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Furthermore, we have recently demonstrated that IGFBP-1 phos-
phorylation are increased at three different sites (Ser101, Ser119,
and Ser169) in human umbilical cord plasma from FGR pregnan-
cies and in liver from baboon FGR fetuses (Abu Shehab et al., 2014).
These data indicate that increased phosphorylation of IGFBP-1 at
specific sites plays an important role in FGR pathogenesis.

FGR is characterized by decreased amino acid availability (Maulik,
2006; Miller et al., 2008), which activates the amino acid re-
sponse (AAR) (Strakovsky et al., 2010) and inhibits mechanistic target
of rapamycin (mTOR) signaling (Roos et al., 2007, 2009). Amino acids,
oxygen and growth factor signaling activate mTOR signaling (Arsham
et al., 2003; Martin and Sutherland, 2001; Roos et al., 2009;
Waullschleger et al., 2006). mTOR integrates nutrient and mito-
genic signals to regulate cell growth and cell division (Wang and
Proud, 2011). mTOR exists in two complexes, mTOR Complex 1
(mTORC1) and 2, with the protein raptor associated to mTORC1 and
rictor associated to mTORC2 (Oshiro et al., 2004; Sarbassov et al.,
2004). Activated mTORC1 phosphorylates 4E-BP1 and p70-S6K and
promotes protein translation (Foster and Fingar, 2010; Wang and
Proud, 2011). mTORC2 phosphorylates Akt and PKCo and regu-
lates cell metabolism and survival (Foster and Fingar, 2010; Sarbassov
et al., 2004). Oxygen, growth factor and amino acids, particularly
leucine and arginine, activate mTORC1 signaling (Chotechuang et al.,
2009; Hara et al., 1998; Li et al., 2011; Matsumura et al., 2005;
Waullschleger et al., 2006). mTORC1, in particular, is inhibited by the
binding of rapamycin although longer treatments and higher doses
of rapamycin have also been shown to inhibit mTORC2 (Abu Shehab
et al., 2014; Foster and Fingar, 2010).

We have previously shown using HepG2 cells and baboon fetal
hepatocytes in vitro that inhibition of mTOR signaling resulted
in increased IGFBP-1 phosphorylation at the three specific sites
(Abu Shehab et al., 2014). In addition using a baboon model of
FGR in the same study we also demonstrated that increased
site-specific IGFBP-1 phosphorylation in FGR is linked to an inhi-
bition of the mTOR and stimulation of protein kinase CK2. However,
the mechanisms underlying IGFBP-1 hyperphosphorylation specif-
ically in conditions of amino acid deprivation remain to be
established.

The AAR pathway is activated under conditions of cellular nu-
trient stress (Deng et al., 2002; Dong et al., 2000; Hinnebusch, 1997;
Kilberg et al., 2005; Strakovsky et al., 2010; Thiaville et al., 2008;
Zhou and Pan, 2011). General control non-derepressible 2 (GCN2)
is the key sensor of cellular nutrient status, which is activated
upon sensing excess uncharged cytoplasmic tRNAs (Dong et al.,
2000; Hinnebusch, 1997). Leucine deprivation activates and
phosphorylates GCN2 at pThr898, which subsequently phosphory-
lates eukaryotic initiation factor 2 (eiF2) at pSer51 of the alpha
subunit (eiF2a) (Deng et al., 2002). Phosphorylation of eiF2o
(pSer51), which is increased in FGR (Yung et al., 2008), proceeds
to inhibit elF2B activity and therefore overall global protein
synthesis while concurrently promoting the translation of certain
stress-responsive mRNAs, including activating transcription factor
4 (ATF4) (Deng et al., 2002; Hinnebusch, 1997). ATF4 is a critical
stress-responsive transcription factor, which, when synthesized, pro-
motes the transcription of several growth-arresting genes (Kilberg
et al., 2009). eiF2a (pSer51) phosphorylation and total ATF4 ex-
pression levels are therefore functional readouts of AAR activity.
The role of the AAR signal transduction pathway in regulating
IGFBP-1 phosphorylation has, to our knowledge, not previously been
investigated.

In this study, we hypothesized that inhibition of mTOR signal-
ing and AAR activation increase IGFBP-1 secretion and
phosphorylation at specific sites in response to amino acid depri-
vation. We used HepG2 cells as a model for human fetal hepatocytes
(Hart et al., 2010; Kelly and Darlington, 1989; Maruyama et al., 2007;
Pal et al., 2012; Wilkening et al., 2003) to investigate the mecha-

nisms linking mTOR and AAR signaling with IGFBP-1 phosphorylation
under leucine deprivation. We studied the secretion and phos-
phorylation of IGFBP-1 in HepG2 cells in response to mTOR inhibition
(rapamycin) or AAR inhibition (U0126). Alternatively, cells were
transfected with siRNA targeting raptor + rictor or DEP domain-
containing mTOR-interacting protein (DEPTOR) (to inhibit or activate
mTORC1 and C2, respectively) (Foster and Fingar, 2010), and ERK1/2
and/or GCN2 (to inhibit ERK-mediated AAR) (Hinnebusch, 1997;
Thiaville et al., 2008) in cells cultured with or without leucine. Finally,
we confirmed that changes in IGFBP-1 phosphorylation under leucine
deprivation altered IGF-I bioactivity by employing our previously
established IGF-1R autophosphorylation assay (Abu Shehab et al.,
2013, 2014) which supported the functional significance of our
findings.

2. Methods
2.1. Cell culture

Human hepatocellular carcinoma cells (HepG2), purchased from
ATCC (Mananassas, VA), were cultured in Dulbecco’s modified Eagle
medium with nutrient mixture F-12 (DMEM/F-12) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen Corp., Carlsbad, CA)
at 37 °C in 20% 0O, and 5% CO, as we described previously (Abu
Shehab et al., 2014; Seferovic et al., 2009).

2.2. Leucine deprivation

HepG2 cells were treated in specialized DMEM/F12 selectively
deprived and restored of specific amino acids and were incubated
in the specialized media either deprived of (0 uM) or supple-
mented with (450 uM) leucine as we described in our previous study
(Seferovic et al., 2009).

Cells were further incubated in leucine containing or leucine de-
prived media during rapamycin (100 nM), U0126 (10 uM), or TBB
(1 uM) treatments or following transfection with siRNA. Cell media
and cell lysate were collected following 24 hour (chemical treat-
ments) or 72 hour (siRNA treatments) exposure to the specialized
media.

2.3. Inhibitor treatments

HepG2 cells were plated in 12-well culture dishes until cul-
tures reached 75% confluence then starved for 6 hours in 2% FBS
(DMEM]/F12) prior to treatments with pharmacological inhibitors.
Based on previous dose-dependency data, HepG2 cells were treated
post-6 hour starvation for 24 hours using 100 nM rapamycin, 1 uM
TBB as we reported previously (Abu Shehab et al., 2014) or treated
with 10 uM U0126 after assessment via dose-dependency experi-
ments (data not shown). Following treatments, cell media and cell
lysate were prepared as we described (Abu Shehab et al., 2014) and
stored at -80 °C.

2.4. RNA interference silencing

HepG2 cells were plated at 65% confluence in 12-well culture
plates. Silencing using siRNA targeting raptor + rictor, DEPTOR, GCN2
(Sigma-Aldrich, St. Louis, MO, USA) or ERK (Cell Signaling Tech-
nologies, Beverly, MA, USA) in HepG2 cells was achieved using
transfection with 100 nM siRNA and 5 pL Dharmafect transfection
reagent 4 (Thermo Scientific, Rockford, IL, USA) in regular, serum
free DMEM/F12. To simultaneously ensure maximal silencing and
maximize cell survival, the transfected cell medium was replaced
after 24 hours with specialized leucine containing or leucine de-
prived medium and studied after 72 hours (96 hours following
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