mTOR and IGFBP-1 in
cultured HepG2 cells were used. We applied dual immuno-
fluorescence staining, confocal microscopy, and co-
immunoprecipitation under physiologically relevant condi-
tions. Moreover, proximity ligation assay (PLA) was used to
determine whether there is proximity between these proteins.
Furthermore, three-dimensional rendering of the PLA images
was performed to determine localization of the PLA signals
for these proteins relative to the nucleus. Subsequently,
quantitative proteomics was used by applying stable isotope
labeling of amino acids in cell culture (SILAC) combinedwith
multiple reaction monitoringemass spectrometry (MRM-
MS) for mapping targeted sites phosphorylated on IGFBP-1
in response to CSNK-2b/mTOR interactions in hypoxia.
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Materials and Methods

Cell Culture

HepG2 cells were purchased from ATCC (Manassas, VA).
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 media supplemented with 10% fetal bovine
serum (FBS) (Invitrogen Corp., Carlsbad, CA) at 37�C with
atmospheric air (20% oxygen and 5% carbon dioxide). For
dual immunofluorescence staining and PLA experiments,
HepG2 cells (50,000 per well) were cultured (60% to 70%
confluence) on 1:10 poly-L-lysine (Cultrex, Cambridge,
MA) coated coverslips and placed in six-well plates.

Hypoxia in Combination with Serum Starvation

On the basis of a previously optimized protocol,17,20e22

HepG2 cells were serum starved using DMEM/F-12 sup-
plemented with 2% FBS for 24 hours and then incubated in
a hypoxia chamber (Billups-Rothenburg, San Diego, CA).
The hypoxia chamber was flushed with a continuous flow of
1% oxygen, 5% carbon dioxide, and balanced nitrogen
(BOC Canada Ltd., Mississauga, ON, Canada) for 15 mi-
nutes to ensure saturation, which we have shown previously
to retain constant oxygen saturation for up to 72 hours.22

The sealed chamber was then placed on an orbital shaker
in a tissue culture incubator at 37�C. Cell media and cells in
lysis buffer were collected after 24 hours of hypoxic
exposure and stored at �80�C.

Inhibition of mTOR Signaling

HepG2 cells were serum starved with 2% FBS for 24 hours
similarly as for hypoxia. On the basis of the dose and time
dependency treatments, cells were treated with the mTOR
inhibitor rapamycin (100 nmol/L) and placed in the hypoxic
chamber or cultured normally for 24 hours at 37�C.17 After
treatment, cell media and cell lysate were collected and
stored at �80�C.

Antibodies

The following primary antibodies were used: monoclonal
antibody (mAb) IGFBP-1 (catalog number 0027301; Medix
Biochemica, Kauniainen, Finland), mAb mTOR (catalog
number sc-136269; Santa Cruz Biotechnology, Dallas, TX),
rabbit polyclonal CSNK-2b [gift from Dr. David Litchfield
(University of Western Ontario, London, Ontario, Canada)],
rabbit polyclonal IGF-I (catalog number PABCa; GroPep,
Thebarton, Australia), rabbit polyclonal IGFBP-1 [gift from
Dr. Robert Baxter (Kolling Medical Research Institute,
Sydney, Australia)], rabbit polyclonal Ki-67 (catalog num-
ber ab15580; Abcam, Cambridge, MA), and IgG (LþH)
(Bethyl Laboratories, Montgomery, TX). Preimmune serum
used as negative controls were Dako mouse IgG1 and Dako
rabbit immunoglobulin fraction (normal) (Agilent
ajp.amjpathol.org - The American Journal of Pathology
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Co-Localization of IGFBP-1/CSNK-2b/mTOR
Technologies, Santa Clara, CA). Secondary antibodies used
in immunohistochemistry (IHC) were anti-rabbit Alexa 568
(catalog number A11036) and anti-mouse Alexa 660 (cat-
alog number A21055) (Thermo Fisher, Waltham, MA).

Dual Immunofluorescence

After fixation with 1 mL of 4% paraformaldehyde, the cells
in six-well plates (60% to 70% confluency) were washed
with phosphate-buffered saline (PBS) (3 times for 5 mi-
nutes) and then incubated for 30 minutes with 0.5% Triton
X-100 to make them permeable. Cells were encircled with a
hydrophobic pen (Dako, Agilent Technologies). All in-
cubations were performed in a humidified chamber at room
temperature. After another set of three 5-minute PBS
washes, the cells were then treated using Dako Background
Sniper (Biocare Medical, Concord, CA) for 10 minutes to
reduce nonspecific binding. After a quick PBS wash, the
cells were incubated with a combination of primary anti-
bodies. The combinations of antibodies used were as fol-
lows: i) mAb IGFBP-1 and rabbit polyclonal CSNK-2b, ii)
mAb IGFBP-1 and rabbit polyclonal Ki-67, and iii) mAb
mTOR and rabbit polyclonal CSNK-2b antibody. The di-
lutions for the primary antibodies were IGFBP-1 (1:2500),
Ki-67 (1:100), mTOR (1:100), and CSNK-2b (1:1000).

The cells were then washed three times for 5 minutes each
with PBS. Combinations of secondary antibodies, anti-rabbit
Alexa 568, and anti-mouse Alexa 660 (1:400) were added to
the cells for 1 hour and subsequently washed in PBS (3 times
for 5 minutes each). The cells were then counterstained with
DAPI (Life Technologies, Burlington, ON, Canada) (1:200
dilution) for 2 minutes. Subsequently, the coverslips were
mounted on microscope slides (Fisher Scientific, Fairlawn,
NJ) with 60 mL of Prolong Diamond Mounting Media (Life
Technologies) and dried overnight before imaging.

Confocal Image Acquisition

Images were captured with a 63� Plan-Apochromat oil
immersion lens on a Zeiss LSM 510 DUO Vario Confocal,
using Zen 2 software version 1.1.1.0 (Carl Zeiss Canada
Ltd., North York, ON, Canada). Filters were selected to
avoid all crosstalk between channels. Alexa 660 was excited
with a 5 MW 633 nm HeNe laser, and the signal was
collected through a 650-nm long-pass emission filter. For
Alexa 568, a 1 MW 543 nm HeNe laser was used for
excitation with a bandpass emission filter of 560 to 615 nm.
DAPI signal was excited with a 50 MW 405-50 Diode laser
and captured through a 420- to 480-nm bandpass emission
filter.

Two- and Three-Dimensional Analyses of Confocal IHC
Images

Image rendering in two and three dimensions was per-
formed with Image Pro Premier 3D software version 9.2
The American Journal of Pathology - ajp.amjpathol.org
(Media Cybernetics, Rockville, MD) using the co-
localization module. For representation of nuclear versus
cytosolic co-localized signals, the DAPI (nuclear) signal
was selected and used to generate a mask of the nuclear
area, which was subtracted from the cellular image to
generate isolated cytosolic signal.

Iso-surfaces were generated to localize the region of
analysis using the red (IGFBP-1), red (mTOR), green
(CSNK-2b), and blue (DAPI) channel. A clipping plane was
generated to reveal signal localization Iso-surface, and
counting thresholds were set using the autobright, or Otsu’s
thresholding method was used to prevent user bias.

Co-Immunoprecipitation of IGFBP-1, CSNK-2b, and
mTOR

Preparation of Protein A Sepharose
Protein A Sepharose (100 mL 50% slurry each; GE
Healthcare, Mississauga, ON, Canada) in four different
batches was washed in PBS that contained 0.1% Tween-20
at 6500 � g at 4�C. Next, the antibodies IGFBP-1 mAb
6303, CSNK-2b, mTOR, and IgG (LþH) (negative control)
were diluted in 5X HEPES buffer (pH 7.4). Each of the
diluted antibodies (approximately 200 ng) were incubated
separately in tubes that contained the prewashed Protein A
Sepharose in PBS (total of 1 mL) that contained Tween-20
and rotated overnight at 4�C. The antibody-coated Protein A
Sepharose samples were washed in PBS and Tween-20 and
used for immunoprecipitation.

Preparation of Cell Lysate and Immunoblot Analysis
To determine whether i) IGFBP-1 and CSNK-2b, ii)
mTOR and CSNK-2b, and iii) IGFBP-1 and mTOR interact
under physiologic conditions in vitro, a traditional co-
immunoprecipitation approach was used. HepG2 cells
were cultured in 25-cm2

flasks for 24 hours, the cell media
was aspirated, and the cells were washed using cold PBS.
The cells were lyzed using lysis buffer (Cell Signaling
Technologies, Beverly, MA) containing protease and
phosphatase inhibitor cocktails (Sigma-Aldrich, St. Louis,
MO) as described previously.17 The cell lysates were soni-
cated and cleared by centrifugations at 17,000 � g for 30
minutes at 4�C. Total protein contents were determined by
Bradford reagent (BioRad Laboratories, Burlington, ON,
Canada). Each of the four aliquots of the cell lysates (500 mg
of total protein each) were buffer exchanged against PBS
that contained Tween-20 using 10 K Ultracel centrifugal
filter units (Millipore, Carrigtwohill, Ireland). The samples
were reconstituted to 1 mL in PBS and Tween-20 and were
loaded onto precoated Protein A Sepharose beads with
IGFBP-1 mAb 6303, CSNK-2b, mTOR, and IgG antibodies
separately and incubated rotating overnight at 4�C. The
unbound proteins were cleared by centrifugation and the
Protein A Sepharose beads bound with the target proteins
were washed in PBS and Tween-20 followed by PBS alone.
The target proteins were then extracted using 100 mL of the
113
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sample buffer [containing 6 mol/L urea, 2% 3-((3-
cholamidopropyl) dimethylammonio)-1-propanesulfonate
and 20 mmol/L dithiothreitol]. The samples were stored in
�80�C for further analysis by immunoblot.

Immunoblot analysis was performed as previously
described.7 Briefly, aliquots of the immunoprecipitated
samples (10 mL) were probed using immunoblotting and
anti-human IGFBP-1 polyclonal antibody to test for the
presence of IGFBP-1 in the samples immunoprecipitated
using IGFBP-1 mAb 6303 and CSNK-2b antibodies.
Polyclonal CSNK-2b antibody was used to test the presence
of CSNK-2b. Furthermore, mAb mTOR was used to test the
presence of mTOR in the samples immunoprecipitated
using IGFBP-1 mAb 6303 or CSNK-2b antibody. In each
case, IgG antibody was used as a negative control. After
SDS-PAGE, the immunoblots were blocked in 5% milk or
BSA for 1 hour and incubated with the corresponding pri-
mary antibodies overnight at 4�C. Secondary antibodies
were goat anti-mouse or goat anti-rabbit horseradish
peroxidase conjugates. The images were developed using
Clarity ECL Western blotting substrate (BioRad Labora-
tories) and captured using the Versa Doc imaging system
and Image Lab software version 6.0 (BioRad Laboratories).

PLA

HepG2 cells on coated coverslips (in six-well plates) were
grown until 60% to 70% confluent. Cells in culture were
treated with rapamycin, hypoxia, or combined hypoxia and
rapamycin and in control condition (normoxia) for 24 hours
as described above. Subsequently, cells were fixed, encir-
cled with hydrophobic pen, permeabilized, and incubated at
room temperature in a humidified chamber, similarly as for
immunofluorescent staining. After three 5-minute PBS
washes, cells were treated with blocking solution (Sigma-
Aldrich) for 30 minutes at 37�C and then probed with
specific combination of primary antibodies for 1 hour at
room temperature. The combinations were as follows: i)
IGFBP-1 mAb 6303 (1:2500) and rabbit polyclonal CSNK-
2b (1:1000), ii) mAb mTOR (1:100) and rabbit polyclonal
CSNK-2b (1:1000), iii) IGFBP-1 mAb 6303 and rabbit
polyclonal IGF-I (1:25), and iv) rabbit polyclonal IGFBP-1
(1:10,000) and mAb mTOR (1:100). The PLA reaction was
performed using PLA secondary probes diluted 1:5 in
Duolink antibody diluent (Sigma-Aldrich) and incubated for
1 hour. The PLA secondary probes used were Duolink PLA
Anti-Rabbit Plus and Anti-Mouse Minus. Subsequent liga-
tion and amplification were performed using reagents and
according to the manufacturer’s instructions.

Coverslips were mounted on slides with mounting media
(Sigma-Aldrich) that contained DAPI counterstain. Image
acquisition was performed using fluorescent images ac-
quired on an AxioImager Z1 Epifluorescent Microscope
(Carl Zeiss Canada Ltd.). At 20� magnification, 10 regions
were randomly selected per slide, and Z-stack images were
captured and converted to extended depth of focus TIFF
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images. PLA quantification was conducted using Image Pro
Premier 3D software. PLA spots were identified and cells
were manually counted based on positive DAPI staining and
quantified using the software based on red signal intensity
and spot size. PLA interactions per cell were calculated by
dividing the PLA spots by the total number of cells in each
region of interest. PLA interactions per cell were plotted,
and a t-test was performed using GraphPad Prism software
version 6 (GraphPad Software Inc., La Jolla, CA).

Three-Dimensional Image Analysis for PLA Signals

Three-dimensional analysis was performed with Imaris
software version 8.0.2 using the iso-surfacing and spots
functions. Nuclear (DAPI) signals were iso-surfaced using
default thresholds. The PLA signals were iso-surfaced using
the automated spots function, which localizes the signal to
its origin for accurate spatial representation. Cutaway views
were generated with the clipping plane function to reveal
localization of the signals relative to the nucleus.

Quantitative Proteomics

SILAC and Sample Preparation
We used quantitative MRM-MS in combination with
immunoprecipitation and SILAC23 to quantify the site-
specific changes in phosphorylation of IGFBP-1 in HepG2
cells in hypoxia or hypoxia and rapamycin treatments versus
controls (normoxia). Three batches of HepG2 cells were
grown in custom-made DMEM/F12 supplemented with
10% dialyzed FBS as follows: The first batch was grown in
regular DMEM/F12, the second batch was grown in
DMEM/F12-SILAC media containing the stable isotope
5,5,5,D3-L-leucine (þ3 Da), and the third batch was grown
in DMEM/F12-SILAC media containing the stable isotope
1-13C-L-leucine (þ1 Da). Cells from each batch were then
passaged at least six times to ensure efficient incorporation
of the heavy labeled amino acid. Successful 1:1:1 (unlabeled
control:5,5,5,D3- L-leucine:1-13C-L-leucine) incorporation of
isotope labels was determined by IGFBP-1 immunoprecip-
itated from cell media, followed by in-solution digestion by
both AspN and trypsin and MRM-MS detection. Equal
detection of the unlabeled and heavy labeled peptides was
obtained by similar peak area, automatically determined by
Skyline software version 3.7 (MacCoss Lab Software,
Seattle, WA). Once a 1:1:1 incorporation of heavy isotope
labels to the control unlabeled samples was determined,
cells were then plated in 12-well culture dishes in triplicates
for 24 hours and then starved in 2% FBS. After 24 hours,
the cells from the second batch were grown in 2% dialyzed
FBS DMEM/F12elabeled SILAC media (5,5,5,D3-L-
leucine) and were treated in a hypoxia chamber as described
earlier (1% oxygen), whereas cells from the third batch were
grown in 2% dialyzed FBS DMEM/F12elabeled SILAC
media (1-13C- L-leucine) and were treated with 100 nmol/L
rapamycin and hypoxia combined. The untreated normoxic
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Dual immunofluorescence staining
for the co-localization of insulin-like growth factor
(IGF) binding protein (IGFBP)-1 and casein kinase
(CSNK)-2b. Human hepatocellular carcinoma
(HepG2) cells were stained with anti-mouse IGFBP-
1 (monoclonal antibody 6303), anti-rabbit IGF-I,
and anti-rabbit CSNK-2b antibodies. Correspond-
ing secondary antibodies were Alexa anti-mouse
660 and anti-rabbit 568. Images were captured
via confocal microscopy. A and B: IGFBP-1 (red) is
predominantly localized in the perinuclear region
of the cells (A), whereas CSNK-2b (green) is
detected throughout the cell (B). C: Merged
channel image shows co-localization predomi-
nantly in the perinuclear region (yellow). D: Co-
localization of IGFBP-1 (red) and IGF-I (green) in
HepG2 cells, indicating a positive control. E: Dual
immunofluorescence with no primary antibodies
depicting a negative control where no staining was
visualized. Scale bars: 20 mm.

Co-Localization of IGFBP-1/CSNK-2b/mTOR
cells were grown in 2% dialyzed FBS DMEM/F12. After 24
hours of treatment, the cell media was collected, and 1 mL
of each experimental condition (normoxia, hypoxia, and
hypoxia and rapamycin) were pooled and buffer exchanged
against PBS and concentrated (10�). IGFBP-1 was then
immunoprecipitated from the concentrated cell media sam-
ples using IGFBP-1 mAb 6303 as described above.

SILAC-Labeled IGFBP-1 Phosphopeptide Identification and
Quantitation Using MRM
After immunoprecipitation, the enriched IGFBP-1 samples
were subjected to in-solution digestion using both AspN and
trypsin endoproteinases as described above. Samples were
then cleaned by C18 resin (catalog number Z720038; Sigma-
Aldrich) and analyzed by MRM-MS as specified previ-
ously.11,17 In summary, digested peptides were electro-
sprayed into the mass spectrometer, which monitored a total
of 98 peptide-specific transitions with a dwelling time of 50
ms per transition (Supplemental Table S1). Relative changes
in IGFBP-1 phosphorylation between the light and two
heavy labeled samples were determined by the total peak
area of the peptide-specific transitions using Skyline soft-
ware and normalized by the intensity of an IGFBP-1 internal
peptide (NH2-ALPGEQQPLHALTR-COOH). For peptides
with multiple phosphorylation sites, specific transitions
were monitored that were specific to the presence or absence
of a single phosphorylation site (specifically, Y14, b6, and
b9 ions for pSer169 and pSer174; y12 and b15 ions for
pSer98 and pSer101).

Results

Co-Localization of IGFBP-1 and CSNK-2b

With IGFBP-1 mAb 6303 (Alexa Red) and rabbit poly-
clonal CSNK-2b (Alexa Green) antibodies and dual
The American Journal of Pathology - ajp.amjpathol.org
immunofluorescent Z-stack confocal images (Figure 1,
AeE), IGFBP-1 was found to be present as clusters around
the nucleus, suggesting a perinuclear localization
(Figure 1A), whereas CSNK-2b appeared to be localized
throughout the cell (Figure 1B). Importantly, IGFBP-1 and
CSNK-2b were co-localized (Figure 1C). As a positive
control, HepG2 cells were dual-stained with IGFBP-1 and
its ligand IGF-I, which also depicted a clear yellow overlap
(Figure 1D). The negative control with preimmune serum
(not included) or in the absence of primary antibodies
showed no nonspecific binding (Figure 1E). Together, these
findings demonstrate extensive co-localization of IGFBP-1
and CSNK-2b, and strongly suggest that the b regulatory
subunit of CSNK-2 likely interacts with IGFBP-1 to regu-
late IGFBP-1 phosphorylation in HepG2 cells.
Perinuclear Co-Localization of IGFBP-1 and CSNK-2b

To confirm IGFBP-1/CSNK-2b co-localization, 63� Z-
stack images were captured with confocal microscopy
(Figure 2, A, C and E). Using imaging software (Image Pro
Premier 3D), iso-surfaces were generated for each individ-
ual channel (red, green, and blue) through which IGFBP-1
staining was found to be present surrounding the nucleus
and varied from cell to cell. These observations suggest a
perinuclear localization of IGFBP-1 in a select subpopula-
tion of cells (Figure 2A). Side plane images (Figure 2, B, D,
and F) enabled us to examine the cross section of HepG2
cells. CSNK-2b was visualized across the cell and also
within the nucleus (Figure 2, C and D). Image Pro Premier
3D software allowed us to merge the red and green iso-
surfaces and detect any channel overlap, which is depicted
as yellow (Figure 2, E and F). These data suggest that
IGFBP-1 and CSNK-2b co-localize predominantly in the
perinuclear region, albeit with significant variability among
115
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Figure 2 Localization of insulin-like growth factor binding protein (IGFBP)-1 and casein kinase (CSNK)-2b using Image Pro-Premier 3D software version
9.2 (Media Cybernetics). A, C, and E: After performing dual immunofluorescence using anti-mouse IGFBP-1 (red) and anti-rabbit CSNK-2b (green) antibodies,
we captured 63� magnified images on a confocal microscope. B, D, and F: To examine the localization of IGFBP-1 and CSNK-2b and their potential co-
localization in HepG2 cells in more detail, iso-surface images were generated with Image Pro-Premier 3D software. Yellow rectangle outlines the cross
section of the Z-stackecaptured dual-immunofluorescence image. IGFBP-1 is present in the perinuclear region but not inside the nucleus; in addition, the
abundance of IGFBP-1 appears to vary from cell to cell (B). CSNK-2b is clearly visualized throughout the cytosol and nucleus of HepG2 cells (D). Merged iso-
surface image with the addition of a co-localization channel depicted as yellow, which is present in the perinuclear region of HepG2 cells (F). Scale
bars: 10 mm.

Singal et al
cells, which may be attributable to variations in IGFBP-1
concentrations.

To study the cell-to-cell variation in IGFBP-1 abundance,
HepG2 cells were dually stained with IGFBP-1 and Ki-67, a
known cell proliferation marker. Ki-67 identified the
116
nucleus of proliferating cells, and proliferating HepG2 cells
were deduced to express low levels of IGFBP-1 compared
with nonproliferating cells (Figure 3, AeC). These data
suggest that nonproliferating HepG2 cells have a higher
IGFBP-1 abundance than proliferating HepG2 cells.
Figure 3 Dual immunofluorescence staining
for insulin-like growth factor binding protein
(IGFBP)-1 expression in proliferating human he-
patocellular carcinoma (HepG2) cells. HepG2 cells
were stained with anti-mouse IGFBP-1 (mono-
clonal antibody 6303) and anti-rabbit Ki-67 anti-
bodies. An antibody targeting Ki-67, a
proliferation marker, was used to detect prolifer-
ating HepG2 cells. A: IGFBP-1 (red) abundance
shows significant cell-to-cell variability. B: Ki-67
(green) identifies growing cells and is clearly
present in the nucleus. C: Merged channel image
clearly depicts that Ki-67epositive HepG2 cells do
not express high amounts of IGFBP-1. Scale
bars: 20 mm.
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Figure 4 Dual immunofluorescence staining
for the co-localization of mechanistic target of
rapamycin (mTOR) and casein kinase (CSNK)-2b.
Human hepatocellular carcinoma cells were stained
with anti-mouse mTOR and anti-rabbit CSNK-2b
antibodies. Corresponding secondary antibodies
were Alexa anti-mouse 568 and Alexa anti-rabbit
660, respectively. Images were captured via
confocal microscopy. A: mTOR (red) is present
throughout the cell but most abundant in the
nucleus. B: CSNK-2b (green) is found throughout
the cell. C: Merged channel image shows co-
localization (yellow). D: Because DAPI staining
obscured the depiction of yellow co-localization,
dual-immunofluorescence staining is visualized
without DAPI. E: To determine the cytosolic co-
localization of mTOR and CSNK-2b, we subtracted
the positive DAPI staining area from the whole cell
image. F: With the use of the positive DAPI stain,
nuclear co-localization of mTOR and CSNK-2b is
observed. Scale bars: 20 mm.

Co-Localization of IGFBP-1/CSNK-2b/mTOR
Two-Dimensional Rendering Reveals mTOR and CSNK-
2b Co-Localize in the Nucleus

We have previously reported that inhibition of CSNK-2
reduces IGFBP-1 phosphorylation and that IGFBP-1 phos-
phorylation is increased after mTOR inhibition.7 Together
these observations indirectly link mTOR with CSNK-2,
suggesting that mTOR may regulate CSNK-2 to modulate
IGFBP-1 phosphorylation. To determine the suggested link,
it was first determined whether CSNK-2b specifically co-
localizes with mTOR. CSNK-2b was present throughout
the cell (Figure 1). To determine the subcellular localization
of mTOR, dual-immunofluorescence staining of mTOR
Figure 5 Co-immunoprecipitation suggests interactions between insulin-like g
as mechanistic target of rapamycin (mTOR) and CSNK-2 in human hepatocellular ca
using IGFBP-1 [monoclonal antibody (mAb) 6303] antibody. The immunoprecip
polyclonal antibody and CSNK-2b antibody. Immunoprecipitation with mAb 6303
cipitated using CSNK-2b antibody. The immunoprecipitated proteins were tested o
Immunoprecipitation with CSNK-2b co-immunoprecipitates IGFBP-1. C: HepG2 c
antibody. The immunoprecipitated proteins were tested on Western blots f
immunoprecipitates CSNK-2b. D: HepG2 cell lysates were immunoprecipitated u
Western blot for mTOR and CSNK-2b. Immunoprecipitation with CSNK-2b co-immu
IGFBP-1 (mAb 6303) antibody. The immunoprecipitated proteins were tested on W
6303 does not co-immunoprecipitate mTOR.
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with CSNK-2b was performed. With the use of anti-mouse
mTOR and anti-rabbit CSNK-2b antibodies (Figure 4A),
mTOR was localized predominantly in the nucleus, as
indicated by the DAPI-stained area. CSNK-2b was present
across the cell (Figure 4B). Visualizing the dual immuno-
fluorescent staining overlap suggested a strong co-
localization of mTOR and CSNK-2b within the nucleus
(Figure 4C), which is best observed when the DAPI signal
was removed from the multichannel image (Figure 4, DeF)
because it obscures visualization of the nuclear mTOR and
CSNK-2b signals. Using Image Pro Premier 3D software,
cytosolic and nuclear images depicting mTOR and CSNK-
2b staining were extracted. With this method, there was
rowth factor binding protein (IGFBP)-1 and casein kinase (CSNK)-2b as well
rcinoma (HepG2) cell lysate. A: HepG2 cell lysates were immunoprecipitated
itated proteins were tested on Western blot for IGFBP-1 using IGFBP-1
co-immunoprecipitates CSNK-2b. B: HepG2 cell lysates were immunopre-

n Western blots for IGFBP-1 using IGFBP-1 polyclonal antibody or CSNK-2b.
ell lysates were immunoprecipitated using anti-human mTOR monoclonal
or mTOR and CSNK-2b. Immunoprecipitation with mTOR antibody co-
sing CSNK-2b antibody. The immunoprecipitated proteins were tested on
noprecipitates mTOR. E: HepG2 cell lysates were immunoprecipitated using
estern blot for mTOR and IGFBP-1. Immunoprecipitation with IGFBP-1 mAb
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Figure 6 Interactions of insulin-like growth factor (IGF) binding protein (IGFBP)-1 with mechanistic target of rapamycin (mTOR) and casein kinase (CSNK)-
2b visualized by proximity ligation assay (PLA). Representative PLA images where the PLA signal (red) represents close proximity (<40 nm) between two
proteins. A: IGFBP-1 interaction with its ligand IGF-I serving as a positive control. B: Without primary antibodies, no PLA signal is observed. C and D:
Representative PLA images of IGFBP-1 and CSNK-2b (C) and mTOR and CSNK-2b (D) showing a distinct PLA signal, suggesting interaction among these
proteins. E: No signal is visible when PLA targeted IGFBP-1 and mTOR, suggesting minimal interaction between these two proteins. Scale bars: 20 mm.
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almost no evidence for cytosolic co-localization of mTOR
and CSNK-2b (Figure 4E), whereas there was strong co-
localization of mTOR and CSNK-2b visualized by yellow
in the nucleus (Figure 4F). These data indicate that mTOR
and CSNK-2b co-localize mainly in the nucleus in HepG2
cells.
Figure 7 Three-dimensional rendering of proximity ligation assay (PLA) sign
insulin-like growth factor binding protein (IGFBP)-1 in human hepatocellular car
nuclear: A: Confocal image of PLA signal from CSNK-2b and IGFBP-1. B: Transpa
C: Rotated IGFBP-1/CSNK-2b. Representative images of CSNK-2b and mechanistic t
PLA signal is predominantly extranuclear. D: Confocal image of PLA signals in CSN
PLA spots in extra nuclear location relative to the nucleus. F: Rotated mTOR and
cytosolic interactions; and green arrows, nuclear interactions. Original magnifica
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Co-Localization of IGFBP-1 and CSNK-2b and of CSNK-
2b and mTOR as Determined by Immunoprecipitation

To confirm that interactions between CSNK-2 and IGFBP-1
occur in HepG2 cells under physiologic conditions, immu-
noprecipitation of IGFBP-1 and the regulatory (b) subunit
als. Representative images of PLA targeting casein kinase (CSNK)-2b and
cinoma (HepG2) cells demonstrate that the signal is predominantly extra-
rent iso-surface of nuclear outline reveals PLA signals in cytoplasmic area.
arget of rapamycin (mTOR) interaction in HepG2 cells demonstrates that the
K-2b and mTOR. E: Transparent iso-surface of nuclear outline reveals most
CSNK-2b. White arrows indicate perinuclear PLA interactions; gold arrows,
tion, �40.
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Figure 8 Effects of hypoxia, rapamycin, and hypoxia and rapamycin on the interaction between casein kinase (CSNK)-2b and mechanistic target of
rapamycin (mTOR) as visualized by proximity ligation assay (PLA). Representative images of CSNK-2b and mTOR interaction in human hepatocellular carcinoma
cells under normoxia (A), hypoxia (B), rapamycin (C), hypoxia and rapamycin (D), and negative control depicting no positive PLA interaction (E). Compared
with control (normoxia), hypoxia, rapamycin, or combined hypoxia and rapamycin results in a stronger PLA signal, consistent with an increased interaction
between these two proteins in these conditions. Scale bars: 20 mm.

Co-Localization of IGFBP-1/CSNK-2b/mTOR
of CSNK-2 was performed using conventional co-
immunoprecipitation. Immunoprecipitation of HepG2 cell
lysates using IGFBP-1 mAb 6303 showed that IGFBP-1
immunoprecipitated CSNK-2b (Figure 5A). Furthermore,
CSNK-2b antibody also co-immunoprecipitated IGFBP-1
(Figure 5B), corroborating the merged immunofluorescence
IHC data with overlapping signals demonstrated in yellow
(Figure 1C). Using preimmune IgG, neither IGFBP-1 nor
CSNK-2b was detected in the immunoprecipitates. These
data indicate that the regulatory subunit CSNK-2b is asso-
ciated with IGFBP-1.

Whether mTOR immunoprecipitated the CSNK-2b
subunit was further examined using co-
immunoprecipitation. Immunoprecipitation of HepG2 cell
lysates using the mTOR antibody showed that mTOR
immunoprecipitated CSNK-2b (Figure 5C). Similarly,
CSNK-2b antibody co-immunoprecipitated mTOR
(Figure 5D). The relatively lower intensity of the mTOR
band in reverse immunoprecipitation suggests a possibly
lower capacity of the CSNK-2b subunit to interact with
mTOR. In control immunoprecipitation, neither mTOR nor
CSNK-2b was detected. Furthermore, there was no co-
immunoprecipitation between IGFBP-1 and mTOR
(Figure 5E). Together these data provide evidence that the
regulatory subunit CSNK-2b is associated with IGFBP-1
and with mTOR, whereas mTOR is not associated with
IGFBP-1.
The American Journal of Pathology - ajp.amjpathol.org
PLA Demonstrates Proximity of IGFBP-1 with CSNK-2b
and mTOR with CSNK-2b but Not of mTOR with IGFBP-1

Next, PLA was used as a complementary approach to
demonstrate proximity (<40 nm) among IGFBP-1, CSNK-
2b, and mTOR in HepG2 cells. As a positive control for the
PLA, IGFBP-1 and its ligand IGF-I were used (Figure 6A).
No positive PLA interaction was detected in the absence of
any primary antibodies (Figure 6B). The proximity between
IGFBP-1 and CSNK-2b was then examined with mAb
IGFBP-1 and rabbit polyclonal CSNK-2b antibody.
Consistent with IHC data (Figure 1), IGFBP-1 and CSNK-
2b interaction was observed (Figure 6C). PLA signal was
also detected for mTOR and CSNK-2b (Figure 6D). On the
other hand, no PLA signals for IGFBP-1 and mTOR were
observed (Figure 6E). These data are consistent with the
interpretation that there is a direct interaction between
IGFBP-1 and CSNK-2b and between CSNK-2b and mTOR,
whereas IGFBP-1 does not interact with mTOR directly.

Three-Dimensional Rendering Reveals Perinuclear and/
or Cytosolic PLA Signals for CSNK-2b and IGFBP-1 as
Well as for CSNK-2b and mTOR

Because dual immunofluorescence co-localization of mTOR
and CSNK-2b was detected predominantly in the nucleus
(Figure 4), three-dimensional rendering of PLA images was
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Figure 9 The change in casein kinase (CSNK)-2b and insulin-like growth factor binding protein (IGFBP)-1 interaction when exposed to hypoxia, rapamycin,
and hypoxia and rapamycin treatments visualized by proximity ligation assay (PLA). AeD: Representative images of CSNK-2b and IGFBP-1 interaction in
human hepatocellular carcinoma cells under normoxia (A), hypoxia (B), rapamycin (C), and hypoxia and rapamycin (D). E: Hypoxia combined with rapamycin
treatment markedly increases CSNK-2b and IGFBP-1 interaction. Data are expressed as means � SEM (E). *P < 0.05, ****P < 0.0001. Scale bars: 20 mm.
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used to clearly determine the subcellular location of the PLA
signals relative to the nuclear membrane. Figure 7 shows the
rendered three-dimensional views of PLA images of CSNK-
2b and IGFBP-1 (Figure 7A), with transparent (Figure 7B)
and three-dimensional rendered views (Figure 7C),
compared with CSNK-2b and mTOR (Figure 7D) with
transparent (Figure 7E) and three-dimensional rotation
(Figure 7F). The three-dimensional rotation and clipping
plane demonstrates that the PLA signal is located within the
nucleus, in the perinuclear region, and in the cytosol. These
images demonstrate that there is an interaction between
CSNK-2b and IGFBP-1 outside the nucleus. Similarly,
CSNK-2b and mTOR signals were predominantly observed
in the extranuclear compartment (Figure 7, DeF). Notably,
although most of the PLA signals for CSNK-2b and mTOR
were extranuclear (Figure 7, E and F), a smaller population
of PLA interactions were demonstrated in the intranuclear
compartment as revealed in both the transparent (Figure 7E)
and rotated (Figure 7F) views. Detection of PLA signals
within the nucleus and in the extranuclear region for
CSNK-2b and mTOR suggests that CSNK-2b and mTOR
may have multiple roles in the cell, and it is likely that their
action may be occurring in a variety of locations.
Hypoxia and Rapamycin Treatments Enhance PLA
Signals for mTOR and CSNK-2b

To determine the mechanistic relevance of PLA data, the
PLA signals for mTOR with CSNK-2b were tested in the
presence of rapamycin and hypoxia compared with nor-
moxic conditions. In normoxia, only a weak signal for
CSNK-2b and mTOR was detected (Figure 8A). Compared
with normoxia (Figure 8A), PLA signals were increased in
120
response to hypoxia and rapamycin treatment, respectively,
as well as when hypoxia and rapamycin were combined
(Figure 8, BeD). The PLA signals were specific because no
signal was obtained when preimmune serum was used
(Figure 8E) or after the omission of one or both primary
antibodies (not shown). The PLA application used here thus
supported the biological and mechanistic significance of
CSNK-2b and mTOR interactions, suggesting that hypoxia
promotes contact between mTOR and CSNK-2b in intact
HepG2 cells.
PLA Shows Dynamic Changes in IGFBP-1 and CSNK-2b
Proximity After mTOR Inhibition by Hypoxia and
Rapamycin

The effects of inhibition of mTOR by rapamycin in hypoxic
and normoxic conditions on IGFBP-1 and CSNK-2b PLA
interactions were further examined In normoxic conditions,
only a weak PLA signal for IGFBP-1 and CSNK-2b was
detected (Figure 9). On the other hand, PLA signal was
increased in hypoxic and rapamycin treatments individually
[approximately 2.5-fold (hypoxia P Z 0.0001, rapamycin
P Z 0.0002)]. Significantly, the PLA signal increased
markedly in cells grown under hypoxia and rapamycin
combined compared with normoxia [approximately 18.0-
fold (P Z 0.0002)] (Figure 9, AeE). The PLA signals
were specific for the IGFBP-1 and CSNK-2b complex
because no signal was obtained when one or both primary
antibodies were omitted (not shown). Therefore, we
conclude that hypoxia promotes proximity between
IGFBP-1 and CSNK-2b in intact cells and that mTOR in-
hibition and hypoxia act synergistically to markedly
enhance the interaction between the two proteins.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 10 Schematic of the stable isotope labeling with amino acids in
cell culture (SILAC) experiment. The light and two heavy cell populations
were treated with hypoxia or hypoxia and rapamycin combined and pro-
cessed together to measure the heavy to light peptide signal ratios. HepG2,
human hepatocellular carcinoma; IGFBP-1, insulin-like growth factor
binding protein 1; m/z, mass to charge ratio; MRM-MS, multiple reaction
monitoringemass spectrometry.

Co-Localization of IGFBP-1/CSNK-2b/mTOR
SILAC/MRM-MS Shows Notable Enhancement of IGFBP-
1 Phosphorylation in Hypoxia Combined with
Rapamycin

Considering that PLA showed a markedly increased signal
for IGFBP-1 and CSNK-2b after hypoxia and rapamycin
treatments, SILAC/MRM-MS (Figure 10) was used to
confirm that hypoxia and rapamycin treatment also increases
IGFBP-1 phosphorylation. SILAC/MRM-MS data
confirmed that IGFBP-1 phosphorylation at multiple phos-
phorylation sites was increased under these conditions
(Figure 11). In response to hypoxia, phosphorylation at the
Ser169 and Ser174 sites increased by 3.2- and 4.8-fold,
respectively, whereas the doubly phosphorylated peptide
that contained pSer169 and pSer174 increased by 1.6-fold.
Similarly, phosphorylation at the Ser98 and Ser101 sites
increased by 2.0- and 2.5-fold, respectively, whereas phos-
phorylation at Ser119 increased 12.6-fold in hypoxia alone.

SILAC/MRM-MS analysis showed that hypoxia and
mTOR inhibition in combination much more notably
increased IGFBP-1 phosphorylation at Ser169 (106-fold)
(Figure 11A). In addition, phosphorylation at Ser174 was
increased by 12.6-fold, whereas the doubly phosphorylated
pSer169 and pSer174 peptide was enhanced by 7.3-fold.
Similar to hypoxia, individual phosphorylation at Ser98 or
Ser101 increased by 3.8- and 3.5-fold in response to com-
bined hypoxia and rapamycin, respectively. Phosphoryla-
tion levels at Ser119 increased by 33.3-fold in response to
hypoxia and rapamycin in combination.

Total peptide transitions from the three isotope labels
(normoxia, hypoxia, and hypoxia and rapamycin) for the
novel Ser174 phosphorylated IGFBP-1 peptide are depicted
as a histogram (Figure 11B). The extracted ion chromato-
graphs showing the optimized transitions used to validate
the phosphorylation of IGFBP-1 at Ser98/Ser101, Ser119,
and Ser169/Ser174 in the singly or doubly phosphorylated
peptides are shown in Figure 11, CeE. Overall, these
findings are consistent with PLA data showing that
hypoxia and rapamycin promote contact between IGFBP-1
and CSNK-2b, suggesting that these conditions also in-
crease the phosphorylation of IGFBP-1 at discrete sites. On
the basis of these findings, we speculate that enhanced
CSNK-2b recruitment to IGFBP-1 may result in increased
site-specific phosphorylation of IGFBP-1.
Discussion

We provide novel evidence that IGFBP-1 and protein kinase
CSNK-2b co-localize, adding to previous functional data that
CSNK-2 is the key kinase responsible for the phosphoryla-
tion of IGFBP-1 in HepG2 cells.7 Dual-immunofluorescence
staining shows that IGFBP-1 and CSNK-2b co-localize in the
perinuclear region. With the use of Ki-67 cell proliferation
marker, nonproliferating cells were found to express higher
levels of IGFBP-1. Furthermore, we report for the first time
The American Journal of Pathology - ajp.amjpathol.org
that CSNK-2b co-localizes with mTOR in the nucleus,
whereas IGFBP-1 staining does not coincide with mTOR.
Interestingly, using PLA, the proximity amid CSNK-2b and
IGFBP-1 was more prominent in the cytosolic compartment,
which was consistent with mTOR and CSNK-2b, suggesting
that mTOR-mediated CSNK-2 action (ie, phosphorylation of
IGFBP-1) may be in the extranuclear region, which has not
been previously reported. Importantly, a combination of
mTOR inhibition and hypoxia resulted in a marked increase
in PLA signals for IGFBP-1 and CSNK-2b, and these treat-
ments also led to greater IGFBP-1 phosphorylation. Because
it is believed that phosphorylation of IGFBP-1 in the fetal
liver is critical in regulating IGF-I bioavailability and there-
fore modulating fetal growth, our findings are consistent
with the model that CSNK-2 constitutes an important
mechanistic link among mTOR, IGFBP-1 phosphorylation,
and decreased IGF-I bioavailability. This mechanism may
play a critical role in the development of FGR.

We previously reported that fetal liver mTOR signaling is
inhibited, protein kinase CSNK-2 is activated, and IGFBP-1
phosphorylation is increased in a baboon model of FGR.7

To provide additional evidence to support a mechanistic
link among mTOR signaling, CSNK-2, and IGFBP-1
phosphorylation, in the current report we investigated the
subcellular localization of IGFBP-1, CSNK-2b, and mTOR
in HepG2 cells. Although dual immunofluorescence
121
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Figure 11 Stable isotope labeling with amino acids in cell culture (SILAC) combined with quantitative multiple reaction monitoringemass spectrometry of
insulin-like growth factor binding protein (IGFBP)-1 phosphorylation sites under hypoxia and rapamycin treatments. Human hepatocellular carcinoma cells
were grown in regular Dulbecco’s modified Eagle’s medium/F12 media supplemented with 10% dialyzed fetal bovine serum (control) or grown in SILAC media
that contained 5,5,5,D3-L-leucine or 1-1-13C-L-leucine stabile isotope labels. A: Histogram comparing the phosphopeptide intensity of each single or multiple
IGFBP-1 phosphorylation sites among experimental conditions. The data are representative of one experiment from pooled 3 mL of media from the three
treatments (unlabeled control, 5,5,5,D3-L-leucineelabeled hypoxia, and 1-13C-L-leucineelabeled hypoxia and rapamycin). B: Representative histogram of
overlaid total peptide transitions from the three isotope labels and corresponding treatments for the novel IGFBP-1 Ser174 phosphorylated peptide. CeE:
Examples of the extracted ion chromatographs showing the optimized transitions used to validate the phosphorylation at Ser98/Ser101 (C), Ser119 (D), and
Ser169/Ser174 (E) in the singly or doubly phosphorylated peptides. All mass spectrometry was performed using QTRAP 4000 (AB Sciex, Concord, ON, Canada)
with Q3 used as a linear ion trap. p-, phosphorylated.
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imaging demonstrated significant cell-to-cell variation in the
localization of IGFBP-1, possibly because of the variability
in cell cycle stage, IGFBP-1 is predominantly localized in
the perinuclear region in HepG2 cells. CSNK-2b was found
to be ubiquitously present throughout the cell, in agreement
with studies in other cell types.10,24 We propose that CSNK-
2b interacts with IGFBP-1 and plays a key role in the
regulation of IGFBP-1 phosphorylation in HepG2 cells.
Moreover, we speculate that CSNK-2 mediates the
increased IGFBP-1 phosphorylation in the liver of FGR
fetuses.7

Protein kinase CSNK-2 is regulated by several protein-
protein interactions in different subcellular compartments,
and the interaction of the CSNK-2 subunits can be
controlled by close contact among their interacting sur-
faces.8,9,25 The subunit CSNK-2b can participate in the
transient formation of distinct complexes.10 Consistent with
these findings, in our study, CSNK-2b co-localized with
IGFBP-1 and mTOR in HepG2 cells. Because IHC dem-
onstrates co-localization rather than interaction, in situ PLA
was used as a complementary strategy to establish a close
proximity of proteins. PLA confirmed the close contact
between IGFBP-1 and CSNK-2b and mTOR, with CSNK-2b
122
corroborating the dual immunofluorescence findings. How-
ever, dual immunofluorescence staining for CSNK-2b and
mTOR was most prominent in the nucleus. Using the
rendered three-dimensional rotated views of the PLA im-
ages of CSNK-2b and mTOR (Figure 7F), we found that
only a smaller population of PLA interactions were in the
intranuclear compartment (Figure 7, B, C, E, and F). Most
of the PLA signals for CSNK-2b and mTOR were present in
the extranuclear compartment (Figure 7, B, C, E, and F).
These data indicate that the interactions of CSNK-2b and
mTOR likely occur predominantly in the extranuclear re-
gion, where CSNK-2b and IGFBP-1 PLA signals were
detected. On the basis of these findings, we propose that
although mTOR and CSNK-2b co-localize in the nucleus,
the interaction largely occurs in the cytoplasm, providing
plausibility for the specific role of CSNK-2b in mTOR-
associated IGFBP-1 phosphorylation.
With IGFBP-1 being a secretory protein, without addi-

tional detailed studies it is difficult to determine the precise
location where CSNK-2 interacts and phosphorylates
IGFBP-1. Nonetheless, the PLA approach confirmed that
IGFBP-1 and CSNK-2b are within close proximity (<40
nm), strongly supporting functional interaction between
ajp.amjpathol.org - The American Journal of Pathology
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Co-Localization of IGFBP-1/CSNK-2b/mTOR
these two proteins. In addition, combined hypoxia and
rapamycin treatments resulted in markedly amplified PLA
signals for IGFBP-1 and CSNK-2b. Together these findings
suggest that the CSNK-2b subunit and the nutrient-sensor
mTOR physically interact, consistent with the hypothesis
that CSNK-2bemediated phosphorylation of IGFBP-1
represents a mechanistic link between nutrient sensing and
IGF-I signaling.

Using quantitative proteomics, we have previously found
that hypoxia and rapamycin increased phosphorylation at
distinct IGFBP-1 serine residues.17 Using a MRM-MS
strategy, we have also shown that CSNK-2 can directly
phosphorylate these three serine residues on IGFBP-1.11

Here, using highly specific and sensitive quantitative
SILAC/MRM-MS, we found an increase in IGFBP-1
phosphorylation at the same residues but with a >100-
fold increase observed at Ser169 in response to hypoxia and
rapamycin. Although our current data are consistent with the
possibility that CSNK-2 activity is induced under these
conditions, further investigation is necessary to confirm this
assumption. These findings also provide strong basis to
determine whether IGFBP-1 is a bona fide physiologic
CSNK-2 substrate,26 which remains to be established. In
addition, the regulation of CSNK-2 is enigmatic, and how
its activity or function is controlled via mTOR needs
detailed study. The interaction of mTOR and CSNK-2 in the
fetal liver may be crucial in controlling fetal growth but also
be involved in many other cellular processes, such as in
cancer, obesity, diabetes, and autophagy.27,28

In summary, using complementary methods, this study
uncovered close contact between IGFBP-1 and CSNK-2b.
These data also suggest that there is a direct interaction
between the nutrient-sensing kinase mTOR and CSNK-2b.
SILAC/MRM-MSebased quantitative mapping confirmed
that the most distinct increase in IGFBP-1 phosphorylation
occurred at Ser169, in response to combined hypoxia and
mTOR inhibition by rapamycin. Hypoxia inhibits mTOR
signaling29 and stimulates CSNK-2 activity.15 The syner-
gistic effects of hypoxia and mTOR inhibition resulted in
markedly increased CSNK-2b and IGFBP-1 interaction and
IGFBP-1 phosphorylation, which reflects that hypoxia has
effects on IGFBP-1 phosphorylation that are independent of
mTOR. The phosphorylation of IGFBP-1 in the fetal liver is
thought to be critical in regulating IGF-I bioavailability and
therefore modulating fetal growth. Our findings are consis-
tent with the model that CSNK-2 constitutes an important
mechanistic link among mTOR, IGFBP-1 phosphorylation,
and decreased IGF-I bioavailability, which may play a
critical role in the development of FGR.
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