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Abstract

Insulin-like growth factor binding protein-1 (IGFBP-1), secreted by fetal liver, is a key regulator
of IGF-I bioavailability and fetal growth. IGFBP-1 phosphorylation decreases IGF-I
bioavailability and diminishes its growth-promoting effects. Growth-restricted fetuses have
decreased levels of circulating essential amino acids. We recently showed that IGFBP-1
hyperphosphorylation (pSer101/119/169) in response to leucine deprivation is regulated via
activation of the amino acid response (AAR) in HepG2 cells. Here we investigated nutrient-
sensitive protein kinases CK2/PKC/PKA in mediating IGFBP-1 phosphorylation in leucine
deprivation. We demonstrated that leucine deprivation stimulated CK2 activity (enzymatic assay)
and induced IGFBP-1 phosphorylation (immunoblotting/MRM-MS). Inhibition (pharmacological/
SiRNA) of CK2/PKC, but not PKA, prevented IGFBP-1 hyperphosphorylation in leucine
deprivation. PKC inhibition also prevented leucine deprivation-stimulated CK2 activity.
Functionally, leucine deprivation decreased IGF-I-induced-1GF-1R autophosphorylation when
CK2/PKC were not inhibited. Our data strongly support that PKC promotes leucine deprivation-
induced IGFBP-1 hyperphosphorylation via CK2 activation, mechanistically linking decreased
amino acid availability and reduced fetal growth.
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1. Introduction

Fetal growth restriction (FGR) is often a result of placental insufficiency, which is
associated with impaired maternal-fetal amino acid transfer. In particular, a body of
evidence suggests that placental amino acid transport capacity is reduced (Glazier et al 1997,
Jansson et al 2002, Norberg et al 1998, Mahendran et al 1993) and fetal amino acid
availability is diminished in FGR (Economides 1989). Decreased fetal circulating levels of
essential amino acids, such as leucine, have been reported in FGR pregnancies (Paolini et al
2001, Cetin et al 1988, Cetin et al 1990, Cetin et al 1992, Economides et al 1989). Fetal
growth is critically regulated by the insulin-like growth factor (IGF) system (Baker et al
1993). IGF-1, in particular, is a key regulator of overall growth in the human fetus
(Gluckman and Pinal 2003), and its mitogenic activity is highly sensitive to nutrient
availability (Kaaks 2004). The predominant IGF-I binding protein during fetal development
is IGFBP-1 (Murphy et al 2006, Chard 1994), which is primarily secreted by the fetal liver
(Han et al 1996). IGFBP-1 sequesters IGF-I from its receptor and prevents its ability to
promote cell growth (Firth and Baxter 2002). Phosphorylated IGFBP-1, having significantly
higher affinity for IGF-1 (Jones et al 1991, Westwood et al 1997), further diminishes IGF-I
bioavailability and subsequent cellular growth and proliferation.

Our earlier report indicates that IGFBP-1 is hyperphosphorylated (pSer101, pSer119 and
pSer169) in umbilical cord plasma from human babies with FGR due to placental
insufficiency as well as in the fetal liver in a baboon model of FGR induced by maternal
nutrient restriction (MNR) (Abu Shehab et al 2014). Amino acid availability is a key
regulator of IGFBP-1 phosphorylation with leucine deprivation causing pronounced
IGFBP-1 hyperphosphorylation at Ser101, 119 and 168 residues and a concomitant increase
in affinity for IGF-1 (Seferovic et al 2009). We have recently identified the amino acid
response (AAR) signaling pathway as the principle mediator of IGFBP-1 phosphorylation in
leucine deprivation in vitro (Malkani et al 2015). The protein kinases responsible for
IGFBP-1 hyperphosphorylation in leucine deprivation, however, have not been
systematically studied.

Protein kinase CK2 is an evolutionarily conserved constitutively active kinase and CK2
activity is dynamically regulated in response to nutrient availability (Tripodi et al 2011,
Sanchez-Casalongue et al 2015). We previously reported a potential link between MNR,
elevated CK2 activity and IGFBP-1 hyperphosphorylation in baboon FGR fetal liver in vivo
(Abu Shehab et al 2014). These findings nonetheless do not address whether CK2 or other
nutrient-responsive kinases mediate IGFBP-1 hyperphosphorylation in response to amino
acid deprivation. Conservation of optimal CK2 consensus sequence(s) in IGFBP-1 (pS/T-X-
X-DI/E), defined by the presence of acidic amino acids (Aspartic Acid, D and Glutamic
Acid, E) surrounding the phospho-acceptor residues (Ser101, 119 and 169) (Litchfield
2003), is consistent with the possibility that acidophilic CK2 can directly phosphorylate
IGFBP-1 (Coverley and Baxter 1997). As shown in Table 1, two of the three phosphorylated
serine residues (Ser119 and 169) in IGFBP-1 conform precisely to this general recognition
motif, providing strong basis to investigate CK2 as a key candidate in the regulation of
IGFBP-1 phosphorylation in leucine deprivation.
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Additionally, the protein kinase C (PKC) family is a group of at least 12 known members
that have serine/threonine kinase activity. Several studies have shown that PKC is
responsive to nutritional status (Lee et al 2008, Vary et al 2005, da Silva Lippo et al 2015).
PKC exists in a variety of isotypes (i.e. the conventional (cPKCs), novel (nPKCs) and
atypical (aPKCs) isoforms (Steinberg 2008)), all of which are dynamically regulated by a
variety of intra- and extra-cellular stimuli (Steinberg 2008, Nishizuka 1992). Although the
regulation of the specific PKC isoforms under nutrient restriction is currently unclear, it is
known that PKC is involved in the regulation of hepatic IGFBP-1 production in HepG2 cells
(Lee et al 1992). While PKC has the potential to phosphorylate multiple residues on the
IGFBP-1 molecule (due to the presence of consensus sequence motifs (Table 1), IGFBP-1
phosphorylation by PKC has not been explicitly reported in normal or leucine deprivation
conditions.

Furthermore, it is recognized that protein kinase A (PKA) is also sensitive to fluctuations in
nutrient availability (O'Brien et al 1998, Milanski et al 2005, Stephen and Nagy 1996,
Rozwadowski et al 1995, Goss et al 1994). Reduction in PKA activity has been linked to
total IGFBP-1 mRNA and protein expression in HepG2 cells (Suwanichkul et al 1993).
Although the consensus motif for IGFBP-1 phosphorylation at Ser101, 119 and 168 residues
by PKA is not present within IGFBP-1 (Table 1), PKA-mediated phosphorylation of
IGFBP-1 in vitro has been proposed previously (Ankrapp et al 1996, Frost and Tseng 1991).

In this study we tested the hypothesis that multiple nutrient sensitive kinases (CK2, PKA
and PKC) contribute to regulation of IGFBP-1 phosphorylation in response to leucine
deprivation in HepG2 cells. We employed pharmacological and RNAi approaches with and
without leucine to inhibit respective kinases in HepG2 cells. We performed western
immunoblot and enzymatic assays to study the mechanistic link between the kinases that
mediate IGFBP-1 hyperphosphorylation under leucine deprivation. Furthermore, Multiple
Reaction Monitoring Tandem Mass Spectrometry (MRM-MS) was used to quantitatively
validate immunoblot data and IGF-IR autophosphorylation assay was employed to
determine the functional relevance of our findings.

2. Methods

A schematic of the methodology used in major experiments is presented in supplemental
figure 1 (Figure S1).

2.1 Cell culture

We utilized human hepatocellular carcinoma HepG2 cells (ATCC (Mananassas, VA)) which
exhibit key characteristics of human fetal hepatocytes (Kelly and Darlington 1989,
Wilkening et al 2003, Hart et al 2010, Pal et al 2012, Maruyama et al 2007). Cells were
cultured in regular DMEM/F-12 media supplemented with 10% FBS (Invitrogen Corp.,
Carlsbad, CA) and maintained in 20% O, and 5% CO, at 37°C as we described previously
(Seferovic et al 2009).
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2.2 MRM-MS-based assessment of IGFBP-1 residues phosphorylated by CK2 using

synthetic peptides
To validate that CK2 phosphorylates IGFBP-1 at the predicted residues (Table 1), we
performed enzymatic assays using synthetic peptides (100 pM) containing respective
IGFBP-1 phosphorylation sites (Ser101, 119 and 169). We performed CK2 activity assay
according to established protocol (Turowec et al 2010) using pure CK2 (2.0 ng) and CK2
substrate peptide DSD (RRRDDDSDDD) (100 uM) (positive control) (a kind gift from Dr.
D Litchfield). The relative abundance of each phosphorylated peptide was assessed using
MRM-MS as detailed in section 2.10.

2.3 Leucine deprivation

Leucine deprivation treatment of HepG2 cells was performed using cells cultured in FBS-
free DMEM/F-12 media. Based on dose dependency treatments performed by us previously
(Seferovic et al 2009), 450 uM leucine was used in controls (leucine plus) and 0 uM leucine
for culturing cells in leucine minus media.

2.4 Treatments of HepG2 cells with kinase inhibitors

HepG2 cells were cultured with leucine plus or leucine minus media and treated with CK2
inhibitor TBB (Litchfield 2003) using 1 uM concentration as per our previous dose-
dependency optimization (Abu Shehab et al 2014). We performed titrations (1-20 pM) with
a selective PKC inhibitor bisindolylmaleimide (BIS) (Brehmer et al 2004) (Figure S2 A-E)
and a widely employed PKA specific inhibitor (CAMP-dependent protein kinase inhibitor
(5-24) (PKI) (Hearst et al 2014) (5-200 nM) to select final concentrations for BIS (7.5 uM)
and PKI (100 nM), respectively. HepG2 cells were incubated with inhibitors for 24 hours.
Following treatments cell media and lysates (Abu Shehab et al 2014, Malkani et al 2015)
were collected (Figure S1) and stored at =80 °C.

2.5 RNA interference (RNAi)-mediated silencing

Silencing of CK2 holoenzyme in HepG2 cells was achieved using SMART pool (Thermo
Scientific, Rockford, IL, USA) siRNA (100nM) targeting all three subunits of human CK2
(a, a” and B) as described previously (Abu Shehab et al 2014). PKC was silenced using pan-
PKC (100 nM siRNA) (targeting PKC isoforms a, B, Bll, v, §, €, 1, 6, ¢, and v) (Santa Cruz
Biotechnology, Dallas, TX, USA). Transfection was performed using Dharmacon
transfection reagent 4 (Dharmacon, Thermo Fisher Scientific, Waltham, MA). Transfection
media was removed after 24 hours. HepG2 cells were then incubated with leucine plus or
leucine minus media for an additional 72 hours (Figure S1). Western immunoblot analysis
was performed using CK2a, CK2a’, CK2p and PKC8 and PKCe antibodies to validate
silencing efficiency.

2.6 Cell viability assays

To ensure that cell viability was not compromised by leucine deprivation and/or
pharmacological inhibitors, we employed a trypan blue exclusion assay. Cells were counted
using the Countess Automated Cell Counter (Life Technologies, Carlsbad, CA). Cell
survival was determined as a ratio of live/total cells (Figure S3 A, B).

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Malkani et al. Page 5

2.7 SDS-PAGE and Western Blotting

Equal volume of cell media (40-50 pL) from HepG2 cells plated in equal numbers was used
to determine total and phosphorylated IGFBP-1 (Ser101, Ser119 and Ser169) by western
immunoblot analysis as previously reported (Abu Shehab et al 2013, Abu Shehab et al
2014). Total IGFBP-1 was determined using mAb 6303 (Medix Biochemica, Kauniainen,
Finland) and IGFBP-1 phosphorylation using our custom phosphosite specific IGFBP-1
antibodies (YenZyme Antibodies LLC, San Francisco, CA, USA). Expression of CK2aq,
CK2a’, CK2p, PKCS8, PKCe, CREB, IGF-1Rp, p-actin, and phosphorylation of CREB
(pSer133) and IGF-1Rp (pTyr1135) was determined with equal amounts of total cell lysate
protein (40-50 pg) from HepG2 cells using immunoblot analysis with respective antibodies.
-actin primary antibody was used for normalization of band intensities. CK2 antibodies
were a kind gift from Dr. David Litchfield, UWO, Canada. Remaining primary antibodies
were obtained from Cell Signaling Technologies (Beverly, MA, USA).

2.8 CK2 Activity Assay

CK2 activity was measured by incubating the synthetic CK2 substrate peptide DSD with
HepG2 cell lysate and ATP32 (PerkinElmer, Waltham, MA, USA) (Vilk et al 1999) as we
previously reported (Abu Shehab et al 2014).

2.9 PKC Activity Assay

We employed an established (D’Apolito et al 2015, Jia et al 2014) non radioactive ELISA-
based PKC enzymatic assay (Enzo Life Science, Farmingdale, NY, USA) with HepG2 cells
(0.5 pg total protein) in a 30 pL reaction volume following the manufacturer’s
recommendations.

2.10 MRM-MS analyses of IGFBP-1 phosphorylation

2.10.1. Enrichment of IGFBP-1 phosphopeptides using immunoprecipitation—
For MS analysis, samples were prepared by enrichment of IGFBP-1 using
immunoprecipitation (IP) (Abu Shehab et al 2009). Equal volumes (3 mL) of conditioned
HepG2 cell media were utilized from leucine minus or leucine plus treatments with and
without TBB or BIS. MRM/MS analyses was performed as described in section 2.10.2.

2.10.2. MRM/MS analyses of IGFBP-1 phosphopeptides—We performed in-
solution digestions using the IP samples of IGFBP-1 from HepG2 cell media as described
earlier in section 2.10.1. IGFBP-1 was first digested using endoproteinase Asp-N (in 50 mM
sodium phosphate buffer, pH 8.0) incubated overnight at 37°C (Roche Diagnostics, Laval,
QC, Canada). Half of each sample was then subjected to a subsequent digestion using
trypsin (Roche Diagnostics) overnight at 37°C. IGFBP-1 digests were subsequently
analyzed by LC-MS/MS with a triple quadruple mass spectrometer (4000 QTRAP AB
Sciex, Concord, ON, Canada). A NanoAcquity UPLC system (Waters, Milford, MA, USA)
equipped with a C18 analytical column (1.7 pm, 75 umx200 mm) was used to separate the
peptides at a flow rate of 300 nl/min and operating pressure of 8000 psi. Peptides were
eluted using a 62 min gradient from 95% solvent A (H20, 0.1% formic acid) and 5%
solvent B (acetonitrile, 0.1% formic acid) to 50% solvent B for 40 min, 90 % solvent B for 6
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min, and back to 5% solvent B for 10 min. Eluted peptides were electrosprayed
(Nanosource, ESI voltage +2000V) into the mass spectrometer, which monitored 98
transitions per sample with a dwelling time of 50 msec/transition. Relative changes in
IGFBP-1 phosphorylation were determined by the total peak height of combined transitions.
An internal IGFBP-1 peptide (NH2-ALPGEQQPLHALTR-COOQOH) was used to normalize
all pIGFBP-1 data.

2.11 Immunodepletion of IGFBP-1 for IGF-1 receptor (IGF-1R) activation assay

To confirm that changes in IGF-1Rp autophosphorylation in P6 cells are not influenced by
non-specific components of the treatment media other than IGFBP-1, we depleted IGFBP-1
derived from HepG2 cell media. IP was performed following our previously established
protocol (Abu Shehab et al 2009) and supernatants collected were utilized as
immunodepleted IGFBP-1 for the functional assay described in section 2.12.

2.12 IGF-1 receptor (IGF-1R) activation assay

The details of the bioassay using mouse embryo fibroblast P6 cells that over-express human
IGF-1R (a kind gift from Dr. R. Baserga, Thomas Jefferson University, Philadelphia, PA)
and a schematic representation have been described previously (Abu Shehab et al 2013). In
brief, HepG2 conditioned media containing equal amounts of total IGFBP-1 from leucine
plus and leucine minus treatments with/without TBB or BIS were incubated with rhiIGF-I
(25 ng/mL) for two hours at room temperature. Samples were then used to treat P6 cells.
Equal amounts of total protein (45 pg) from post-treatment P6 cell lysates were used for
western immunoblot analyses to assess changes in IGF-1R autophosphorylation using
IGF-1Rp (pTyr1135) antibody.

2.13 Data presentation and statistics

3. Results

GraphPad Prism 5 (Graph Pad Software Inc., CA) was used for all data analyses. The mean
of three biological replicates (n=3) of the band densitometry was normalized to the control
of each experiment and assigned an arbitrary value of 1. For the PKC activity assay, each
replicate was assessed in duplicate (n=6). The data was represented as mean = SEM and
considered significant where indicated (at *p<0.05, **p=0.01-0.05, ***p<0.01) as per one-
way analysis of variance (ANOVA) with Dunnet’s Multiple Comparison Post-Test. For
MRM-MS analysis, peak areas of the combined transitions for each peptide were determined
using Skyline software and compared between samples and normalized to an internal, non-
phosphorylated IGFBP-1 peptide.

3.1 MRM-MS-based assessment of IGFBP-1 residues phosphorylated by CK2 using
synthetic IGFBP-1 peptides

Based on the presence of consensus sequence motif (Table 1) as well as consistent with our
previous studies with HepG2 cells (Abu Shehab et al 2014, Malkani et al 2015), we
expected CK2 to mediate IGFBP-1 phosphorylation at Ser101, 119 and 169. In order to
confirm the contribution of CK2, we used three individual IGFBP-1 synthetic substrate
peptides, which contained the residues Ser101, 119 and 169 in their non-phosphorylated
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state, respectively (Figure S4). Following CK2 activity assay, we monitored the status of
site-specific phosphorylation of IGFBP-1 with MRM-MS. As expected, CK2 was able to
phosphorylate IGFBP-1 peptides that contained the Ser 119, or Ser 169 but also Ser101
residue to detectable levels by MRM-MS transitions specific to the phosphorylated peptide
state (Figure 1). We anticipate that Ser101, albeit not exactly conforming to the consensus
sequence, is phosphorylated by CK2 because of its proximity to multiple acidic residues
(D/E). In addition, MRM-MS analysis identified phosphorylation of Ser101 paired with
Ser98 and residue Ser 169 paired with Ser174 on respective peptides. The presence of
doubly phosphorylated residue Ser101/98 is consistent with our previous in vitro findings
with HepG2 cells (Seferovic et al 2009) and with FGR samples (Abu Shehab et al 2010).
However, doubly phosphorylated Ser169/174 has not been reported previously. Together
these data provided the basis to investigate the role of CK2 as well as other potential kinases
(PKA and PKC) in mediating IGFBP-1 hyperphosphorylation under leucine deprivation
using cultured HepG2 cells.

3.2 Pharmacological inhibition of PKC supports that PKC mediates leucine deprivation-
induced IGFBP-1 phosphorylation

Using HepG2 cells, we first sought to determine whether inhibition of PKC using BIS in
leucine plus or leucine deprived conditions affected IGFBP-1 phosphorylation at the sites of
our interest (Ser101, 119, and 169). Although the exact consensus motif for PKC substrates
is not present within these three serine residues, we demonstrated that under leucine
deprivation there was an increase in total IGFBP-1 (+250%) independent of the presence of
BIS (Figure 2A). Cell viability assay confirmed that HepG2 cells were not affected by BIS
treatments (Figure S3A). In the presence of normal concentrations of leucine (450 uM), BIS-
mediated inhibition of PKC decreased IGFBP-1 phosphorylation at all three IGFBP-1
phosphosites (Ser101 -30%, Ser119 —-40%, Ser169 —50%) (Figure 2B-D). As expected,
leucine deprivation also markedly induced IGFBP-1 phosphorylation (Ser101 +800%, 119
+300%, 169 +600%), however, this effect was completely mitigated by PKC inhibition
(Figure 2B-D), demonstrating that an intact/active PKC is required for leucine deprivation to
induce IGFBP-1 phosphorylation. These data provide strong evidence that PKC is involved
in mediating IGFBP-1 phosphorylation under conditions of leucine deprivation in HepG2
cells. However, considering the lack of consensus sequence motifs at Ser101, 119 and 169
residues (Table 1), we speculated that PKC may be altering IGFBP-1 phosphorylation
indirectly by potentially interacting with CK2.

3.3 Inhibition of PKA does not affect IGFBP-1 phosphorylation in response to leucine

deprivation

Previous studies have suggested that purified PKA can phosphorylate IGFBP-1 isolated
from human decidual cells (Frost and Tseng 1991). However, based on consensus sequence
motifs (Table 1), PKA mediated IGFBP-1 phosphorylation may not be possible at Ser101,
Ser119 and Ser169 residues, which we have shown to be hyperphosphorylated due to
leucine deprivation (Seferovic et al 2009). To examine whether PKA signaling is involved,
we used a selective PKA inhibitor PKI, in leucine plus or leucine minus conditions in
cultured HepG2 cells. Figures 3A-D show that leucine deprivation increased total IGFBP-1
(+300%) and IGFBP-1 phosphorylation (Ser101 +1000%, Ser119 +500%, Ser169 +750%)
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in the presence of the PKA inhibitor confirming that IGFBP-1 phosphorylation was not
affected by PKA inhibition. In order to further prove that PKA is not involved, we tested the
effects of leucine deprivation on PKA signaling using Creb (Ser133) phosphorylation as a
functional readout for PKA activity (Gonzalez and Montminy 1989). As expected, our data
show an increase in Creb (Ser133) phosphorylation (+200%) due to leucine deprivation. We
further demonstrated that Creb phosphorylation (pSer133) was reduced (-=75%) in the
presence of PKI (Figure 3E) independent of leucine deprivation status. These data
demonstrate that PKA does not mediate IGFBP-1 hyperphosphorylation in response to
leucine deprivation.

3.4 siRNA targeting of the CK2 holoenzyme confirms the role of CK2 in mediating IGFBP-1
phosphorylation in response to leucine deprivation

We have recently obtained preliminary support suggesting that TBB, a pharmacological
inhibitor of CK2, prevents leucine deprivation-induced IGFBP-1 phosphorylation in HepG2
cells (Malkani et al 2015). To confirm these findings in the current study, we used a targeted
RNAI approach. We inhibited the CK2 holoenzyme (Turowec et al 2010), by sSiRNA
targeting all three CK2 (a+a’+p) subunits. The expression of CK2a and CK2a’ and CK2p
were reduced by up to 55% (Figure S5). We then assessed whether CK2 silencing affected
leucine deprivation-induced total IGFBP-1 secretion and/or IGFBP-1 phosphorylation.
While leucine deprivation increased total IGFBP-1 (+350%) (Figure 4A) and
phosphorylation (Ser101 +800%, Ser119 +300%, Ser169 +600%), importantly, CK2
silencing prevented IGFBP-1 phosphorylation at the three sites (Ser 101, 119 and 169) in
leucine deprivation (Figures 4B-D). This data confirms that CK2 mediates IGFBP-1
hyperphosphorylation in response to leucine deprivation.

3.5 siRNA targeting confirms a role for PKC in modulating leucine deprivation induced
IGFBP-1 phosphorylation

Next we used RNAI to verify the involvement of PKC in mediating IGFBP-1
phosphorylation in response to leucine deprivation. We validated efficient PKC silencing by
western immunoblot analysis of two representative PKC isoforms, nPKC8 and nPKCe, with
known expression in HepG2 cells (Rypka et al 2005). These isoforms are down-regulated in
nutrient deprivation (Vary et al 2005). The expression of both PKCS and PKCe was
decreased 50% due to PKC silencing regardless of leucine status (Figure S6). In response to
leucine deprivation, total IGFBP-1 (+450%) (Figure 5A) and IGFBP-1 phosphorylation
(Ser101 +1000%, Ser119 +500%, Ser169 +800%) were significantly induced (Figures 5B-
D). PKC silencing strongly attenuated the increase in IGFBP-1 phosphorylation
(Ser101-60%, 119-50% and 169-70%) in response to leucine deprivation (Figures 5B-D)
consistent with our findings with pharmacological PKC inhibition (Figure 2B-D). These
data demonstrate a specific role of PKC in modulating IGFBP-1 phosphorylation in leucine
deprivation. However, because IGFBP-1 lacks the consensus sequences for PKC
phosphorylation at Ser101, 119 and 169, to validate the above results, we employed
MRM/MS analysis.
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3.6 MRM-MS based validation of IGFBP-1 phosphorylation sites following pharmacological
inhibition of CK2 and PKC activity in leucine deprivation

As an alternate independent strategy to assess the involvement of CK2 or PKC in mediating
IGFBP-1 hyperphosphorylation, we used MRM-MS to ensure that inactivation of either
CK2 or PKC (TBB or BIS) prevents leucine deprivation-induced site-specific IGFBP-1
phosphorylation. As detected by MRM-MS, leucine deprivation increased IGFBP-1
phosphorylation at Ser101, 119, and 169 by +280%, +200%, and +540%, respectively
(Figures 6A-C), consistent with our immunoblot analyses. Treatment of cells with TBB
decreased largely prevented leucine deprivation-induced IGFBP-1 phosphorylation (Figures
6A-C). Similarly, leucine deprivation did not induce IGFBP-1 phosphorylation at Ser101
and Ser119 in the presence of BIS, whereas BIS only partially prevented phosphorylation at
Ser169 in response to leucine deprivation (Figures 6A-C). Thus, MRM/MS analyses
confirmed that IGFBP-1 phosphorylation at Ser 101, Ser119 and Ser169 in response to
leucine deprivation involves both CK2 and PKC.

3.7 Inhibition of CK2 and/or PKC in leucine deprivation of HepG2 cells eliminates the
inhibitory effects of IGFBP-1 phosphorylation on IGF-I bioactivity

Next, to understand the functional relevance of our findings we determined the effects of
pharmacological inhibition of CK2 or PKC-mediated IGFBP-1 phosphorylation in leucine
deprivation using IGF-1 receptor (IGF-1Rp) autophosphorylation assay (Figure 7). Addition
of 25 ng/mL IGF-1 to P6 cell media (Figure 7, lane 2 (positive control) stimulated the
phosphorylation of IGF-IRB (Tyr1135) (+2700%) compared to P6 cells incubated in media
lacking IGF-I (Figure 7, lane 1, negative control), confirming that IGF-I stimulates IGF-1R
activity in P6 cells.

HepG2 cell media from control (450 uM leucine) was used to determine the effect of basal
IGFBP-1 phosphorylation on IGF-1 activity (Figure 7, lane 3) compared to media lacking
leucine in the presence and absence of CK2 and PKC inhibitors (TBB and BIS). Equal
concentration of total IGFBP-1 from each treatment was used in the assay to ensure that
changes in IGF-1Rp autophosphorylation are caused specifically by precise changes in the
phosphorylation status of IGFBP-1 and not due to total IGFBP-1. Additionally, to ensure
that changes in IGF-1Rf autophosphorylation are mainly due to IGFBP-1 in HepG2 cell
media and not any other factors, we treated P6 cells with HepG2 cell media immunodepleted
of IGFBP-1. Autophosphorylation of IGF-1Rp in P6 cells was stimulated to similar levels to
IGF-1 alone (positive control), confirming that decreases in receptor autophosphorylation are
specific to IGFBP-1 only (Figure S7).

As expected, HepG2 cell media from (450 uM leucine, basal IGFBP-1 phosphorylation)
(Figure 7, lane 3) reduced IGF-1Rp autophosphorylation (Tyr1135) (-45%), compared to
positive control (Figure 7, lane 2). Lane 3 subsequently served as a control for the basis of
comparison of IGF-1 bioactivity from the various treatments in this experiment.
Furthermore, the elevated IGFBP-1 phosphorylation in leucine-deprived HepG2 cell media
inhibited IGF-1Rp autophosphorylation (—-90%) (Figure 7, lane 4). When IGFBP-1
phosphorylation had been prevented by CK2 inhibition (TBB) or PKC inhibition (BIS) in
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HepG2 cells and the respective cell media were used to treat P6 cells, IGF-1R activity in P6
cells was restored to basal levels.

Therefore, these data indicate that when either CK2 or PKC activity was inhibited, leucine
deprivation failed to inhibit IGF-I bioactivity (Figure 7, lanes 6 and 8). Together, these data
demonstrate the functional role of both CK2 and PKC in modulating IGFBP-1
phosphorylation, and as a consequence, IGF-1 bioactivity in leucine deprivation.

3.8 Pharmacological inhibition of CK2 or PKC signaling attenuates leucine deprivation-
induced CK2 activity

Considering the significance of PKC in IGFBP-1 phosphorylation demonstrated with
functional effects on IGF-1 bioactivity, we tested whether CK2 activity in leucine
deprivation is affected by PKC. We assessed CK2 activity in cell lysates from HepG2 cells
treated with either TBB or BIS in leucine deprivation. We first confirmed that TBB reduced
CK2 activity without affecting PKC activity (Figure S8A). We also confirmed in parallel
that BIS specifically reduced PKC activity without affecting CK2 activity (Figure S8B).

Leucine deprivation stimulated CK2 activity (+300%) (Figure 8, lane 2) but this stimulation
was effectively prevented in the presence of BIS (Figure 8, lane 3) or TBB (Figure 8, lane
4). These results, suggest that CK2 activation, and the subsequent induction of IGFBP-1
phosphorylation due to leucine deprivation, is dependent on PKC. Together these data
strongly support the conclusion that activation of CK2 following leucine deprivation is
PKC-dependent thus implicating the involvement of the two kinases in a common
mechanism in regulating IGFBP-1 phosphorylation in leucine deprivation.

4. Discussion

We report here for the first time that increased IGFBP-1 phosphorylation in response to
leucine deprivation is mediated by CK2 and PKC. Using pharmacological and/or RNAI
approaches in situ we provide highly convincing evidence that the inhibition of CK2 or
PKC, but not PKA, decreases IGFBP-1 phosphorylation and markedly attenuates or prevents
IGFBP-1 phosphorylation caused by leucine deprivation. We show that PKC promotes
IGFBP-1 phosphorylation via activation of CK2 in response to leucine deprivation. Our data
are consistent with our premise that amino acid deprivation leads to increased IGFBP-1
phosphorylation in the fetal liver via CK2, which is dependent on PKC.

As the predominant circulating fetal IGFBP, the ability of IGFBP-1 to regulate IGF-I
bioavailability is critical to fetal growth. Phosphorylation of human IGFBP-1 markedly
increases its affinity for IGF-1 (Jones et al 1991), thereby significantly reducing its
bioavailability further (Westwood et al 1997). Preliminary support for a role of site-specific
IGFBP-1 phosphorylation in FGR comes from our previous studies. We reported a marked
increase in IGFBP-1 phosphorylation and higher affinity for IGF-1 in amniotic fluid derived
from human FGR pregnancies (Abu Shehab et al 2010). We also demonstrated that human
FGR fetuses display elevated phosphorylated IGFBP-1 (Ser101, 119 and 169) in cord
serum. Enhanced IGFBP-1 phosphorylation at the same serine residues was also observed in
the liver of baboon fetuses with FGR induced by maternal nutrient restriction (MNR), which
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was linked with substantial increases in CK2 activity (Abu Shehab et al 2014). However,
whether CK2 or any additional protein kinases modulate IGFBP-1 phosphorylation and
constitute an underlying molecular mechanism of regulation of IGF-I bioavailability in
response to amino acid deprivation in FGR remains unclear.

The consensus sequence for CK2 phosphorylation requires an acidic residue in position +3
downstream from the phospho-acceptor site and is generally accompanied by additional
acidic residues (Litchfield 2003, Coverley and Baxter 1997). Two of the three IGFBP-1
phosphorylation sites (Ser119 and Ser169) in IGFBP-1 conform precisely to this general
recognition motif. Although the region surrounding Ser101 is not an exact match, sequence
adjacent to S101 is highly similar to the precise CK2 consensus sequence and rich in
surrounding acidic residues (Table 1). Using three synthetic non-phosphorylated IGFBP-1
peptides and MRM-MS strategy in this study we demonstrate that CK2 can directly
phosphorylate IGFBP-1 at all three serine residues. Furthermore, we provided experimental
evidence to also show that IGFBP-1 was hyperphosphorylated (Ser101, 119 and 169) by
CK2 in HepG2 cells in response to leucine deprivation. These results are consistent between
two independent approaches: immunoblotting and MRM-MS analyses. Together these
findings provide strong supporting evidence to show that CK2 is mediating the effects of
leucine deprivation on IGF-I bioactivity and suggest that CK2 may be a key protein kinase
involved in FGR.

Previous studies have proposed that in addition to CK2, PKA and PKC can also
phosphorylate IGFBP-1 (Ankrapp et al 1996, Frost and Tseng 1991). In vitro kinase assays
employing purified/isolated preparations may or may not be reflective of the actual
functionality of the kinases within live cells. Although the consensus motif for PKC and
PKA substrate is present within IGFBP-1, these are distinct than that of CK2 (Table 1).
Furthermore, a direct phosphorylation by PKC requires the proximity of basic amino acids
to the phospho-acceptor site such as at TS0AR and S58CR residues (Coverley and Baxter
1997). Considering that we have shown that Ser 101, 119 and 169 residues were
hyperphosphorylated in response to leucine deprivation (Seferovic et al 2009, Malkani et al
2015) and/or in FGR (Abu Shehab et al 2010), it is less plausible that IGFBP-1 is directly
phosphorylated by PKC or PKA at these serine sites.

Interestingly, despite lack of precise consensus sequence for PKC at Ser 101, 119 and 169,
our current data showed that BIS, a PKC-specific inhibitor, prevents CK2 induction by
leucine deprivation, placing PKC upstream of CK2. These data suggest that PKC regulates
IGFBP-1 phosphorylation by modulating CK2 activity. Alternatively, PKC may
phosphorylate IGFBP-1 at discrete sites such as Thr50 or Ser58 (Table 1). It is possible that
IGFBP-1 phosphorylation at these new sites may elicit functional effects on IGF-I affinity
directly or through synergistic interactions with Ser101, 119 or 169 or other alternate sites.
For example, phosphorylation of IGFBP-1 at Ser95 and Ser98 has been previously identified
by us (Abu Shehab et al 2010, Nissum et al 2009) as well as others (Dolcini et al 2009) and
might be functionally relevant in modulating IGFBP-1 phosphorylation via CK2/PKC in
FGR.
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The functional implications of phosphorylation of IGFBP-1 at single sites on IGF-I-
bioactivity have been demonstrated by us previously (Abu Shehab et al 2013) but similar
effects of dual/multiple site phosphorylation on IGFBP-1 have not yet been tested. We have
previously provided indirect evidence for a role of IGFBP-1 phosphorylation at dually
phosphorylated residues in FGR. Employing LC-MS and LC-MS/MS of amniotic fluid we
earlier showed up to 7-fold increase in IGFBP-1 phosphorylation at Ser98/101 along with a
23-fold increase on Ser169 (Abu Shehab et al, 2010) in FGR together with an increased
IGF-I affinity. Additionally, hypoxic treatment of HepG2 cells enhanced IGFBP-1
phosphorylation up to 4-fold at Ser98/101 together with Ser 169, which was accompanied
by a pronounced increase (300-fold) in IGFBP-1 affinity to IGF-1 (Seferovic et al 2009) and
reduced IGF-1 dependent cell proliferation. In the current study using synthetic peptides and
highly sensitive MRM-MS analysis, we found IGFBP-1 phosphorylation at Ser98 paired
with Ser101, but also at a novel site Ser174 combined with Ser169. Whether Ser 174/169
phosphorylation singly or in combination with new Ser/Thr residues (Table 1) is specific to
enhanced CK2/PKC activity in leucine deprivation is yet to be determined. Considering dual
phosphorylation of IGFBP-1 could remarkably enhance affinity and reduce IGF-I
bioavailability than due to a single site (Seferovic et al 2009), we speculate that multi-site
interactions can synergistically alter IGF-1 affinity and bioactivity in FGR and may have
potential implications in the etiology of FGR.

A previous report has suggested a role of PKC in FGR; specifically, the expression of some
PKC isoforms was decreased in placentas of rats with glucocorticoid-induced FGR (Sugden
and Langdown 2001). Specific isoforms of PKC (nPKC3S and nPKCe), which are known to
be down-regulated in nutrient deprivation (Vary et al 2005) and to have a role in placental
remodeling, are expressed in HepG2 cells (Rypka et al 2005). These observations are
consistent with the possibility that altered PKC signaling is involved in the pathophysiology
of FGR although the exact role of PKC function in FGR pregnancies has not been
established. In this study, siRNA silencing of PKC resulted in reduction in the expression of
these two specific isoforms (nPKCS and nPKCe) in HepG2 cells, which accompanied by a
reduced IGFBP-1 phosphorylation. The identification of the specific isoform(s) of PKC that
underlie(s) leucine deprivation induced IGFBP-1 phosphorylation is critical but is beyond
the scope of this study. However, our data show that BIS, a PKC-specific inhibitor, prevents
CK2 induction by leucine deprivation, which suggest that PKC regulates IGFBP-1
phosphorylation via upstream modulation of CK2 activity. The data from this work are
consistent with the possibility that altered PKC signaling along with CK2 is involved in the
pathophysiology of FGR.

PKA on the other hand, has been previously been suggested to phosphorylate IGFBP-1
isolated from stromal cells (Frost et al 2000). Because Ser101, 119 and 169 sites are not
compatible with PKA consensus sequence (Table 1), it is possible that PKA phosphorylates
stromal IGFBP-1 at additional discrete residues where the surrounding sequence is similar to
the exact PKA compatible sequence. It is also possible that PKA-mediated IGFBP-1
phosphorylation is cell-type specific. However, given the inability of PKA to phosphorylate
IGFBP-1 in HepG2 cells at Ser 101, 119 and 169, which we have shown to be
hyperphosphorylated due to leucine deprivation (Seferovic et al 2009), we suggest that PKA
is not a kinase linking leucine deprivation to hepatic IGFBP-1 phosphorylation.
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Taken together, from the above results we propose a model in which leucine deprivation
activates CK2, which directly phosphorylates IGFBP-1 at Ser101, 119 and 169, while PKC
regulates IGFBP-1 phosphorylation via modulating CK2 activity under leucine deprivation.
This model is consistent with the established role of PKC as a regulator of the function of
other proteins (Geraldes and King 2010), however future studies are required to identify the
specific PKC isoforms involved in linking leucine deprivation to IGFBP-1 phosphorylation
(Meier et al 2007; Sossin, W. S. (2007). Nonetheless, our demonstration that PKC regulates
both CK2 activity and IGFBP-1 phosphorylation in leucine deprivation contends, for the
first time, that PKC functions in a combined signaling mechanism with CK2 to modulate
IGF-1 bioavailability. We speculate that activation of CK2 via PKC in the fetal liver
constitutes a mechanistic link between reduced amino acid availability, increased IGFBP-1
phosphorylation, decreased IGF-1 bioavailability and restricted fetal growth in FGR.
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Highlights

e A novel mechanistic link between reduced amino acid availability and restricted
fetal growth in FGR.

» PKC promotes both CK2 activity and IGFBP-1 phosphorylation in leucine
deprivation

»  CK2/PKC regulate IGF-I-bioactivity in a common mechanism in leucine
deprivation by reducing IGF-I action
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Figure 1. MRM spectra of synthetic IGFBP-1 peptides used for CK2 in vitro kinase assay
MRM/MS analysis of phosphorylation of Ser residues (S) on IGFBP-1 peptides, non-

phosphorylated synthetic peptides were used as substrates for CK2 enzyme. Following
incubation, CK2-induced phosphorylation of each peptide was then monitored by targeting
the phosphorylation-specific version of each IGFBP-1 peptide substrate by MRM-MS using
a QTRAP 4000 mass spectrometer. CK2 phosphorylates IGFBP-1 at Ser101, Ser119 and
Ser169. Ser101 was found to be doubly phosphorylated with Ser98, and Ser169 was
indicated to be doubly phosphorylated with Ser174.
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Figure 2. Effect of pharmacological pan-PKC inhibitor Bisindolylmaleimide (BIS) on IGFBP-1
phosphorylation

HepG2 cells were treated with BIS (7.5 pM) and cultured in leucine plus (450 puM) or in
leucine deprived (0 pM) media for 24 hours (n=3 each). A representative western
immunoblot of HepG2 cell media indicating A. total IGFBP-1 and B. IGFBP-1
phosphorylation at Ser101, Ser119 and Ser169 in leucine plus (450 uM), leucine
deprivation, BIS, and leucine deprivation+BIS treatments. Inhibition of PKC in leucine
deprivation attenuates IGFBP-1 hyperphosphorylation at Ser101, Ser119 and Ser169. Values
are displayed as mean + SEM. *p< 0.05, **p= 0.001-0.05, ***p < 0.0001 versus control;
One-way analysis of variance; Dunnet’s Multiple Comparison Test; n=3. C:450 Control, 450
UM leucine. C:0: Leucine deprivation, 0 uM leucine. BIS:450: Bisindolylmaleimide (7.5
uM), 450 pM leucine. BIS:0: Bisindolylmaleimide (7.5 pM), O uM leucine.
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Figure 3. Effects of PKI (5-24) inhibition of PKA on leucine deprivation-induced IGFBP-1
phosphorylation

HepG2 cells were incubated with PKI (5-24) (100 nM) in leucine plus (450 uM) or leucine
deprived (0 pM) media for 24 hours (n=3 each). A representative western immunoblot of
HepG2 cell media indicating A. total IGFBP-1 and B. IGFBP-1 phosphorylation at Ser101,
Ser119 and Ser169 in control, leucine deprivation, PKI, and leucine deprivation+PKI
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treatments. PKA inhibition did not affect leucine deprivation-induced IGFBP-1
phosphorylation. Values are displayed as mean + SEM. *p< 0.05, **p= 0.001-0.05, ***p <
0.0001 versus control; One-way analysis of variance; Dunnet’s Multiple Comparison Test;
n=3. C:450: Control, 450 uM leucine. C:0: Leucine deprivation, 0 uM leucine. PKI:450: PKI
(5-24) (100 nM), 450 uM leucine. PKI:0:
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Figure 4. The effect of siRNA silencing targeting CK2 holoenzyme (CK2a+a’+f) on leucine
deprivation-induced IGFBP-1 phosphorylation

HepG2 cells were treated with scrambled or CK2a+a’+f siRNA for 24 hours and incubated
in leucine plus (450 pM) or leucine deprived (0 uM) media for 72 hours (n=3 each).
Representative immunoblots of conditioned HepG2 cell media (50 pL per well) treated with
scrambled, or CK2a+a’+f siRNA in media that was leucine plus or leucine deprived
assessed for A. total IGFBP-1 and B. IGFBP-1 phosphorylation at Ser101, Ser119 and
Ser169. Knockdown of the CK2 holoenzyme prevents IGFBP-1 hyperphosphorylation in
leucine deprivation. Values are displayed as mean + SEM. *p< 0.05, **p= 0.001-0.05, ***p
< 0.0001 versus control; One-way analysis of variance; Dunnet’s Multiple Comparison Test;
n=3. Sc: Scrambled, 450 uM leucine. Sc:0: Scrambled, 0 UM leucine. CK2:450: CK2a+a’
+B siRNA, 450 uM leucine. CK2:0: CK2a+a’+B siRNA, 0 uM leucine.
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Figure 5. The effect of pan-PKC siRNA on IGFBP-1 phosphorylation in leucine deprivation
HepG2 cells were treated with scrambled or pan-PKC siRNA for 24 hours and cultured in

leucine plus (450 uM) or leucine deprived (0 uM) media for an additional 72 hours (n=3
each). A. A representative western immunoblot of total IGFBP-1 in equal amounts (50 uL)
of cell media treated with scrambled or ERK siRNA with and without leucine deprivation.
B-D. Representative western immunoblots of HepG2 cell media (50 L) treated with
scrambled or pan-PKC siRNA in leucine plus or leucine deprived conditions and assayed for
IGFBP-1 phosphorylation at Ser101, Ser119 and Ser169. PKC knockdown attenuates
IGFBP-1 hyperphosphorylation in response to leucine deprivation. Values are displayed as
mean + SEM. *p< 0.05, **p=0.001-0.05, ***p < 0.0001 versus control; One-way analysis
of variance; Dunnet’s Multiple Comparison Test; n=3. Sc: Scrambled, 450 uM leucine. Sc:0:
Leucine deprivation, 0 UM leucine. PKC:450: PKC siRNA, 450 uM leucine. PKC:0: PKC
SIRNA, 0 uM leucine.
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Figure 6. MRM/MS analysis for assessment of IGFBP-1 phosphorylation
Mass spectrometry analysis of the relative IGFBP-1 phosphorylation induced by leucine

deprivation in the presence or absence of TBB or BIS. TBB or BIS attenuate IGFBP-1
phosphorylation at A. Ser101, B. Ser119 and C. Ser169 in the presence of either inhibitor
(TBB samples (set to a value of 1) and normalized to a non-phosphorylated peptide within
the IGFBPL1 protein. C:450 Control, 450 uM leucine. C:0: Leucine deprivation, 0 uM
leucine. BIS:0: Bisindolylmaleimide (7.5 uM), O uM leucine. TBB:0: TBB (1 uM), 0 uM
leucine.
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Figure 7. The effects of CK2 and PKC inhibition on IGF-1R autophosphorylation
HepG2 cells were treated in leucine plus (450 uM) or leucine deprived (0 M) media with

BIS or with TBB, a pharmacological CK2 inhibitor, for 24 hours (n=3). HepG2 cell media
samples were aliquoted to contain equal concentrations of IGFBP-1 and buffer-exchanged to
serum-free P6 media (DMEM/F12 with pyruvate). Aliquots were then incubated with
human recombinant IGFI (25 ng/mL) for 2 hours to allow IGFBP-1 binding to IGF-I,
followed by a 10 minute exposure to P6 cells to allow induction of IGF-I-mediated IGF-1Rj3
autophosphorylation (Tyr1135). A representative western immunoblot of post-treatment P6
cell lysates (50 ug per lane) assessed for IGF-IR autophosphorylation (Tyr1135). Leucine
deprivation-stimulated IGFBP-1 phosphorylation reduced IGF-1R activation; leucine
deprivation was unable to elicit this effect in the presence of BIS or TBB. Values are
displayed as mean + SEM. *p< 0.05, **p= 0.001-0.05, ***p < 0.0001 versus control; One-
way analysis of variance; Dunnet’s Multiple Comparison Test; n=3. — IGF-1: Negative
control, no IGF-1, no IGFBP-1. +IGF-I: Positive control, 25 ng/mL IGF-I, no IGFBP-1. C:
450: Control, 450 pM leucine. C:0: Leucine deprivation, 0 pM leucine. TBB:450: TBB (1
uM), 450 pM leucine. TBB:0: TBB (1 uM), 0 uM leucine. BIS:450: Bisindolylmaleimide
(7.5 uM), 450 uM leucine. BIS:0: Bisindolylmaleimide (7.5 uM), 0 uM leucine.
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Figure 8. Effects of various inhibitor treatments on CK2 activity
A. CK2 activity assay demonstrates that leucine deprivation induces CK2 activity, an effect

that is attenuated by BIS. Expectedly, TBB decreases CK2 activity in leucine deprivation.
Values are displayed as mean + SEM. *p< 0.05, **p= 0.001-0.05, ***p < 0.0001 versus
control; One-way analysis of variance; Dunnet’s Multiple Comparison Test; n=3. C:450:
Control, 450 uM leucine. C:0: Leucine deprivation, 0 uM leucine. BIS:0:
Bisindolylmaleimide (7.5 uM), 0 uM leucine. TBB:0: TBB (1 uM), 0 uM leucine.
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IGFBP-1 peptide sequence (45-180) and possible phosphorylation sites for CK2, PKC and PKA.

Table 1

HACGVApTARCARGLPS“CRALPGEQQPLHALTRGQGACVQESDASAP
IGFBP-1 HAAEAGSPESPEpS'"' TEITEEELLDNFHLMAPpS'"EEDHSILWDAISTYDG
sequence e )
(45-180) SKALHVTNIKKWKEPCRIELYRVVESLAKAQETpS 'GEEISKFYLPN'
Protein Consensus phosphorylation site | IGFBP-1 peptides | Validated by in
Kinase motif sequence (X=any amino with potential vitro kinase
acid): substrate sites assay
*pSIITEITEEE Validated
CK2 pS/T-X-X-D/E pSHMeEED Validated
pSI9GEE Validated
PKC SIT-X-RIK pT= AR -
p PS8 CR
A pTAR 3
PKA RIK-R/K-X-pS/T DSSECR

Page 28

IGFBP-1 residues Ser101, Ser119 and Ser169 have been shown to be potential sites for phosphorylation by CK2 in HepG2 cells in response to
leucine deprivation in vitro, in human FGR umbilical cord plasma from FGR pregnancies and in baboon FGR fetal liver from maternal nutrient
restriction in vivo.

*
pSer101 is not a precise consensus sequence site for CK2. Conversely, PKC and PKA are not likely to directly phosphorylate IGFBP-1 at Ser 101,
119 and 169 sites.
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