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IGF-binding protein (IGFBP)-3 is a multifunctional protein that can exert IGF-independent effects on
apoptosis. Anisomycin (ANS) is a potent inducer of IGFBP-3 production in bovine mammary epithelial cells
(MECs), and knockdown of IGFBP-3 attenuates ANS-induced apoptosis. IGFBP-3 is present in the nucleus
and the conditioned media in response to ANS. The goal of this study was to determine whether ribotoxic
stress induced by ANS or a second ribotoxin, deoxynivalenol (DON), specifically regulates transport of
IGFBP-3 to the nucleus and to determine the pathway by which it traffics. In ribotoxin-treated cells, both
endogenous IGFBP-3 and transfected IGFBP-3 translocated to the nucleus. Inhibition of the nuclear
transport protein importin-b with importazole reduced ribotoxin-induced nuclear IGFBP-3. Immunopre-
cipitation studies showed that ANS induced the association of IGFBP-3 and importin-b, indicating that
ribotoxins specifically induce nuclear translocation via an importin-b‒dependent mechanism. To determine
whether secretion of IGFBP-3 is required for nuclear localization, cells were treated with Pitstop 2 or
brefeldin A to inhibit clathrin-mediated endocytosis or overall protein secretion, respectively. Neither in-
hibitor affected nuclear localization of IGFBP-3. Although the IGFBP-3 present in both the nucleus and
conditionedmediawas glycosylated, secreted IGFBP-3 exhibited a highermolecularweight. Deglycosylation
experiments with endoglycosidase Hf and PNGase indicated that secreted IGFBP-3 completed transit
through the Golgi apparatus, whereas intracellular IGFBP-3 exited from the endoplasmic reticulum before
transit through the Golgi. In summary, ANS and DON specifically induced nuclear localization of non-
secreted IGFBP-3 via an importin-b‒mediated event, which may play a role in their ability to induce
apoptosis in MECs.
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In the dairy cow, milk output over a lactation cycle is a function of mammary epithelial cell
(MEC) number over time [1]. Daily milk yield is highest approximately 3 to 6 weeks after
calving, when secretory cell number and secretory activity per cell have peaked. The ensuing
decline in milk yield is due to loss of MECs by apoptosis [2, 3]. At the cellular level, altering
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nuclear localization signal; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; SF, serum-free; siRNA, small
interfering ribonucleic acid; Tf-FITC, fluorescently labeled transferrin.

Received 8 October 2018
Accepted 11 December 2018
First Published Online 24 December 2018

March 2019 | Vol. 3, Iss. 3
doi: 10.1210/js.2018-00330 | Journal of the Endocrine Society | 517–536

http://orcid.org/0000-0001-9312-0121
http://orcid.org/0000-0002-6747-1558
http://orcid.org/0000-0001-9312-0121
http://orcid.org/0000-0002-6747-1558
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1210/js.2018-00330


the balance between anti-apoptotic and proapoptotic signals in favor of survival has the
potential to improve lactational persistency and thus increase total lactation yield [4].

The IGF system is a major regulator of proliferation and survival in the mammary gland.
It is composed of two ligands, two receptors, and six IGF-binding proteins (IGFBPs) that
modulate IGF activity. IGFBP-3 is the major transporter of IGF in the circulation [5]. At the
cellular level, it hasmultiple functions depending on cell type and cellular context. Numerous
studies have reported that IGFBP-3 exerts apoptotic effects through both IGF-dependent and
IGF-independent mechanisms. Although IGFBP-3 is a secreted protein, it contains a nuclear
localization signal (NLS) and is detected in the nucleus of multiple cell lines, suggesting an
intracrine function [6–11].

The intrinsic apoptotic pathway is activated by ribotoxins such as anisomycin (ANS) and
deoxynivalenol (DON). These proteins target the ribosome to elicit a conserved cellular
response referred to as ribotoxic stress, which is characterized by activation of mitogen-
associated protein kinase pathways and subsequent apoptosis [12, 13]. Previous work from
our laboratory showed that IGFBP-3 plays a role in the ability of ANS to induce intrinsic
apoptosis in bovine MECs independent of IGF-I [6]. Further, IGFBP-3 is detected in the
nucleus of ANS-treated cells, leading us to hypothesize that cellular localization contributes
to the regulation of the biological function of IGFBP-3. However, the mechanism by which it
localizes to the nucleus in these cells remains unclear. Studies in osteosarcoma and prostate
cancer cells have indicated that IGFBP-3 is internalized through several different mecha-
nisms [9, 14], leading to the proposal that nuclear IGFBP-3 arises from the secreted protein.
However, when prostate cancer cells are transfected with IGFBP-3 lacking the signal peptide
required for secretion, IGFBP-3 is still found in the nucleus and can induce apoptosis,
suggesting that secretion is not a required event for nuclear localization [15, 16]. The ob-
jective of the current study was to elucidate the mechanism for nuclear import of IGFBP-3
during apoptosis in bovine MECs.

1. Materials and Methods

A. Reagents

DMEM-H with high glucose (4.5 g/L D-glucose), penicillin, streptomycin, 10% neutral
buffered formalin, and Hoechst 33342 were purchased from Thermo Fisher Scientific
(Waltham, MA). Phenol red-free DMEM low-glucose media, insulin, BSA, sodium sele-
nite, imidazole, ANS, DON, and brefeldin A were purchased from Sigma-Aldrich (St.
Louis, MO). Gentamycin was obtained from Amresco (Solon, OH). Fetal bovine serum was
obtained from Atlanta Biologicals (Flowery Branch, GA). The enzymes endoglycosidase
Hf (Endo H) and PNGase F were purchased from New England Biolabs (Ipswich, MA).
Importazole was obtained from Millipore (Billerica, MA). Superfect transfection reagent
was purchased from Qiagen (Germantown, MD). Custom SmartPool small interfering
ribonucleic acid (siRNA) for bovine IGFBP-3 and nontargeting control siRNA (scramble)
were obtained from Dharmacon (Lafayette, CO). TransIT-TKO transfection reagent was
purchased fromMirus Bio (Madison, WI). Fluorescently labeled transferrin (Tf-FITC) was
purchased from Rockland Inc (Gilbertsville, PA). Pitstop 2 was obtained from Cellagen
Technology (San Diego, CA). Antibodies used in this work are described in Table 1. Cleaved
caspase-3 (Asp 175), RRID:AB_2341188 [17]; cleaved caspase-7 (Asp 198), RRID:
AB_2068144 [18]; and PARP, RRID:AB_2160739 [19], were obtained from Cell Signaling
Technology (Danvers, MA). HSP60, RRID:AB_733032 [20], and anti-NTF97/importin-b
[3E9], RRID:AB_2133989 [21], were purchased from Abcam (Cambridge, MA). Lamin A/C
(H-110), RRID:AB_648154 [22], was from Santa Cruz (Dallas, TX). THE His Tag, RRID:
AB_914704 [23], was obtained from Genscript (Piscataway, NJ). HRP horse anti-mouse
IgG, RRID:AB_2336177 [24], was purchased from Vector Laboratories (Burlingame, CA)
and anti-rabbit IgG HRP-linked, RRID:AB_772206 [25], was from GE Healthcare
(Chicago, IL).
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B. Cell Culture

The bovine MEC line MAC-T [26] was routinely maintained and plated for experiments as
previously described [10].

C. Generation of Bovine IGFBP-3 Antisera

To generate IGFBP-3 antigen for antisera production, MAC-T cells were transfected with
a plasmidencoding bovine IGFBP-3-His cDNA as previously described [10]. Cells were
transfected using SuperFect (Qiagen) combined with plasmid in a 1:5 ratio in 100-mm2

dishes. Following a 24-hour recovery in serum-containing media, cells were rinsed twice in
PBS and incubated with fresh serum-free (SF) DMEM-H (5 mL per plate) for 72 hours. Media
were collected and filtered through a 0.22-mm polyethersulfone bottle top filter (Corning,
Tewksbury, MA) to remove dead cells and debris and were then stored at 4°C until use.
Chromatography columns (Bio-Rad, Hercules, CA) were each loaded with 1 mL of Ni-NTA
agarose (Qiagen), supernatant was allowed to flow through, and beads were resuspended in
4 mL of bind buffer (300 mM NaCl, 50 mM Na3HPO4, 10 mM imidazole; pH, 8). The su-
pernatant was again allowed to flow through and discarded. Ten milliliters of conditioned
media (CM) was added per column and incubated for 2 hours at 4°C on a rotating platform;
beads were then allowed to settle by gravity, and media were allowed to flow through.
Columns were washed three times with wash buffer (300mMNaCl, 50mMNa3HPO4, 20mM
imidazole; pH, 8). Bound protein was eluted with 33 1mL volumes of elution buffer (300 mM
NaCl, 50 mM Na3HPO4, 250 mM imidazole; pH, 8). Primary elutions containing IGFBP-3
were concentrated in Amicon Ultra YM10 centrifugal concentrators (Millipore). Buffer ex-
change was used to dilute the elution buffer to achieve an imidazole concentration below
50 mM. Primary elutions (30 mL) were run under reducing and denaturing conditions on a
12.5% polyacrylamide gel. The gel was then fixed and stained using a silver stain kit
according to manufacturer’s instructions (Bio-Rad) to determine protein purity. Concen-
trated IGFBP-3 was sterilized by passage through a syringe filter (Macherey-Nagel, Beth-
lehem, PA). Samples were then stored overnight at 220°C or used as an antigen on the
same day.

The antibody was generated in naive New Zealand white rabbits. Animal care was per-
formed in accordance with guidelines from the Rutgers Institutional Animal Care and Use
Committee and complied with National Institutes of Health Policy. To generate the antibody,
animals received an initial subcutaneous injection of 500 mg IGFBP-3 followed by two booster
injections on weeks 5 (200 mg) and 14 (100 mg). Nonimmune serum was collected before the
first dose and showed lack of cross-reactivity with bovine IGFBP-3. The initial dose of IGFBP-
3 was mixed with an equal volume of Freund’s complete adjuvant. Subsequent doses were
mixed with Freund’s incomplete adjuvant. All doses were administered at four subcutaneous
injection sites. Blood was collected, and serum was isolated seven times over the course of
22 weeks. To test the bleeds for IGFBP-3 specificity, biological samples containing IGFBP-3
were immunoblotted with the antiserum, and the bleed that produced the strongest andmost
specific signal was selected [27]. As shown in Fig. 1, the antibody recognized several mo-
lecular weight forms of IGFBP-3 in whole-cell lysates (WCLs) and CM collected from MAC-
T cells treated with ANS. Specificity for IGFBP-3 was demonstrated by showing that these
bands were significantly reduced by treatment with IGFBP-3 siRNA. In addition, no ad-
ditional forms of IGFBP secreted by MAC-T cells [28] or other nonspecific bands were de-
tected by the antiserum.

D. Caspase-3/7 Assay

MAC-T cells were treated 6 toxin and then assayed for caspase-3 and caspase-7 cleavage
with the SensoLyte Homogeneous AMC Caspase-3/7 Assay Kit (AnaSpec, Fremont, CA)
according to the manufacturer’s specifications.
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Figure 1. Bovine IGFBP-3 polyclonal antibody specifically detects IGFBP-3 in whole cell
lysates (WCLs) and CM of MAC-T cells. MAC-T cells were transfected with 50 nM of IGFBP-
3 or Scr siRNA for 48 h, serum starved overnight, and treated with 6 0.1 mM of ANS for 6 h
(WCLs) or 18 h (CM). (a) WCLs (40 mg) and (b) CM (100 mL) were immunoblotted for IGFBP-
3 [27]. HSP60 served as a loading control for WCLs. Scr, scramble.
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E. RNA Isolation and Reverse Transcription-Quantitative Polymerase Chain Reaction

RNA was isolated using the NucleoSpin RNA Plus isolation kit (Macherey-Nagel). RNA
integrity was assessed by visualization of 28 and 18S ribosomal bands after agarose gel
electrophoresis. RNA (1 mg) was reverse transcribed with the High-Capacity Reverse
Transcription Kit (Thermo Fisher Scientific). Quantitative polymerase chain reaction primer
sets were developed using PrimerQuest (IDT, Coralville, IA) and were purchased from
Sigma-Aldrich. For IGFBP-3, primers were forward, 50-CAGAGCACAGACACCCAGAA-30,
and reverse, 50-GGAACTTGAGGTGGTTCAGC-30. For cyclophilin, primers were forward,
50-GAGCACTGGAGAGAAAGGATTTGG-30, and reverse, 50-TGAAGTCACCACCCTGGCA-
CATAA-30. Primers were validated as previously described [10]. The amplification effi-
ciencies for the primers were 99.8% 6 0.3% for IGFBP-3 and 100% 6 0.01% for cyclophilin
(mean6SD for three independent curves). Sampleswere diluted 1:4, and 5mLwas amplified in a
20-mL reaction containing 10mLPower SYBRGreen (ThermoFisher Scientific), 4mLH2O, and
0.5 mL (0.25 mM IGFBP-3, 0.125 mM cyclophilin) of each gene-specific primer. Reactions were
run on the Applied Biosystems StepOnePlus system (Applied Biosystems, Foster City, CA)
using cycle parameters of 95°C for 10minutes, followed by 40 cycles of 95°C for 15 seconds and
60°C for 1 minute. Data were analyzed using the relative DDCT method with cyclophilin as
the housekeeping gene. PCR products were verified by melt curve analysis.

F. Cell Lysis and Immunoblotting

Cytosolic and nuclear fractions were obtained as described [10], and WCLs were obtained as
described [29]. Lysates were assayed for protein concentration with the Bio-Rad Protein
Assay and immunoblotted as previously described [30] with the following exceptions:
blocking buffer contained 0.1% Tween 20 (v/v) and 5% nonfat dried milk (w/v), secondary
antibody incubation was 1 hour, and peroxidase activity was detected with ECL Prime (GE
Healthcare). Chemiluminescence was detected with the FluorChem FC2 imaging system
(ProteinSimple, San Jose, CA).

G. Immunoprecipitation

Cell lysates (500 mg) were collected in Active Motif Complete Lysis Buffer (Carlsbad, CA) and
incubated with antibody on a rotating platform overnight at 4°C. Samples were added to
20 mL of prewashed protein G beads (Millipore) and incubated on a rotating platform for
2 hours at 4°C. Beads were thenwashed three times with PBS, and bound proteins were eluted
in 23 Laemmli buffer under reducing conditions at 95°C for 5 minutes. The supernatant was
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotted.

H. siRNA Transfection

MAC-T cells were plated and transfected with 50 nM of IGFBP-3 siRNA oligos or non-
targeting control (scramble) siRNA as previously described [10]. After 48 hours, cells were
washed and incubated overnight in SF media and then treated 6 ribotoxin to induce
apoptosis.

I. Construction of Green Fluorescent Protein-Tagged IGFBP-3

A plasmid containing the signal sequence followed by the full-length protein coding sequence
of bovine IGFBP-3 was used to generate green fluorescent protein (GFP)-tagged protein [29].
The GFP-tag was added as described for the construction of IGFBP-3-His [10] with the
following changes. XhoI and BamHI restriction sites were added to the 50 and 30 ends of
bovine IGFBP-3, respectively, producing a 900-bp fragment. The reverse primer was 50-
ACAAGTGGATCCACCTTGCTCTCCATGCTGTAGCAGTC-30. The cycling parameters were
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94°C for 2 minutes; 30 cycles of 94°C for 1 minute, 50°C for 1 minute, 68°C for 1 minute; and
68°C for 10 minutes. BP3 (insert) and pEGFP-N1 (vector) were digested with XhoI
and BamHI.

J. Fluorescence Microscopy

MAC-T cells were plated in complete media on eight-well m-slides (Ibidi, Martinsried,
Germany). For transfection, cells were plated at 3.5 3 104 cells/cm2. The next day, sub-
confluent cells were transfected with a plasmid encoding cDNA for GFP-tagged IGFBP-3
(IGFBP-3-GFP), IGFBP-3-His, or pEGFP-N1 using SuperFect (Qiagen) in a 1:10 ratio as
previously described [10]. After a 24-hour recovery in serum-containing media, cells were
rinsed twice in PBS and incubated with fresh SF DMEM-H for 1 hour, then treated as in-
dicated in the figure legends. Cells were fixed with 10% neutral buffered formalin (Thermo
Fisher Scientific). Nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific). Cells
were stored in mounting media (Ibidi), and images were acquired with an Olympus FSX100
microscope (Olympus, Shinjuku, Tokyo, Japan) at 403 and 603 magnifications.

K. Endo H and PNGase Digestion

WCL (50 mg), cytosolic fraction (50 mg), nuclear fraction (30 mg), or CM (100 mL concentrated
to 20mL) were digested with EndoH (NewEngland Biolabs) in a reaction that included 2500 U
of enzyme and GlycoBuffer 3. Reactions were incubated at 37°C for 20 hours and then
analyzed by SDS-PAGE. WCL (50 mg) or CM (100 mL concentrated to 20 mL) were digested
with PNGase F (New England Biolabs) in a reaction that included 1000 U of enzyme, 1% NP-
40, and GlycoBuffer 2. Reactions were incubated at 37°C for 20 hours and then analyzed
with SDS-PAGE.

L. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 7.0 (La Jolla, CA).

2. Results

A. ANS and DON Induced IGFBP-3 Expression, Which Played a Role in Their Ability to
Induce Apoptosis

We previously reported that ANS induced apoptosis as well as IGFBP-3 expression in
MAC-T cells and that ANS was less effective at inducing apoptosis when IGFBP-3 was
reduced with siRNA [6]. To test whether this is part of a universal ribotoxic stress response,
we compared the response of cells to ANS with the response to DON, a trichothecene my-
cotoxin that also inhibits the peptidyltransferase reaction and induces the ribotoxic stress
signaling pathway [31]. Similar to treatment with ANS, treatment with DON also induced
apoptosis [Fig. 2(a)] and IGFBP-3 expression at both the mRNA level [Fig. 2(b)] and the
protein level [Fig. 2(c)]. Knockdown of IGFBP-3 with siRNA before treatment with either
ANS or DON significantly attenuated their ability to induce apoptosis as measured by
western immunoblotting using antibodies that recognize the cleaved forms of PARP and
caspases 3 and 7 [Fig. 2(d) and 2(e)]. Therefore, IGFBP-3 appears to be part of a universal
stress response to ribotoxins in MAC-T cells.

B. ANS and DON Induced Nuclear Localization of IGFBP-3 Mediated by Importin-b

In our previous work, we showed that endogenous IGFBP-3 localized to the nucleus in cells
treated with ANS. In the present work, IGFBP-3 was low to undetectable in both nuclear and
cytosolic fractions from untreated cells, whereas following treatment with either ANS or
DON, IGFBP-3 was present in both the nucleus and the cytoplasm [Fig. 3(a)]. The presence of
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IGFBP-3 in the nucleus could be a function of passive diffusion through the nuclear pores,
which can occur for proteins with a molecular weight ,45 kDa. To test this, cells were
transfected with GFP-tagged IGFBP-3, which has a molecular weight of approximately
64 kDa. Under SF conditions, IGFBP-3-GFP was detected primarily in the cytosol; however,

Figure 2. Induction of IGFBP-3 expression was required for ribotoxins to induce apoptosis.
(a‒c) Confluent MAC-T cells were serum starved overnight and treated with 0.1 mM ANS,
1.0 mg/mL DON, or SF media as indicated. (a) Caspase-3/7 activation was measured with the
SensoLyte Caspase-3/7 Assay (AnaSpec) after 6 hours of treatment; (b) total RNA was
collected and analyzed for IGFBP-3 mRNA by Reverse transcription-quantitative polymerase
chain reaction with data corrected for cyclophilin levels after 4 h of treatment. (a and b) Bars
represent mean 6 SEM of four individual experiments, with treatment measured in
triplicate within each experiment. Data were analyzed using one-way ANOVA with the
Tukey multiple comparisons post hoc test. *P , 0.05; **P , 0.01; ***P , 0.001 compared
with SF control. (c) Whole-cell lysates were collected after 6 h of treatment, and 40 mg was
separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis and
immunoblotted for IGFBP-3. HSP60 was used as a loading control. Data are representative
of four independent experiments. (d) MAC-T cells were transfected with 50 nM of IGFBP-3 or
Scr siRNA for 48 h, serum starved overnight, and treated with 0.1 mM ANS, 1.0 mg/mL
DON, or SF media for 6 h. Whole-cell lysates (40 mg) were separated using sodium dodecyl
sulfate polyacrylamide gel electrophoresis and immunoblotted for IGFBP-3 and cleaved
PARP, caspase-3, and caspase-7. HSP60 was used as a loading control. (e) Western blots
from three experiments were quantitated by densitometry. Bars represent mean 6 SEM.
Data were analyzed by two-way ANOVA with the Sidak multiple comparisons post hoc test.
*P , 0.05; **P , 0.01. AU, arbitrary units; Scr, scramble.
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Figure 3. ANS and DON induced nuclear localization of IGFBP-3. (a) MAC-T cells were
treated for 6 h 6 0.1 mM ANS or 1 mg/mL DON, then fractionated and immunoblotted for
IGFBP-3. Lamin A/C and HSP60 served as controls for cytoplasmic (cyto) and nuclear (nuc)
loading, respectively. Results are representative of three independent experiments. (b) MAC-
T cells transfected with IGFBP-3-GFP were treated for 2 h 6 0.1 mM ANS or 1 mg/mL DON.
Cells were fixed in formalin, and then nuclei were stained with Hoechst. Images were
acquired with an Olympus FSX100 microscope at 403 magnification. Images are
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nuclear localization was observed within 2 hours of exposure to ANS or DON, indicating that
active transport is required and is specifically induced by ribotoxin [Fig. 3(b)]. Quantification
indicated that in cells treated with either ANS or DON, approximately 60% of transfected
cells exhibited nuclear localization compared with 10% of untreated cells [Fig. 3(c)].
Transfection with a control plasmid encoding EGFP protein alone showed GFP equally
distributed between the cytoplasm and the nucleus [Fig. 3(d)].

To determine whether nuclear transport of IGFBP-3 is mediated by importin-b in MAC-
T cells as has been reported in other cell lines [14, 32], cells were treated 6 ribotoxin with or
without importazole, a small-molecule inhibitor of importin-b. As shown in Fig. 4(a) and 4(b),
ribotoxin-induced nuclear localization of IGFBP-3-GFP was significantly attenuated by
importazole, indicating that IGFBP-3 utilizes importin-b for nuclear import. Quantification
indicated that ,10% of transfected cells exhibited nuclear IGFBP-3-GFP under SF,
importazole, or importazole + toxin treatment, compared with 60% to 80% of cells with ANS
or DON [Fig. 4(c)]. To determine whether ANS induces a physical association between en-
dogenous IGFBP-3 and importin-b, cells were treated 6 ANS, immunoprecipitated with
IGFBP-3 or importin-b antibody, and immunoblotted with the opposite antibody. As shown in
Fig. 5(a) and 5(b), IGFBP-3 and importin-b coimmunoprecipitated only in ANS-treated cells.
Because untreated cells contain very low levels of endogenous IGFBP-3, cells were trans-
fected with IGFBP-3-His to determine whether the association required ANS treatment [Fig.
5(c)]. Immunoprecipitation experiments indicated that exogenous IGFBP-3 and importin-b
associated only in cells that were treated with ANS, even though untreated controls con-
tained similar amounts of IGFBP-3.

C. IGFBP-3 Was Not Secreted Before Nuclear Localization

To determine whether secreted IGFBP-3 is reinternalized then directed to the nucleus as
reported by others, Pitstop 2, an inhibitor of clathrin-mediated endocytosis (CME), was used
[33]. To confirm that Pitstop 2 successfully prevents endocytosis, cells were treated with
Tf-FITC, which is known to use CME for cellular entry. In the absence of inhibitor, Tf-FITC
was distributed throughout the cell; however, treatment with Pitstop 2 resulted in an absence
of intracellular Tf-FITC, demonstrating inhibition of endocytosis [Fig. 6(a)]. Cells were then
treated with ANS with or without the inhibitor. Treatment with Pitstop 2 did not reduce
nuclear accumulation of IGFBP-3 or increase its accumulation in CM, both of which would be
expected to occur if nuclear IGFBP-3 arose from secreted protein [Fig. 6(b)]. It was also
observed that IGFBP-3 in CM ran at a higher molecular weight than did nuclear IGFBP-3.

Because secreted protein can be internalized via multiple mechanisms, a second approach
was used. Cells were treated with ANS or DON 6 brefeldin A, which inhibits endoplasmic
reticulum (ER) to Golgi transport, effectively blocking secretion. Cells were then fractionated
and immunoblotted for IGFBP-3. Treatment with brefeldin A did not affect nuclear accu-
mulation of endogenous IGFBP-3, indicating that it does not need to be secreted before
localizing to the nucleus. Analysis of IGFBP-3 in the CM of cells treated with brefeldin A
confirmed that secretion of IGFBP-3 was successfully inhibited [Fig. 7(a) and 7(b)]. Similar to
the western immunoblotting results described for Fig. 6(b), IGFBP-3 in CM ran at a higher
molecular weight than nuclear IGFBP-3 did. Movement of IGFBP-3 was also visualized by
fluorescence microscopy [Fig. 7(c) and 7(d)]. Cells were transfected with IGFBP-3-GFP and
treated with ANS or DON 6 brefeldin A. Treatment with brefeldin A did not prevent
movement of IGFBP-3-GFP to the nucleus in response to either ribotoxin.

representative of two independent experiments. (c) For the two experiments, approximately
200 transfected cells were counted to determine the percentage that contained nuclear
IGFBP3-GFP. Bars represent mean 6 SD. Data were analyzed using one-way ANOVA with
the Tukey multiple comparisons post hoc test. *P , 0.05 compared with SF control. (d) As a
control, cells were transfected with EGFP-plasmid alone and nuclei were stained with
Hoechst. EGFP, pEGFP-N1 plasmid.
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Figure 4. Importazole reduced nuclear import of IGFBP-3-GFP. Cells transfected with IGFBP-3-
GFP were treated for 4 h 6 (a) 0.1 mM ANS or (b) 1 mg/mL DON 6 40 mM importazole. Cells were
fixed in formalin, and then nuclei were stained with Hoechst. Images were acquired with an
Olympus FSX100 microscope at (a) 603 and (b) 403 magnifications. Images are representative of
two independent experiments. (c) For the two experiments, approximately 200 transfected cells were
counted to determine the percentage that contained nuclear IGFBP3-GFP. Bars represent mean 6
SD. Data were analyzed using one-way ANOVA with the Tukey multiple comparisons post hoc test.
**P , 0.01; #P , 0.0001 compared with SF control. A1I, ANS 1 IMP; D1I, DON 1 IMP; DMSO,
dimethyl sulfoxide; IMP, importazole.
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D. Secreted and Intracellular IGFBP-3 Were Differentially Glycosylated

The data obtained with Pitstop 2 and brefeldin A suggest that in the MAC-T cell system, IGFBP-3
doesnotneed to be secretedand reinternalized to reach thenucleus.Themolecularweight of nuclear
IGFBP-3 suggests that the protein was glycosylated. To confirm this, cells were transfected with
IGFBP-3-His, treated with ANS, and fractionated into nuclear and cytoplasmic compartments.
Fractions were treated with Endo H and analyzed by SDS-PAGE. As shown in Fig. 8(a), IGFBP-
3-His ran as a doublet between 37 and 39 kDa in both cytosolic and nuclear fractions. Digestion of
either fraction with Endo H resulted in a single faster-migrating band approximately the size of
nonglycosylated IGFBP-3, indicating that both cytoplasmic and nuclear IGFBP-3were glycosylated.

Figure 5. IGFBP-3 was associated with importin-b in response to ANS treatment. MAC-T cells
were treated for 8 h 6 0.1 mM ANS. WCLs were collected, and IGFBP-3 and importin-b were
immunoprecipitated (IP) with (a) anti‒IGFBP-3 antibody or (b) importin-b antibody, respectively.
(c) MAC-T cells transfected with IGFBP-3-His were treated for 1 h 6 0.1 mM ANS. IGFBP-3 was
IP with an anti‒His-tag antibody. (a) Rabbit nonimmune serum (CTL) and (b, c) mouse IgG
served as controls. Results represent three independent experiments.
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To address the previous observation that the molecular weight of IGFBP-3 in CM was
higher than that of IGFBP-3 present in the nuclear fraction, samples of CM, WCLs, and
cytosolic and nuclear fractions were directly compared on SDS-PAGE gels [Fig. 8(b)]. En-
dogenous IGFBP-3 present in media conditioned by cells treated with ANS or DONmigrated
as a doublet at approximately 38 to 45 kDa, whereas intracellular IGFBP-3 ran as a doublet
at 34 to 38 kDa. To determine whether these differences in size were due to differences in
glycosylation status, CM samples were subjected to enzymatic digestion with Endo H or
PNGase F. PNGase F deglycosylates all glycosylation types including complex sugars,
whereas Endo H can reduce only noncomplex mannose or hybrid glycans. Digestion of CM
with PNGase F decreased the molecular weight of IGFBP-3 to a diffuse band around 32 kDa

Figure 6. Secreted IGFBP-3 was not reinternalized. (a) To confirm that Pitstop 2 blocks clathrin-
mediated endocytosis, cells were treated for 45 min + transferrin-FITC (25 mg/mL) 6 Pitstop 2.
Cells were fixed in formalin, and then nuclei were stained with Hoechst. Images were acquired
with an Olympus FSX100 microscope at 403 magnification. (b) Cells treated with ANS 6 Pitstop
2 were fractionated and western immunoblotted for IGFBP-3 or lamin A/C. CM were collected and
immunoblotted for IGFBP-3 to confirm that synthesis of IGFBP-3 was not affected. Results are
representative of (a) two or (b) three experiments. DMSO, dimethyl sulfoxide.
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Figure 7. IGFBP-3 was not secreted before nuclear localization. MAC-T cells were treated
with either (a) 0.1 mM ANS or (b) 1 mg/mL DON 6 10 mg/mL BFA. Cells were treated for 6 h
with ANS or DON. BFA was added for the last 4 h of toxin treatment. Conditioned media
were collected, and cells were fractionated. Samples were immunoblotted for IGFBP-3. PARP
and HSP60 served as cytoplasmic (cyto) and nuclear (nuc) loading controls, respectively.
Results are representative of three independent experiments. MAC-T cells transfected with
IGFBP-3-GFP were treated with either (c) 0.1 mM ANS 6 10 mg/mL BFA for 1.5 h or
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and amore discrete band of 29 kDa [Fig. 8(c)], whereas digestion with EndoH had no effect on
IGFBP-3 migration. In contrast, as shown in Fig. 8(d), intracellular IGFBP-3 was reduced
by both Endo H and PNGase F to 29 and 32 kDa, respectively. Lighter bands of 29 kDa were
also observed with PNGase F treatment. The patterns of deglycosylation of ANS-induced and
DON-induced IGFBP-3 were similar. The ability of Endo H to deglycosylate intracellular IGFBP-3
(nuclear and cytoplasmic) but not IGFBP-3 from CM indicates that intracellular IGFBP-3 contains
noncomplex mannose or hybrid glycans, whereas secreted IGFBP-3 carries complex glycosylation.
Because the latter requires transit from the ER to the Golgi, intracellular IGFBP-3 is likely exiting
the ER and localizing to the nucleus.

3. Discussion

ANS and DON are ribotoxins that have been used as a model in our laboratory to investigate
the intrinsic apoptotic pathway in the MEC line MAC-T. We previously reported that ANS
induced IGFBP-3 expression in MAC-T cells and that knockdown of IGFBP-3 attenuated the
ability of ANS to induce intrinsic apoptosis [6]. We now report similar observations with the
tricothecene DON, indicating that IGFBP-3 may be a general component of ribotoxic stress-
induced apoptosis.

IGFBP-3 has had divergent effects on multiple cellular processes, including cellular pro-
liferation, cell survival, and apoptosis, depending on cellular context [30, 34]. Many studies have
implicated a role for nuclear IGFBP-3 in apoptosis, suggesting that cellular localization may be
important in determining its cellular function. In the present work, we show that endogenous
IGFBP-3 localized to the nucleus in ribotoxin-treated cells, as shown by others with TGF-b [7, 9].
Examination of the cellular distribution of transfected IGFBP-3 in cells treated with ribotoxin
ruled out passive diffusion through nuclear pores, supporting an active mechanism of transport.

Work with exogenous purified protein or transfected IGFBP-3 has shown that the bipartite
NLS is required for its nuclear transport [11, 16, 32, 35]. Schedlich et al. [32] showed that NLS
associates with importin-b to mediate nuclear transport of exogenous IGFBP-3 in permeabilized
Chinese hamster ovary cells, whereas knockdown of importin-b with siRNA reduced nuclear
import of exogenous IGFBP-3 in osteosarcoma cells [14]. The present work extends these ob-
servations by showing that an external signal can specifically induce an association between
endogenous IGFBP-3 and importin-b and that blocking this association with importazole pre-
vents its nuclear localization. The mechanism by which ANS and DON induce this association is
unknown, but the data clearly show that a specific signal is required because IGFBP-3 does not
localize to the nucleus in its absence.

Although several studies have examined how exogenous IGFBP-3 can enter cells [9, 14, 36],
work from the Cohen laboratory indicated that endogenous IGFBP-3 secreted in response to
TGF-b in PC3 cells can be reinternalized and directed to the nucleus via endocytic mechanisms
[9, 37]. Researchers showed that blocking transferrin receptor‒mediated endocytosis and
inhibiting caveolae formation prevented IGFBP-3 reuptake into the cell. In contrast to these
reports indicating that IGFBP-3 is first secreted and then reinternalized, several lines of ev-
idence presented here indicate that IGFBP-3 produced in response to ANS or DON escaped the
secretory pathway between the ER and Golgi and was transported to the nucleus instead of
being secreted. First, blocking CME with the inhibitor Pitstop 2 failed to decrease nuclear
localization of IGFBP-3 in response to ANS. Pitstop 2 inhibits internalization of the transferrin
receptor [33], which is a CME cargo protein, and has also been reported to inhibit clathrin-
independent endocytosis [38]. Second, IGFBP-3 nuclear localization was unaffected by treat-
ment with brefeldin A. If IGFBP-3 was first secreted and then reinternalized, less IGFBP-3
should be present in the nucleus of cells exposed to brefeldin A. Third, nuclear IGFBP-3 was

(d) 1 mg/mL DON 6 10 mg/mL BFA for 2 h. Cells were fixed in formalin, and then nuclei
were stained with Hoechst. Images were acquired with an Olympus FSX100 microscope at
403 magnification. Images represent two independent experiments. BFA, brefeldin A.
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Figure 8. IGFBP-3 was differentially glycosylated depending on cellular localization. (a) Cells
transfected with IGFBP-3-His were treated for 6 h with ANS to induce nuclear localization of
IGFBP-3 and then fractionated. Lysates were treated 6 Endo H to deglycosylate proteins, separated
by SDS-PAGE, and immunoblotted for IGFBP-3. PARP and HSP60 served as controls for nuclear
and cytoplasmic loading, respectively. Results are representative of two independent experiments.
(b) Cells were treated with 0.1 mM ANS or 1 mg/mL DON. After 6 h, cells were fractionated or

532 | Journal of the Endocrine Society | doi: 10.1210/js.2018-00330

http://dx.doi.org/10.1210/js.2018-00330


glycosylated, indicating that it passed through at least part of the secretory pathway. Although
both secreted IGFBP-3 and intracellular IGFBP-3 were glycosylated, IGFBP-3 collected from
CM after ribotoxin treatment consistently migrated at a higher molecular weight than in-
tracellular IGFBP-3 did. The deglycosylation enzymesEndoH and PNGase F have been used to
distinguish between N-linked glycosylation types [39]. ER proteins that carry a high-mannose
glycan or a hybrid glycan can be reduced by Endo H to a nonglycosylated form. In contrast,
proteins edited in the cisternae of theGolgi areunable to be cleavedwithEndoHbecause of their
complex-type glycans. We determined that secreted IGFBP-3 in the CM was Endo H resistant
and thus contained complex-type glycans, whereas intracellular IGFBP-3 was Endo H sensitive
and thus contained only noncomplex high mannose or hybrid glycans. Collectively, these
findings indicate that nuclear IGFBP-3 did not travel through the Golgi.

As mentioned previously,N-glycan processing occurs in the ER, where cellular machinery
orchestrates quality control mechanisms and delegates proteins toward their proper fate [40].
Misfolded or unassembled multisubunit proteins are recognized by chaperones and asso-
ciated factors with the help of N-linked glycosylation. Targeted proteins are then shuttled
through the endoplasmic reticulum-associated degradation (ERAD) machinery for protea-
somal degradation in the cytoplasm. This requires retrotranslocation through a Sec61
channel and deglycosylation by PNGase [41, 42]. Some proteins, such as ricin, are known to
use the ERADmachinery to escape theER [43]. The active subunit of ricin (RTA) then escapes
proteasomal degradation because of a lack of lysine residues required for ubiquitination [44,
45]. However, because IGFBP-3 contains a number of C-terminal lysine residues, it is unclear
how it would escape proteasomal degradation if it used ERAD to escape the ER. Another
example of a protein that can escape its normal cellular location is calreticulin. Calreticulin, a
calcium-binding ER resident chaperone, has been found in the cytosol and the nucleus and on
the cell surface, indicating that it somehow escapes ER retention [46]. A retrotranslocation
model for calreticulin has been proposed in which ER calcium depletion triggers a change in
conformation that allows calreticulin to be recognized by the ERAD machinery [47].

Although IGFBP-3 is a secreted protein, its presence in the nucleus indicates it also may have
intracrine effects on the cell. Because nonsecreted IGFBP-3 can localize to the nucleus in MAC-
T cells and other cell lines [15, 16], it is likely that intracrine effects play a role in IGFBP-3‒
mediated apoptosis. Glycosylation status and complexity of glycosylation affect intracellular
trafficking and the activity of several proteins; thus, glycosylation may play a role in deciding the
fate of IGFBP-3 as a tag to direct compartmentalization, specifically toward ERAD machinery in
theER [48–51]. Interestingly, a role for IGFBP-3 in autophagy has been described in breast cancer
cells [52]. The authors found this effect to bemediated by binding of IGFBP-3 to GRP78 in the ER,
with binding increased by the underglycosylation of IGFBP-3 resulting during stress. In addition,
glycosylation is known to affect protein folding [40] and may serve to reveal or conceal an NLS for
IGFBP-3. Future work will focus on determining the mechanisms by which IGFBP-3 escapes the
secretorypathway in ribotoxin-treated cells. Studies examining the effect of exogenous IGFBP-3on
apoptosis have used recombinant nonglycosylated IGFBP-3. Therefore, it will also be important to
determinewhether the underglycosylated formplays a unique role in apoptosis relative to the fully
glycosylated form and if this is a universal mechanism across cell types or if it is limited to
mammary epithelial cells.
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