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Proinsulin Binds with High Affinity the Insulin
Receptor Isoform A and Predominantly Activates
the Mitogenic Pathway
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Proinsulin is generally regarded as an inactive prohormone because of its low metabolic ac-
tivity. However, proinsulin appears to regulate embryo development in animal models. In this
study, we evaluated whether proinsulin may differentially bind to and activate the two insulin
receptor (IR) isoforms (IR-A and IR-B), because IR-A is a relatively low-specificity receptor that
is prevalent in fetal and cancer cells and is able to mediate the growth effects of IGF-Il. Mouse
R~ fibroblasts devoid of IGF-I receptor (IGF-IR) and stably transfected with cDNA encoding either
human IR-A or IR-B (R™ /IR-A and R™ /IR-B cells) were used. Three human cancer cell lines were also
studied. We found that proinsulin stimulated phosphorylation of IR-A with an EC5, 0f 4.5 = 0.6 nm
and displaced ['?®I]insulin from IR-A with a similar ECs,. In contrast, proinsulin ECs, values for
stimulation of IR-B phosphorylation and for ['?*[]insulin displacement from IR-B were approximately
7-fold higher. Proinsulin did not bind or activate IGF-IR or IR/IGF-IR hybrids. Via IR-A, proinsulin activated
the ERK/p70S6K pathway to a similar degree as insulin but elicited a weaker Akt response. Despite its
low metabolic activity, proinsulin was almost equipotent as insulin in inducing cell proliferation and
migration in cells expressing various IR-A levels. In conclusion, proinsulin is a selective IR-A ligand and

may induce biological effects through this IR isoform. (Endocrinology 153: 2152-2163, 2012)

roinsulin is a prohormone with low metabolic activity
Pcompared with mature insulin. Proinsulin, however,
may have other biological effects, as suggested by studies
demonstrating roles for both insulin and proinsulin as reg-
ulators of development in prepancreatic embryonic stages
(1). These studies were mostly performed in chick em-
bryos, in which proinsulin produced before pancreas dif-
ferentiation remains largely unprocessed. Proinsulin is ex-
pressed in the developing chicken retina; it plays an
autocrine/paracrine stimulatory role in neurogenesis (2)
and prevents cell death of neurolating embryos subjected
to growth factor deprivation. In this model, excess pro-
insulin interferes with correct morphogenesis (1, 3). Pro-
insulin is also produced by the rat yolk sac in late gesta-
tional stages (4). In humans, insulin and proinsulin
concentrations are significantly correlated with birth
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weight (§5) and with various body measures including
weight, length, head circumference, and skinfold thick-
ness at birth (6). Moreover, proinsulin is biologically ac-
tive in several cell types, including swine endothelial cells
(7), rat intestinal stem cells (8), chick embryo fibroblasts
(9), and human IM-9 lymphoblasts (10).

The receptors through which proinsulin exerts its bio-
logical effects are not fully characterized. In the chick em-
bryo, proinsulin activates receptors that also bind insulin
and IGF-I with high affinity, but these findings have not
been confirmed in other cell models (1, 9).

Most studies indicate a very low metabolic activity of
proinsulin and low affinity for the insulin receptor (IR) or
the IGF-I receptor (IGF-IR) when evaluated in insulin tar-
get cells, such as hepatocytes and adipocytes (11, 12).
Those studies, however, have never taken into account the

Abbreviations: BrdU, 5-bromo-2’-deoxyuridine; DG, deoxyglucose; FACS, fluorescence-
activated cell sorting; FCS, fetal calf serum; FITC, fluorescein isothiocyanate; GSK, glycogen
synthase kinase; IGF-IR, IGF-I receptor; IR, insulin receptor; IRS, IR substrate; T2DM, type 2
diabetes mellitus.
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different functional characteristics of the two IR isoforms
(IR-A and IR-B) (reviewed in Ref. 13). Indeed, the IR-A is
a low-specificity receptor with high affinity not only for
insulin but also for IGF-II (14), and it can also activate
intracellular signaling and biological effects in response
to its low-affinity ligand IGF-1 (15). In contrast, IR-B is
a high-specificity receptor for insulin and, during adult
life, it mediates the metabolic effects of insulin in target
tissues. In adult cells, IR mMRNA splicing in favor of IR-B
probably helps to curtail the growth effects of IGF-II
through IR-A (13).

Several lines of evidence support a role for IR-A in de-
velopmental regulation in response to insulin and insulin-
like peptides; for instance, transgenic mice lacking IR are
growth retarded (16), and humans lacking a functioning
IR also show significant growth retardation (17). These
effects mainly occur via IR-A, which is predominantly ex-
pressed during prenatal life (14). IR-A, however, is also
expressed in adult life, especially in cells that are not tar-
gets of the metabolic effects of insulin. In these cells, IR-A
may mediate regulatory effects on growth and survival
(13). IR-A is also predominant in malignant cells and ap-
pears to have a role in cancer progression and in resistance
to anticancer therapies (18).

Herein we report that proinsulin binds to and activates
IR-A with higher affinity than IR-B and that, by acting
through the IR-A, proinsulin induces biological activities
characterized by effective stimulation of cell proliferation
and migration coupled with low metabolic effects. These
findings may have implications in development, in insulin-
resistant states and in cancer.

Materials and Methods

Reagents

The following materials were purchased: bacitracin, phe-
nylmethylsulfonyl fluoride, porcine insulin, C-peptide, and
IGF-T and IGF-II from Sigma Chemical Co. (St. Louis, MO);
[***I]insulin (specific activity of 81 TBg/mmol) and 2-[*H]de-
oxyglucose (specific activity of 0.74 TBg/mmol) from
PerkinElmer, Inc. (Waltham, MA); fetal calf serum (FCS) from
Life Technologies, Inc. Laboratories (Paisley, UK); NVP-
AEWS541 from Inalco Pharmaceuticals (Milan, Italy). Human
proinsulin (lot 509EM4) was provided by Lilly (Eli Lilly, Sesto
Fiorentino, Italy).

Cell cultures

R7/IR-A cells and R7/IR-B are cell clones derived from R™
mouse embryo fibroblasts with targeted disruption of the
IGF-IR gene; they are transfected with and express 3—5 X 10° of
either IR-A (R7/IR-A) or IR-B (R7/IR-B) per cell. The R cells
are derived from R™ mouse embryo fibroblasts transfected with
the human IGF-IR ¢cDNA (14). The R*A cells (clone A10) ex-
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pressing IR/IGF-IR hybrids were obtained from R™ fibroblasts
(19) by double transfection with the human ¢cDNA for both
IGF-IR and IR-A. This clone expresses 4-5 X 10° IGF-IR and
0.7-1.0 X 10° IR per cell. Under these conditions most of the
IR-A hemidimers are engaged to form IR/IGF-IR hybrids. The
human breast cancer cell line MDA-MB157, the human prostate
cancer cells PC3, the human leiomyoarcoma cell line SKUT-1,
and the rat L6 myoblasts were purchased from the American
Type Culture Collection (Manassas, VA). MDA-MB157 cells
were cultured in MEM with 10% FCS, PC3 cells were cultured
in RPMI plus 10% FCS, and SKUT-1 cells were cultured in
DMEM with 10% FCS and 1 mm Na-pyruvate. L6 myoblasts
were propagated in DMEM with 25 mum glucose and 10% FCS.
Differentiation was induced by switching confluent cells to dif-
ferentiation medium containing 5 mMm glucose and 2% FCS. Ex-
periments were performed with fully differentiated myotubes
12-14 d after confluence.

IR phosphorylation

In vivo studies

Cells were stimulated with increasing doses of each ligand for
10 min or with 10 nm of each ligand for the indicated times. After
cell solubilization, IR were captured by incubating cell lysates in
Maxisorb plates precoated with the anti-IR antibody MA-20
(19). The immunocaptured IR were then incubated with a bio-
tinylated antiphosphotyrosine antibody (4G10, Upstate Bio-
technology, Inc., Lake Placid, NY) for 2 h at 22 C followed by
peroxidase-conjugated streptavidin. The peroxidase activity was
determined colorimetrically, and the absorbance was measured
at 450 nm.

Studies in solubilized receptors

Unstimulated cell monolayers were solubilized, and IR were
immunocaptured in Maxisorb plates coated with MA-20. Im-
munopurified receptors were then stimulated with increasing
ligand concentrations in the presence of ATP (10 mm), MgCl,
(10 mm), and MnCl, (2 mm). Plates were then washed, phos-
phorylated proteins were incubated with an antiphosphoty-
rosine biotin-conjugated antibody, and the reaction was detected
as described above.

IR measurement

Cell lysates were prepared for receptor measurement by
ELISA as previously described (19).

Binding studies

Binding studies were performed with intact cells that were
serum starved for 16 h, washed twice with PBS, and incubated in
binding buffer (14) with increasing concentrations of unlabeled
ligand in the presence of radioactive ['**I]insulin (10 pm). After
16 h, the cell-associated radioactivity was measured in a y-coun-
ter. Radioactivity bound in the presence of 100 nm unlabeled
insulin was considered nonspecific binding.

Western blot analysis

For dose-response analysis, subconfluent cells were incubated in
serum-free medium for 24 h, stimulated with increasing ligand con-
centrations for 10 min at 37 C, and solubilized in radioimmune
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precipitation buffer. For time-course experiments, subconfluent
cells were treated as above for the indicated time points.

Cell lysates were subjected to Western blot analysis (19). The
antibodies used are the following: anti-IR, anti-IR substrate
(IRS)1, and anti-B-tubulin (Santa Cruz Biotechnology, Inc.,
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p70S6K, anti-pGSK-38 (Ser9) (Cell Signaling Technology,
Danvers, MA); and anti-B-actin (Sigma). Immunoblots were de-
veloped by enhanced chemiluminescence detection kit (Amer-
sham, Little Chalfont, Buckinghamshire, UK), exposed to film,
and subjected to densitometric analysis.

Santa Cruz, CA); anti-phospho(p)IR/pIGF-IR (Tyr-1150/1151),
anti-pAkt(S473), anti-pAkt(T308), anti-Akt, anti-pIRS1(S636/
639), anti-pIRS1(S307), anti-pIRS1(Y612), anti-pERK1/
2(T202/Y204), anti-ERK1/2, anti-pp70S6K (T389), anti-
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FIG. 1. Proinsulin binding and IR isoform autophosphorylation. A, Competition-
inhibition curves of labeled insulin displacement from IR-A and IR-B by insulin,
proinsulin, and IGFs. R7/IR-A (left) and R™/IR-B (right) cells were grown to
approximately 80% confluence, serum starved for 16 h, and incubated with
[2%1linsulin for a further 16 h at 4 C in the presence of increasing concentrations of
either insulin (INS), proinsulin (Pro-I), IGF-I, or IGF-II. Cell-associated radioactivity was
then measured. B and C, Dose-response and time-course studies of receptor
autophosphorylation. B, R7/IR-A and R™/IR-B cells were exposed for 10 min to
increasing concentrations of ligand and then solubilized. IR phosphorylation was
revealed by ELISA using a specific monoclonal antibody (MA-20) to immunocapture
the IR. C, Cells were exposed to 10 nm of each different ligand for different times,
and IR phosphorylation was measured as described above. Data indicate mean = sem
(error bars) of three to six separate experiments.

Crystal violet viability assay
Cells were seeded in 96-well plates and grown in standard cell
culture medium. After serum starvation for 24 h, cells were incu-

bated with 10 nm of ligand for 48 h. After medium
removal, cells were fixed in 11% glutaraldehyde,
washed in PBS, and incubated at room temperature for
20 min in staining solution (0.1% crystal violet in PBS
plus 20% ethanol), washed with water, and incubated
for 15 min with 10% acetic acid. The staining intensity
was measured at 595 nm.

Migration assay

The ability of cells to invade Matrigel was mea-
sured with Boyden’s chamber technique as de-
scribed in Ref. 20. Cells, serum starved for 24 h,
were placed on polycarbonate filters (8 wm pore
size, Corning Costar, ) coated on the upper side with
250 mg/ml collagen IV. Filters were placed over bot-
tom chambers containing serum-free medium with
or without ligand (10 nm). After incubation for
6-48 h, depending on the cell type, cells on the up-
per surface of filters were removed with a cotton
swab, and the filters were stained for 20 min with
crystal violet (0.05 % crystal violet in PBS plus 20%
ethanol). After three washes with water, crystal vi-
olet was solubilized in 10% acetic acid for 30 min at
room temperature, and its concentration was eval-
uated by absorbance at 595 nm.

Proliferation assays

The incorporation of $-bromo-2'-deoxyuridine
(BrdU) during DNA synthesis in proliferating cells was
measured using a nonisotopic immunoassay (DELFIA
Cell Proliferation Kit, PerkinElmer). Cells were seeded
in 96-well plates, serum starved for 24 h, and ligands
were added for an additional 18 h. Cells were then
processed according to the manufacturer’s instruc-
tions. The europium fluorescence emission was mea-
sured in a time-resolved fluorometer (Wallac Victor
1420 Multilabel Counter, PerkinElmer).

For cell counts, cells were seeded in six-well
plates and grown in complete medium. After serum
starvation for 24 h, 10 nMm of each ligand was added.
After 24 and 48 h, cells were counted by trypan blue.

Cell cycle evaluation

Cells synchronized for 24 h in serum-free me-
dium were stimulated with 10 nwm ligand for 8 h
(R7/IR-A cells) or for 48 h (all other cell types).
Adherent and floating cells were harvested, resus-
pended in 70% ethanol, and stored at —20 C. Per-
meabilized cells were centrifuged and resuspended
in PBS containing 20 ug/ml propidium iodide plus
40 pg/ml ribonuclease (Sigma) for 30 min. Cells
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were then subjected to fluorescence-activated cell sorting (FACS)
analysis (Coulter Elite flow cytometer, Beckman Coulter, Milan,
Italy) and gated for DNA content (FL2) (x-axis, FL2; y-axis,
events).

Apoptosis assay

Apoptosis was measured with the fluorescein isothiocyanate
(FITC)-Annexin V Apoptosis Detection kit (BD Biosciences,
Palo Alto, CA; PharMingen, San Diego, CA). After serum star-
vation for 24 h, cells were grown for 24 h in medium containing
various ligands (10 nMm) in the presence or the absence of different
concentrations of staurosporin (2-500 nm) depending on the cell
type. FITC-Annexin V-positive and propidium iodide-positive
cells were evaluated according to the manufacturer’s protocol
and scored by FACS analysis (FITC-Annexin-V, FL1; PI, FL2).

2-[*H]deoxyglucose (DG) uptake

2-[’H]DG uptake was conducted in L6 myotubes. Cells were
seeded in six-well plates and allowed to attach for 24 h. Complete
medium was replaced with DMEM with 0.5% BSA for 4 h. After
washing with 20 mMm HEPES-buffered saline, cells were incu-
bated in the same buffer for 30 min with either insulin or pro-
insulin at increasing concentrations. Cells were incubated for 10
min on ice with 1 wCi/ml (37 kBg/ml) 2-[*H]DG (20 Ci/mmol),
and 10 pM 2-DG (21). Glucose transport was terminated by
removal of incubation buffer and repeated washing with PBS
containing 20 mm 2-DG. Cell-associated radioactivity was mea-
sured by scintillation counting after cell solubilization with
0.03% sodium dodecyl sulfate.

IR isoform measurement

The relative abundance of IR isoforms was measured by
RT-PCR as described previously (22), using primers to the
flanking exons 10 and 12. After electrophoresis, the 167-bp
and 131-bp DNA fragments, representing Ex11+ (IR-B iso-
form) and Ex11— (IR-A isoform), respectively, were analyzed
by scanning densitometry. Primer sequences were forward
5’-CCAAAGACAGACTCTCAGAT-3' and reverse 5'-AACA-
TCGCCAAGGGACCTGC-3'.

Densitometric and statistical analysis

Densitometry results were obtained by using GelEval 1.22
software after background subtraction. Phosphorylated proteins
were normalized against the nonphosphorylated counterpart. In
case a signal included two bands (e.g. ERK1/2) both bands were
measured together. Differences between means were evaluated
by ANOVA (one-way or two-way when appropriate) followed
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by post hoc analysis of significance (Bonferroni test). The level of
significance was set at P < 0.05. Statistical analysis was per-
formed with GraphPad Prism 5 (GraphPad Software, Inc., San
Diego, CA). Data are expressed as mean = SEM (SE).

Results

Binding studies

We first evaluated the ability of proinsulin to compete
with labeled insulin in cells expressing equal numbers
(~3-5 X 10° receptors per cell) of either isoform A or
isoform B of the insulin receptor (IR-A or IR-B). Compe-
tition/inhibition curves indicated that proinsulin dis-
placed labeled insulin with an ECs, of 4.6 = 1.4 n™m in
R7/IR-A cells and of 28.3 + 2.5 nm in R7/IR-B cells. Pro-
insulin ECs, values were very similar to those of IGF-II. In
contrast, IGF-I showed a much lower ability to displace
labeled insulin in both cell lines, although it was more
effective in R7/IR-A cells (Fig. 1A).

Proinsulin differentially activates the two IR
isoforms

Autophosphorylation of either IR-A or IR-B was eval-
uated by a specific ELISA in intact cells exposed to 0.1-
100 nm of the different ligands for 10 min, as shown in Fig.
1B. In agreement with binding results and with previous
studies (13, 14), the two IR isoforms were activated by
insulin with similar high affinity, whereas IGF-II potency
was approximately 28% and 3% that of insulin for IR-A
and IR-B, respectively (Table 1). IGF-I was approximately
1% as potent as insulin for IR-A and even less for IR-B.
Proinsulin behaved very similarly to IGF-II, with a potency
approximately 20% and 3% that of insulin for IR-A and
IR-B phosphorylation, respectively (Fig. 1B and Table 1).
Proinsulin did not stimulate IGF-IR autophosphorylation
in IGF-IR-overexpressing cells (R™ cells) (Table 1). ECs,
values for activation of IR isoforms and IGF-IR by the
different ligands are given in Table 1.

We conducted time course experiments by stimulating cell
monolayers with 10 nm of each ligand. After exposure to

TABLE 1. Autophosphorylation of IR-A, IR-B, and IGF-IR by insulin, proinsulin, IGF-Il, and IGF-|
Insulin Proinsulin IGF-II IGF-1
Cell line ECso° % of activity EC5,° % of activity ECso° % of activity  EC5,® % of activity
R7/IR-A 091 0.3 100 45+ 0.6 20.2 3.3+*04 27.6 80 = 20 1.1
R™/IR-B 1.0x04 100 31.0 6.3 3.2 36.0 = 3.8 2.8 >100 <1
R+ >100 <1 >100 <1 26+*1.2 61.5 1.6+x04 100

For R7/IR-A and R™/IR-B cells the percentage of activity was calculated toward IR whereas for R+ cells the percentage of activity was calculated

toward IGF-IR.
9 ECso = nM of ligand able to achieve 50% of maximal IR activation.

bEC,, = nm of ligand able to achieve 50% of maximal IGF-IR activation.
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FIG. 2. Dose-response curves of IR phosphorylation and downstream signaling

activation after stimulation with insulin (INS), proinsulin (pro-I), or IGF-Il. R™/IR-A cells

were serum starved for 24 h, exposed for 10 min to increasing concentrations of

either insulin, proinsulin or IGF-Il, and then solubilized and analyzed by Western blot.

Filters were probed with antibodies to the phosphorylated (p) form of pIR/pIGF-IR
(Y1150/Y1151), pIRS1 (Y612, S636/639 and S307), pAkt (S473 and T308), pAkt

(S473), pERK1/2 (T202/Y204), pp70S6K (T389), and pGSK3p (Ser9). Immunoblotting

with anti-IR, anti-IRS1, anti-ERK1/2, and anti-B-tubulin antibodies was used to
control for protein loading. The top left panel shows a representative
experiment. Line plots show the mean = sem (error bars) of densitometric

analyses of three separate experiments. All three ligands significantly stimulated
phosphorylation at the examined phosphosites compared with unstimulated cells

(at least P < 0.05 for all conditions). **, P < 0.001, stimulation curves,

proinsulin vs. insulin; §, NS (P > 0.05), stimulation curves, proinsulin vs. insulin.

For all phosphoproteins dose-response curves after proinsulin were not

statistically different from those obtained after IGF-II. Statistical significance was

determined using two-way ANOVA.
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insulin, IR-A autophosphorylation peaked at
3-5 min and slowly decreased to approximately
80% at 30 min. IR-A autophosphorylation after
proinsulin exposure was weaker (P < 0.05) than
after insulin, and its kinetics were slightly slower,
reaching a plateau between 5 and 15 min and
then decreasing to approximately 75% of max-
imum at 30 min. Similar kinetics were observed
after stimulation with IGF-Il or IGF-I with a peak
of IR-A phosphorylation of 80% and 35% of the
maximal insulin-stimulated response, respec-
tively (Fig. 1C, left panel). IR-B autophosphory-
lation after proinsulin stimulation reached
approximately 25% of the maximal insulin-
stimulated activation after 5~10 min exposure
and then remained in a plateau (Fig. 1C, right
panel). As expected, both IGF-II and IGF-I were
much weaker stimulators.

Taken together, these data indicate that pro-
insulin differently activates the two IR isoforms
(high affinity for IR-A and low affinity for IR-B),
behaving similarly to IGF-II. IR-A autophos-
phorylation after proinsulin exposure was ap-
proximately 60-70% that for insulin but slightly
delayed. IR-B autophosphorylation was much
weaker (P < 0.001).

Autophosphorylation data in intact cells
were confirmed with solubilized immunopuri-
fied receptors, which also showed that IGF-II
and proinsulin had very similar ECs, values
(see Supplemental Fig. 1A published on The
Endocrine Society’s Journals Online web site at
http://endo.endojournals.org). Unlike expo-
sure to proinsulin, R7/IR-A cell exposure to
0.1-10 nm C-peptide caused no IR-A phos-
phorylation (Supplemental Fig. 1B). We also
evaluated whether proinsulin can signal through
the IGF-IR or IR-A/IGF-IR hybrid receptors.
However, in R~ cells transfected with and
overexpressing the human IGF-IR (R™ cells),
neither proinsulin nor insulin caused signifi-
cantIGF-IR autophosphorylation (Table 1 and
Supplemental Fig. 1C). Proinsulin was also un-
able to phosphorylate IR-A/IGF-IR hybrids
that, as expected, were instead phosphorylated
by IGF-Tand, to a lower extent, by insulin (Sup-
plemental Fig. 1D).

Intracellular signaling activated by
proinsulin through IR-A

We evaluated the activation of key down-
stream kinases after R /IR-A cell exposure to in-
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FIG. 3. Time course of IR phosphorylation and downstream signaling activation
after stimulation with insulin (INS), proinsulin (pro-I), or IGF-Il. R™/IR-A cells were
serum starved for 24 h and then stimulated with 10 nm of insulin, proinsulin, or IGF-
Il for the indicated times. Unstimulated cells are indicated as zero. Cells were then
lysed and analyzed by SDS-PAGE and immunoblotting with antibodies against the
phosphorylated form (p) of pIR/pIGFI-R (Y1150/Y1151), pIRS1 (Y612, S636/639 and
$307), pAkt (5473 and T308), pERK1/2 (T202/Y204), pp70S6K (T389), and pGSK3
(Ser9). The top left panel shows a representative experiment. The same blots were
probed with anti-IR, anti-IRS1, anti-ERK1/2, and anti-B-tubulin antibodies to control
for protein loading. Line plots represent the mean = sem (error bars) of densitometric
analyses of three separate experiments for IR and downstream kinases. All three
ligands significantly stimulated phosphorylation at these phosphosites compared
with unstimulated cells (at least P < 0.05 for all conditions). *, P < 0.05, stimulation
curves, proinsulin vs. insulin; **, P < 0.01, proinsulin vs. insulin (pp70S6K, 5 min); §,
NS (P > 0.05), stimulation curve, proinsulin vs. insulin (pGSK3p); and proinsulin vs.
insulin (pp70S6K, 20 min and 80 min). For all phosphoproteins time course curves
after proinsulin and after IGF-Il were not statistically different. Statistical significance
was determined using two-way ANOVA.
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creasing doses of either insulin or proinsulin, or
IGF-II, for 10 min. Western blot analysis, in ac-
cordance with ELISA studies, indicated that IR-A
autophosphorylation was much weaker with
proinsulin and IGF-II than with insulin (P <
0.001).IRS1 tyrosine phosphorylation (Tyr612)
and Akt phosphorylation (both at Ser473 and
Thr308) followed a pattern similar to that of re-
ceptor autophosphorylation, with insulin being a
stronger stimulator than proinsulin and IGF-II
(P < 0.001) (Fig. 2). In contrast, despite a lower
phosphorylation of the receptor, both proinsulin
and IGF-II stimulated the phosphorylation of
ERK1/2, glycogen synthase kinase (GSK)3 3, and
p70S6K to a similar level than insulin (Fig. 2).
When the phosphorylation of Akt (Ser475) and
ERK1/2 was normalized for the amount of IR
activation, it appeared that 0.1 and 1 nm proin-
sulin induced a much higher ERK1/2 activation
for amount of phosphorylated IR-A, compared
with insulin (Supplemental Fig. 2).

Time course experiments, performed by
Western blot, confirmed data obtained by ELISA
on IR-A autophosphorylation (Fig. 1C, left
panel), indicating that proinsulin was approxi-
mately 2-fold less effective than insulin (P <
0.05) (Fig. 3). IRS1 tyrosine phosphorylation
(Tyr612) and Akt phosphorylation (at Ser475
and Thr308) followed a similar pattern, with
lower values (P < 0.05) after proinsulin than af-
ter insulin exposure. Proinsulin also caused
weaker ERK1/2 phosphorylation than insulin or
IGF-ITat 5 min (P < 0.001) but induced sustained
phosphorylation from 20-80 min, similarly to
insulin and IGF-II (NS) (Fig. 3). The phosphor-
ylation time course of GSK3 and p70S6K was
similar (NS) for the three ligands (Fig. 3).

As readout of downstream kinases activity,
we evaluated the phosphorylation of IRS1 at
Ser-636/Ser-639 and Ser-307. These serines are
phosphorylated by p70S6K/mammalian target
of rapamycin, c-Jun N-terminal kinase, and
other kinases after IR ligand stimulation (23—
25). Overall, the degree of IRS1 serine phos-
phorylation after proinsulin was not signifi-
cantly different from that reached after insulin
(Fig. 2), in agreement with the high p70S6K
activation observed after proinsulin. However,
IRS1 Ser-636/Ser-639 phosphorylation oc-
curred at early time points in response to insu-
lin, whereas it was delayed in response to pro-
insulin (Fig. 3).
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FIG. 4. Mitogenic and metabolic effects induced by proinsulin (pro-I) in R7/IR-A cells. A, BrdU incorporation and cell counts. BrdU incorporation
(left panel): R7/IR-A cells were serum starved for 24 h and then exposed to 10 nm of either proinsulin or insulin (INS) for a further 18 h. BrdU was
then added, and the cells were incubated for 2 h at 37 C. The percentage of BrdU-labeled nuclei was then measured. Cell counts (right panel):
R™/IR-A cells were serum starved for 24 h and then exposed to 10 nm of either proinsulin or insulin. After 24 h or 48 h of treatment, cells were
collected by trypsinization and counted. Values are expressed as percentages of untreated cells (indicated as B) and are the mean =+ sem (error
bars) of three separate experiments performed in triplicate. NS (P > 0.05): not statistically significant (proinsulin vs. insulin and IGF-Il vs. insulin,
using one-way ANOVA followed by Bonferroni test). B, Cell migration. Migration experiments were conducted by evaluating the ability of R7/IR-A
cells to invade Matrigel using the Boyden's chamber technique. Cells were allowed to migrate in the lower side of collagen-coated transwells for
6 h in the absence (basal) or the presence of 10 nm proinsulin, insulin, or IGF-II. Values are expressed as percentages of basal (B). NS (P > 0.05),
Not statistically significant (proinsulin vs. insulin, using one-way ANOVA followed by Bonferroni test). C, Cell cycle progression. R™/IR-A cells were
serum starved for 24 h and then exposed to 10 nm of either proinsulin, insulin, or IGF-Il for 8 h. Cell cycle distribution was evaluated by propidium
iodide staining and FACS analysis. Panels show the cell cycle profile of untreated (B) and stimulated cells of a representative experiment. Below
each cell cycle profile the percentage of cells in S and G,/M phases is indicated. Values are expressed as percent of basal and are the mean * sem
(error bars) of three separate experiments. There is no significant difference (P > 0.05) among the three ligands (one-way ANOVA followed by
Bonferroni test). D, Apoptosis protection. Serum-starved R7/IR-A cells were exposed to 10 nm proinsulin, insulin, or IGF-Il in presence or absence of
staurosporin (2 nm) for 24 h. Cells were then stained with both FITC-Annexin V and propidium iodide and subjected to FACS analysis. A
representative experiment is shown. Values below each flow cytometric analysis plot indicate the total number of dead cells, including those in
early apoptosis (FITC Annexin-V positive and propidium iodine negative) and those in end-stage apoptosis or already dead (stained by both FITC
Annexin-V and propidium iodine). Values are expressed as percent of total scored cells and are the mean = sem (error bars) of three separate
experiments. NS (P > 0.05); *, P < 0.05; t, P < 0.005; #, P < 0.0005, compared with insulin (one-way ANOVA followed by Bonferroni test). E,
Dose-response cell proliferation experiments. Serum-starved R™/IRA cells were grown in 96-well plates and then exposed to either proinsulin or
insulin at the indicated concentrations for 48 h. Cell viability was then tested by BrdU incorporation. Values are expressed as percentages of
untreated cells and are the mean = sem (error bars) of three separate experiments performed in triplicate. NS (P > 0.05), Proinsulin compared with
insulin (two-way ANOVA followed by Bonferroni test). F, 2-DG uptake. L6 myotubes were incubated with insulin or proinsulin at the indicated
concentrations for 30 min in HEPES-buffered saline solution. Next, *H-labeled 2-DG (1 uCi/ml) was added for 10 min, and the uptake was
measured. Values are expressed as percent of maximum and represent the mean = sem (error bars) of three independent experiments. NS (P >
0.05), *, P < 0.05, dose-response curve after proinsulin vs. after insulin (two-way ANOVA followed by Bonferroni test).
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Prolonged insulin incubation induces degradation of
both IR and IRS1, a phenomenon that may contribute to
fine tuning of intracellular signaling. We observed that
degradation of both IR and IRS1 after proinsulin exposure
was delayed compared with insulin exposure (Supplemen-
tal Fig. 3A).

To confirm that these intracellular effects of proinsulin
were truly dependent on IR-A autophosphorylation, we
measured in parallel experiments IR-A phosphorylation in
response to proinsulin (1-10 nm) after cell preincubation
with the IR/AIGF-IR tyrosine kinase inhibitor NVP-
AEWS541 (3 uMm). Under these conditions both Akt phos-
phorylation and ERK1/2 phosphorylation were strongly
inhibited, indicating that these effects were indeed depen-
dent on IR-A autophosphorylation (Supplemental Fig.
3B). Given the stronger receptor activation by insulin, in-
hibition of insulin-dependent signaling was less marked.

Taken together, these data indicate that in R™/IR-A
cells, despite inducing lower IR-A phosphorylation, pro-
insulin activates intracellular signaling pathways that
(compared with insulin-activated signaling) are charac-
terized by sustained ERK1/2 activation and an increased
ERK1/2-Akt activation ratio at later time points. More-
over, proinsulin is able to stimulate GSK38 phosphoryla-
tion similarly to insulin and to activate p70S6K at similar
or even higher levels than insulin. In general, intracellular
signaling via IR-A followed a similar pattern after expo-
sure to proinsulin or IGF-IL

Proinsulin induces biological effects through the
IR-A

We then measured various biological effects in cells
exposed to either proinsulin, insulin, or IGF-II. R"/IR-A
cells were used for evaluating proliferation, cell cycle pro-
gression, protection from apoptosis and migration,
whereas L6 myotubes were used for evaluating 2-DG
uptake.

At 10 nm, all three ligands elicited a similar proliferative
response, as assessed by BrdU incorporation and direct cell
counts (Fig. 4A) and crystal violet staining (data not
shown). Similar results were observed with chemoinva-
sion (Fig. 4B) and cell cycle progression (Fig. 4C). Both
proinsulin and IGF-II were slightly less potent than insulin
for protecting cells from serum starvation-induced apo-
ptosis. However, proinsulin was equally potent than in-
sulin for staurosporin-induced apoptosis protection with
IGF-II being slightly less effective (Fig. 4D).

Dose-response experiments indicated that proinsulin
stimulates BrdU incorporation in a dose-dependent man-
ner, with a significant effect at concentrations as low as 0.1
nM and with a pattern similar to that of insulin (at 100 nm,
the proinsulin effect was 83.0 = 1.3% that of insulin; NS,
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TABLE 2. IR content and IR-A isoform relative
abundance in SKUT-1, MDA-MB157, and PC3 cells
IR content
IR (ng/100 g protein) % IR-A

SKUT-1 43+038 94%

MDA-MB157 52 *0.9 70%

PC3 95+2.2 65%

IR total content was measured by ELISA, and the % IR-A was
calculated after IR isoform measurement by RT-PCR, as described in
Materials and Methods.

proinsulin vs. insulin) (Fig. 4E). In contrast, proinsulin at
the highest dose was significantly less effective than insulin
in stimulating 2-DG uptake in L6 myotubes (P < 0.05)
(Fig. 4F). At 100 nmM, proinsulin induced only approxi-
mately 55% of the maximal 2-DG uptake obtained with
insulin. Proinsulin therefore elicits relevant biological ef-
fects via IR-A, with mitogenic and migratory activity com-
parable to that induced by insulin.

Studies in human cancer cell lines

We then studied proinsulin effects in three human can-
cer cell lines, SKUT-1, MDA-MB157, and PC3, which are
characterized by various expression levels of IR-A and
different IR-A:IR-B ratios (Table 2).

In all three cell lines, the activation of IR was signifi-
cantly lower after proinsulin than after insulin treatment
(Fig. 5), whereas the degree of ERK1/2 phosphorylation
was similar (NS) with the two ligands (Fig. 5). Other
downstream kinases had a more variable response in the
different cell lines. In PC3 cells, proinsulin and insulin
were equipotent for the activation of all downstream ki-
nases. In SKUT-1 cells, proinsulin induced levels of
p70S6K and GSK38 phosphorylation similar to insulin
butlower Akt activation. In MDA-MB157 cells proinsulin
elicited a weaker activation response than insulin for Akt,
p70S6K, and GSK3p (Fig. 5).

The biological responses to 10 nM proinsulin or insulin
were then evaluated. As shown in Fig. 6, in SKUT-1 and
PC3 cells, the two ligands were similarly effective except
for stimulation of migration, in which proinsulin was
weaker. In MDA-MB157 cells, proinsulin was slightly but
significantly less effective for all examined effects (except
for cell cycle progression).

Dose-response experiments showed that proinsulin,
starting at 0.1 nM, stimulates BrdU incorporation in a
dose-dependent manner, with a potency that in SKUT-1
and MDA-MB157 cells was slightly but significantly
lower than that of insulin, whereas in PC3 cells was similar
to that of insulin except at the highest dose. At 100 nM, in
all three cell lines, proinsulin elicited approximately 80%
of the insulin response (Supplemental Fig. 4). Parallel ex-
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FIG. 5. Intracellular signaling pattern induced by proinsulin (pro-I) in human cancer
cell lines. The human cancer cell lines SKUT-1, MDA-MB157, and PC3 were serum
starved for 24 h and then stimulated with 10 nm proinsulin or insulin (INS) for the
indicated times. Cells were lysed, analyzed by SDS-PAGE, and immunoblotted with
antibodies against the phosphorylated form (p) of pIR/pIGF-IR (Y1150/Y1151), pAkt
(S473), pAkt (T308), pERK1/2 (T202/Y204), pp70S6K (T389), and pGSK3p (Ser9).
The same blots were probed with anti-IR, anti-Akt, anti-ERK1/2, anti-p70S6K, anti-
GSK3pB, and anti-B-actin antibodies to control for protein loading. The top panels
show, for each cell line, a representative experiment. The histograms represent the
mean = seM (error bars) of densitometric analyses of three separate experiments
after normalization of each phosphopeptide against the total, nonphosphorylated
form. Statistical significance was determined using two-way ANOVA. *, P < 0.05;
** P <0.01, ***, P < 0.001 (proinsulin vs. insulin stimulation curve). NS, Not
statistically significant (P > 0.05).
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periments with crystal violet staining provided
similar results (data not shown).

In line with what we observed in R* cells,
proinsulin was unable to stimulate IGF-IR
phosphorylation in human cancer cells (Sup-
plemental Fig. 5). Because these cancer cells
also contain IR/IGF-IR hybrids, we evaluated
whether IR/IGF-IR could be implicated in the
response to proinsulin. After cell incubation
with proinsulin, anti-pY immunoprecipitates
contained only IR and not IGF-IR moieties,
indicating that IR/IGF-IR hybrids were not
stimulated by proinsulin (Supplemental Fig. 5).

Discussion

Proinsulin is currently regarded as a prohormone
with low affinity for the IR (11, 12) and little
biological activity. Our present results show that
proinsulin differentially binds to and activates
the two IR isoforms, with a higher affinity for
IR-A than for IR-B. This behavior is remarkably
similar to that of IGF-II (13, 14), although, at
variance with IGF-II, proinsulin has no activity
toward the IGF-IR or IR/IGF-IR hybrids. In R/
IR-A cells (expressing only IR-A and lacking both
IGF-IR and IR-B), proinsulin consistently acti-
vated downstream signaling pathways with a dif-
ferent pattern compared with insulin. In partic-
ular, proinsulin stimulated p70S6K activation to
a similar or greater extent than insulin, while be-
ing approximately 2- to 3-fold less potent than
insulin for Akt activation at 10 nm (Fig. 3). This
pattern of intracellular signaling is also shared by
IGF-II (15). Moreover, IRS1 Ser636/639 phos-
phorylation, a mechanism involved in signaling
termination (26, 27), was delayed after proinsu-
lin compared with insulin. Finally, degrada-
tion of IR and IRS1 occurred only after 24 h
of continuous stimulation with proinsulin
whereas it was clearly evident after 8 h of
insulin stimulation. This delayed degradation
response, possibly related to the low binding
affinity of proinsulin to the IR-A, may result in
a longer ligand-receptor interaction. All these
factors may contribute to the increased mitogen-
ic-metabolic ratio observed with proinsulin or
IGF-II compared with insulin (15). Our present
data are in agreement with findings describing
nonparallel metabolic and growth-promoting ef-
fects of various types of insulin (28).
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FIG. 6. Biological effects of proinsulin (pro-I) in human cancer cell lines. A, Cell
proliferation. SKUT-1, MDA-MB157, and PC3 human cancer cells were grown in 96-
well plates, serum starved for 24 h, and then exposed to 10 nm of either proinsulin
or insulin for a further 48 h. Cell viability was evaluated by crystal violet staining.
Values are expressed as percentages of untreated cells (indicated as b) and are the
mean = seM (error bars) of three separate experiments performed in triplicate. NS
(P> 0.05), *, P< 0.05, proinsulin vs. insulin (one-way ANOVA followed by
Bonferroni test). B, Cell cycle analysis. Cancer cells, after serum starvation for 24 h,
were analyzed for their cell-cycle profiles before and after treatment with 10 nm
proinsulin or insulin for 48 h. Cell populations positive for PI staining were evaluated
by FACS analysis, and G/G,, S, and G,/M phases were scored. White columns, Cells
in Go/Gy; black columns, cells in S; hatched columns, cells in G,/M. Each column
indicates the percentage of total cells (mean of three separate experiments done in
triplicate). NS (P > 0.05), for Go/G, in proinsulin vs. insulin-treated cells (one-way
ANOVA followed by Bonferroni test). C, Cell migration. Subconfluent SKUT-1,
MDA-MB157, and PC3 cells, after serum starvation for 24 h, were seeded on
polycarbonate filters in the presence or the absence of 10 nm ligand. Cells that
migrated to the lower compartment were measured after 6 h (MDA-MB-157) or

48 h (SKUT-1 and PC3). Values [mean * sem (error bars) of three separate
experiments done in triplicate] are expressed as percent of untreated cells (B).

*, P <0.05; t, P < 0.005, proinsulin vs. insulin (one-way ANOVA followed by
Bonferroni test).
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In three different human cancer cell lines,
predominantly expressing the IR-A isoform,
downstream signaling in response to proinsu-
lin was variable, although ERK1/2 was always
similarly stimulated by proinsulin and insulin.
In SKUT-1 cells, only Akt had a weaker re-
sponse to proinsulin compared with insulin,
whereasin MDA-MB157 cells the responses of
Akt, p70S6K, and GSK33 were weaker after
proinsulin. In PC3 cells proinsulin and insulin
were equipotent for the stimulation of all
downstream kinases studied. In all three cancer
cell lines, IR autophosphorylation was sub-
stantially weaker after proinsulin than after
insulin.

Proinsulin elicited an effective stimulation
of cell proliferation and migration. In PC3
cells, the cells with the highest absolute IR-A
content, signaling, and growth differences
between proinsulin and insulin were the
smallest. It is worth noting that IR-A/IR-B
hybrid receptors, which are functionally sim-
ilar to IR-A (29), may affect proinsulin re-
sponse, whereas IR/IGF-IR hybrids are un-
responsive to proinsulin.

Our data may contribute to a better knowl-
edge of IR isoform physiology, which is still
incompletely understood (13, 30). During the
early stages of development proinsulin is se-
creted by chick retinal cells, where it promotes
cell proliferation, differentiation, and survival
(1). The importance of IR, which in the chick is
expressed exclusively as IR-A, is underlined by
the finding that IR silencing induces retinal
cells apoptosis (31). Moreover, transgenic
mice with specific inactivation of the IR gene
in rod photoreceptors show retinal degener-
ation, providing strong evidence for a role of
IR in photoreceptor cell function and sur-
vival. These findings have been confirmed in
rats in which IR activity is independent of
mature insulin, leaving open the possibility
that IR is instead activated by proinsulin (32).
By identifying IR-A as a proinsulin receptor,
our present findings may provide new impetus
for future studies in this field.

In humans, the proinsulin-insulin concen-
tration ratio has been reported to be approxi-
mately 6-fold higher in newborns than in
adults (6), suggesting that proinsulin may elicit
biological effects in prenatal/early neonatal
life, in accordance with the role of the insulin/
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IGF pathway in the biology of progenitor/stem cells
(33-37).

Whether proinsulin may also elicit biological effects in
adult life is unknown. In normal adults, proinsulin is pres-
ent in the bloodstream at concentrations less than 10 pm,
whereas it reaches levels of 10-50 pMm or higher in insulin-
resistant type 2 diabetes mellitus (T2DM) patients (38),
who also have an increased proinsulin-insulin ratio (39).
In T2DM patients, proinsulin levels are associated with
carotid intima-media wall thickness, a marker for athero-
sclerosis and cardiovascular disease (40). Proinsulin-insu-
lin ratio increases with age (41), and in elderly men high
proinsulin levels are predictive of stroke, whereas insulin
levels are not (42). Proinsulin levels are also associated
with increased activity of the plasminogen activator in-
hibitor-1, the main regulator of fibrinolysis (7), and levels
greater than 45 pM are considered a marker of high car-
diovascular risk (43). Moreover, administration of exog-
enous biosynthetic proinsulin to T2DM patients is asso-
ciated with an increased incidence of cardiovascular
events (44). In our in vitro model, proinsulin starts eliciting
biological activities in cultured cells at picomolar concen-
trations, and it could be hypothesized that elevated pro-
insulin levels may affect the development or progression of
malignancies that overexpress IR-A (14,22, 45). Itis note-
worthy that T2DM and obese patients show up to 2- to
3-fold increased risk for various malignancies (46,47) and
poor cancer prognosis (48). More studies are needed to
verify these possibilities.

In summary, proinsulin by acting as a selective IR-A
ligand may stimulate cell proliferation and migration to a
similar degree as insulin. In view of these characteristics,
proinsulin may play a biological role via IR-A activation
during development and in insulin-resistant individuals.
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