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conformational changes occurring in the extracellular domains of the insulin receptor
were being transmitted across the plasma membrane to their cytosolic counterparts.
Since the transmembrane domains of the B-subunits are relatively short in length
(comprising merely 24 amino acids) and involve only one membrane-spanning region,
it is difficult to envisage how enough miovement could be generated here to effectively
propagate a wave of allosteric modulation. A plausible hypothesis, however, has recently
been proposed (Yamada er al., 1995*) involving what is often referred to as "receptor
oligomerization”. In the absence of bound ligand, the a-subunits of the insulin receptors
are somehow poised to prevent interactions between the transmembrane domains of the
two adjacent 3-subunits (perhaps by physically keeping them apart via steric hinderance).
Upon insulin binding, conformational changes in the extracellular domains allows for
homodimerization of the o-helical transmembrane regions (Fig III). This presumably
places the cytosolic domains in closer juxtaposition with one another resulting in
allosteric modulation and/or receptor kinase activation. Additionally, as suggested by
data describing receptor activation through the inhibition of a membrane-associated
phosphotyrosine phosphatase (PTPase), insulin-induced conformational changes may be
activating the receptor S-subunits by releasing them from inhibitory interactions with

negative regulatory elements (Posner ef al., 1994!%%),

2.4 The insulin recepror ryrosine kinase (1RK):

The cytosolic portion of the 8 chain (residues Arg>!- Ser**-), also referred to as
the insulin receptor kinase (IRK) serves as the effector in insulin signalling (Fig. 11B).
Once activated by the events described above, receptor @-chains undergo
autophosphorylation which in turn activates their tyrosine kinase activity (reviewed in
Cheatham and Khan, 1995%; Tavaré and Siddle, 1993%; Lee and Pilch, 1994%7),

The numbering of amino acid residues is based on the exon 11 minus form of
the insulin receptor (missing the 12 N-terminal amino acids of the «-subunits).
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phosphorylation may be involved in a negative feedback loop that serves to "switch off"

the insulin signal following some critical intracellular event.

3 The tyrosine phosphorylation cascade:

The insulin receptor, like other members of the receptor tyrosine kinase family,
is believed to modulate most if not all of its biological effects by initiating a
phosphorylation cascade through a network of intracellular signal peptides. A number
of reports, however, have surfaced which suggest that many of th= biological effects may
also be mediated throug it kinase independent pathways (Rafacioff ¢1 al., 1991%; Rolband
et al., 1993*; Gottschalk, W., 1991%; Moller er al., 1991%7; Wong et al., 1995*). Since
many of these claims are based on transfection studies, data from a recent report
(Sasaoka er al., 1995%) raises the possibility that reported kinase-independent signalling
is in fact artifactual. Although such pathways may exist, no one to date has convincingly
demonstrated their physiological relevance to insulin signalling.

Upon activation, most receptor tyrosine kinases, such as the EGF- and PDGF'
receptors, form direct non-covalent complexes with their endogenous substrates. These
protein-protein interactions are mediated through substrate SH2 (src homology 2)
domains which strongly associate with Tyr-phosphorylated SBS* sequences within the

activated receptor (reviewed in Schlessinger and Ullrich, 1992%; Fantl er al., 1993%),

EGF: epidermal growth factor
t PDGF: platelet derived growth factor

* SBS: SH2 binding site - a consensus sequence of 4-6 amino acids surrounding
a critical tyrosine residue which often includes one or more C-terminal
hydrophobic residues, e.g.: YXXO (O = a hydrophobic residue such as V, I or
M). Phosphorylation of the Tyr residue activates binding, but the molecular
specificity is defined by the other amino acids in the sequence. For example: the
regulatory subunit of PI3K recognizes YXXM motifs, GRB2 - PXY(V/I)N(V/I),
etc...
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p46, p52, and p66. The p46 and p52 isoforms appear to be differentially translated from
the same mRNA while p66 comes from a distinct mRNA species whose origin is not
entirely clear. Although the functional differences between the three isoforms has not
been fully explored, it appears that the p52 isoform may be the one most relevant to
insulin signalling (Yamauchi and Pessin, 19947). Thus, like IRS-1, SHC is believed to
function as a "docking” protein which activates downstream effectors by facilitating the
formation of multi-component intracellular signalling complexes (see The ras MAP kinase
pathways below). See Fig. V for a one-dimensional map of the functional domains and
protein binding regions within SHC.

Tyrosine phosphorylation of the SBS sequence Y*VNV (Skolnik er al., 1993)
has been shown to induce association with GRB?2 (Pronk et al., 19937!: Pronk et al.,
1994™) thereby activating the ras-signalling cascade (see The ras MAP kinase pathways
below). Due to the inability of researchers to co-precipitate SHC and IRS-1, it is
currently believed that they do not associate with each other but rather form independent
binding complexes upon activation (De Meyts, 1994b*; Gustafson er al., 1995%). In
fact, recent studies indicate that SHC and IRS-1 may compete for the same "active" site’
on the insulin receptor. Both substrates contain a SAIN binding domain (described in
IRS-1 above) which reportedly recognizes the NPEY®® consensus sequence within the
juxtamembrane region of the insulin receptor® (Gustafson et al., 1995%%; Craparo er al.,
1995%).

Unlike IRS-1, which is confined to insulin and IGF-I mediated signalling, SHC
has been implicated in the signalling pathways of a number of mitogens and cytokines

including epidermal growth factor (EGF- Pelicci ef al., 1992%), platelet-derived growth

In this case the term active site is used rather than binding site. This is to
acknowledge the fact that neither the IR nor the IGF-IR form stable protein
aggregates with these substrates following the appropriate stimulation.
Presumably, the association exists to facilitate the enzymatic function of the
receptor kinase which involves phosphorylation and subsequent release of the
target substrate.

*  As well as the corresponding NPEY®**° sequence of the IGF-IR.
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products of PI3K into DAG: and IP* moieties (Serunian et al. 1989*) which implies that
they don’t enter the classical phosphoinositide signalling pathway. Instead, these
metabolites, which include PI-3-P, PI-3,4-P, and PI-3,4,5-P (phosphatidyl inositol 3-
phosphate, etc...), probably remain membrane bound and presumably exert their
biological effects from this subcellular jocation. Although the physiological function of
these phosphatidyl phosphoinositides is presently unknown, in virro studies have
demonstrated their ability in stimulating the ¢ isoform of protein kinase C (Nakanishi er
al., 1993%). This provides a "switch"* kinase connection not only for downstream
signalling events, but also for the putative negative feedback inhibition discussed above
(see Serine and threonine phosphorylation page 6).

Insulin stimulates glucose transport in target cells primarily by increasing the
activity of the GLUT4 hexose transporter. There are two principle mechanisms by which
this occurs. One method is to enhance the activity of the transporters that are present
at the plasma membrane surface, and the other is to increase the number ot  ‘se
transporters that are transferred to the cell surface from the endosomal compartment
inside the cells {i.ienhard et al., 1992%). It has been demonstrated that the latter
process, also referred to as GLUT4 translocation, is blocked upon the addition of specific
inhibitors to PI3K (Cheatham er al., 1994%"). The mechanisms underlying the
transiocation process, and thus their connection to PI3K signalling, remains poorly
understood. Subcellular fractionation experiments, however, have shown that 75% of
activated PI3K is found in the endosomes of L1-3T3 adipocytes indicating that subcellular
localization of the PI3K signal may be important to GLUT4 translocation in insulin-

sensitive target cells (Kelly and Ruderman, 1993%%). This would also explain why the

DAG: Diacyl glycerol - the hydrophobic membrane-bound component

' IP: phosphoinositide - soluble cytosolic component: best represented by the
second messenger IP; (inositol-1,4,5-tris phosphate).

* A switch kinase constitutes a point where upstream tyrosine kinase signalling
events initiated by the insulin receptor are converted to downstream Ser and Thr
phosphorylation events. Ras and Raf play a similar role in the Ras-MAPK
cascade (see below).
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As mentioned earlier GRB2, the most proximal effector in the Ras-MAPK
pathway, can bind to borh IRS-1 or SHC following insulin stimulation (Skolnik er al.,
19937%). One group of researchers has recently shown that overexpression of IRS-1 can
partially inhibit insulin-regulated MAPK activity and downstream c-fos expression
(Yamauchi and Pessin, 19947). This suggests that the SHC-GRB2 pathway may in iact
be more physiologically relevant than the IRS-1-GRB2 pathway in the activation of
MAPK and its downstream effectors. Yamauchi and Pessin have further proposed that
IRS-1 may in fact be competing with SHC for a limited pool of GRB2-. Although the
physiological relevance of this observation has yet to be determined, it is doubtful that
the relationship between SHC and IRS-1 is purely competitive given another recent report
suggesting that both molecules are required in order to mediate the mitogenic effects of
insulin (Cheatham and Khan, 1995°%).

3.5  Activation of earlv_growth response genes:

Once activated by phosphorylation, both pp90™ and MAPK are able. to translocate
to the nucleus of the cell (Blenis, 1993'“?), Here, they in turn mediate the
phosphorylation of a number of factors involved in transcriptional activation and
ribosomal synthesis, as well as lamin-related proteins which presumably modulate the
accessability of chromatin fibres during transcription and/or DNA replication. Among
the transcriptional activators whose activity has been shown to be enhanced by insulin
stimulation are c-Fos and c-Jun. Both of these proteins belong to the AP-1 family of
transcriptional activators v ‘ch also includes Fos-related proteins Fos-B, Fra-1, Fra-2,
as well as Jun-related proteins Jun-B and Jun-D (Angel and Karin, 1991'"}.  Insulin

stimulation has been shown to modulate both transcripdonal (Mohn er al., 1990'*,

N.B.: Since IRS-1 and SHC are activated through the same interaction with the
juxtamembrane region of the ligand-bound insulin receptor, it is possible that the
limiting factor is the activated ligand-receptor complex and not GRB2.
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insulin stimulates an entirely different subset of Ser/Thr (or even Tyr) residues than those

that negatively modulate DNA binding.

4 Insulin internalization and processing:

4.4  Endocyiosis:

Not only does the binding of insulin to its receptor result in the activation of the
tyrosine phosphorylation cascade, but also initiates a sequence of events leading to the
internalization of the receptor-ligand complex. Currently it is believed that this process,
referred to as receptor-mediated endocytosis, proceeds by a two-stage mechanism for the
insuiin receptor (Carpentier and Paccaud, 19949,

The initial binding of insulin to its receptor is believed to occur preferentially on
the microvilli of the cell. Prior to endocytosis, ligand-bound receptors aggregate into
small clusters (see Fig. VIII). In the first stage of endocytosis, the receptor clusters
migrate from the microvilli to clathrin-coated pits located in the non-villous regions of
the cell surface (Carpentier and Paccaud, 1994'%). This "ligand-dependent" stage
requires the activation of the 8-chain receptor kinase and autophosphorylation (Carpentier
er al., 1992'Y) which apparenily leads to the release of a molecular constraint that holds
unliganded receptors to the microvilli (Carpentier and McClain, 1995"?). Although the
nature of this molecular "brake" is unknown, it likely involves the interaction of a sub-
membrane protein with a peptide sequence contained within the kinase core of the
receptor B-subunit. Furthermore, it is not known whether release of the constraint
involves the phosphorylation of an IRK substrate or whether the conformational changes
induced by autophosphorylation are sufficient to free the activated receptor.

The second stage of endocytosis is characterized as being “ligand-independent”
(Carpentier and Paccaud, 1994"%. Here, cytoskeletal proteins associated with the
clathrin-coated pits recognize the 8-turn motifs of the NPEY and/or GLPY peptide

sequences of the juxtamembrane region of the receptor 8-subunit (Backer er al., 1992%),
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is a clearance site for plasma-borne insulin, this clathrin-independent mechanism may
represent a constitutive endocytic pathway whose primary function is to assist in the

clearance of blood-borne molecules.

4.2  Intracellular routing of insulin:

Internalization of the receptor-complex involves the invagination and "pinching
off" of the clathrin-coated plasma membrane region to which they have migrated (Fig.
VIII). Within 1- 2 minutes the clathrin coating is shed from the resulting vesicle through
the function of an uncoating ATPase (Rothman and Schmid, 1986'"®; Pearse and
Bretscher, 1981''%). The uncoated vesicles then fuse with a network of larger vesicular
and tubular structures comprising the endosomal compartment (reviewed in Berg er al.,
1995!2%), As the internalized ligand-receptor complexes traverse the endosomal apparatus
they are subjected to a gradual drop in pH (from 7.4 to 5) causing insulin to dissociate
from its receptor (reviewed in Mellman er al., 1986'*"). The insulin is subsequently
degraded while the receptor is generally recycled back to the plasma membrane surface
for another round of insulin binding and endocytosis (see Control of insulin receptor
expression below). Although the molecular mechanisms underlying the degradation of
insulin are not clear at present, the prevailing opinion is that degradation occurs entirely
within the endosomal compartment and not in the lysosomes as previously believed (Berg
et al., 1995'*). An acidic thiol metalloproteinase has been proposed as the probable
effector in this process (Authier er al., 1994'%)_ It is interesting to note, however that
several reports document the existence of a cytosolic insulin degrading enzyme with a pH
optimum of 7.4 (reviewed in Berg er al., 1995'?%), Since it appears very unlikely that
such an enzyme could participate in endosomally mediated activity, it would be very

interesting to determine what role it plays in insulin processing.
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(Kelly and Ruderman, 1993%). Although this supports the idea that the Ras - MAPK

pathway is the principle effector for the mitogenic signalling of insulin, the role of PI3K
has not been ruled out (Cheatham and Khan, 1995%). Furthermore, other groups have
detected cytosolic PI3K activity in response to insulin (Lavan and Lienhard, 1993'*).
Thus, while PI3K may not in and of itself constitute a branching point in insulin
signalling the subcellular localization of its activation may. Although research into the
role of subcellular localization in insulin signalling is still in its infancy, it is becoming
increasingly evident that herein lies the key to elucidating the enigma of intracellular

signal sorting and possibly the generation of signal specificity.

5 Control of insulin receptor expression:

The hIR is encoded in a single gene approximately 150 kB in length which is
located on the short arm of chromosome 19 (Seino er al., 1989'%). The coding region
of the hIR gene is comprised of 22 exons which are spliced together to give a 4.2 kB
c¢DNA sequence. Human insulin receptors are synthesized as single chain preproreceptor
molecules either 1370 (isoform A) or 1382 (isoform B) amino acids long. The
preproreceptor is secreted into the lumen of the rough ER followed by cleavage of the
a 27 amino acid N-terminal signal sequence, a series of disulphide isomerizations leading
to the activation of the ligand binding domain, and proreceptor dimerization (Olson ef
al., 1988'”). N-linked glycosylation is also initiated here and has been postulated to be
essential for correct post-translational processing presumably by stabilizing the correct
protein folding patterns during cystine isomerization (Olson er al., 1989'*). Maturation
of the N-glycosidic linkages (Hedo et al., 1983%; Hedo er al., 1981%), as well as fatty
acylation (Hedo er al., 1987""; Magee and Siddle, 1988'*?) and O-linked glycosylation
(Herzberg er al., 1985%; Collier and Gorden, 1989%) occur in the Golgi apparatus, but

their exact function remains unclear at present. It is in the Golgi where the tetrabasic
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selection process involving the isolation of Chinese hamster lung fibroblasts resistant to
the killing effects of a toxic insulin molecule. The toxic construct chosen was a hybrid
peptide (DTal) comprising the A-chain fragment of diphtheria toxin (DTa) linked to
purified porcine insulin (I) - (Leckett and Germinario, 1992'; Leckett, 1991'%7). The 21
kD A-chain of Diptheria toxin, or DTa, is the enzymatically active portion and exerts its
effects by inhibiting the function of elongation factor-2 (EF2) which is essential for
protein synthesis (Stryer, 1995b'*%). Subsequent characterization of the A1-j mutant cell
line revealed that they were all still as sensitive to whole Diptheria toxin as the parental
V-79 strain (Leckett and Germinario, 1992'; Leckett, 1991')., It was tierefore
concluded that the resistance of A1-j cells to DTal was not conferred by alterations at the
target site (i.e., by somehow blocking the action of DTa on EF2), but rather by
differential processing of the DTal conjugate through the insulin receptor signalling
system (Leckett and Germinario, 1992").

Although the ability of insulin to stimulate glucose transport in Al-j cells appears
to be unimpaired, growth curves and 3-day growth experiments demonstrated that the
mutant is not able to grow in the presence of insulin as the sole mitogen while the
parental V-79 cell line exhibited significant growth under identical conditions (Leckett
and Germinario, 1992'; Leckett, 1991'""). A similar pattern was observed when IGF-I
was used as the sole mitogen. Interestingly, the Al-j cell line grew just as well as V-79
cells in 5% FBS. Furthermore, as illustrated in Table I, the mitogenic block in Al-j
cells appears to be confined to insulin and IGF-I as growth responses to both «-thrombin
and EGF were unimpaired. Binding studies revealed that Al-j cells express 50 - 60%
fewer insulin receptors at the plasma membrane surface than do their V-79 counterparts
yet both cell lines possess equal numbers of IGF receptors. The fact that both insulin
and IGF-I mediated signalling has been affected equally and the receptor binding
properties differentially, strongly suggests that the causal lesion has occurred at some
post-receptor step where the insulin and IGF-I pathways converge. Finally, despite the
lower number insulin receptors expressed at the cell surface, the kinetics of receptor-

mediated endocytosis appear to be unaffected in the mutant cell line (see Fig X).
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DMEM+5% FBS and allowed to adhere overnight 12-18 hours). The medium was then
replaced with basal medium (DMEM+0.2%FBS with 60 nM apo-transferrin),
DMEM +5% FBS, or basal medium containing varying concentrations of insulin. After
various time intervals (1-6 days), cells were either harvested in 0.02% EDTA and

counted, or dissolved in IN NaOH and analyzed for protein content using the Lowry
procedure.

6 Thymidine incorporation studies:

In order to monitor DNA synthesis, the incorporation of tritiated thymidine into
TCA precipitable material was measured (Perez-Rodriguez, R., er al.., 1981'*?). Cells
were serum deprived overnight (12-18 hours) using DMEM +0.2% FBS. At various
times following stimulation by insulin or control medium, the plates were pulsed for 1
h at 37°C with 0.8 mL 2.5 uCi/mL [methyl-"H]-Thymidine in PBS containing 4.5
mg/mL D-glucose. The plates were then rinsed 4 times with PBS, | mL 10% (w/v)
TCA was added, and the plates incubated at 4°C for 45 min. Following 2 rinses with
2 mL 5% (w/v) TCA at 4°C, the precipitate was solubilized in 1 mL IN NaOH for

Lowry determination and liquid scintillation counting.

7 Insulin binding studies:

Cells were grown to 80% confluence in 35-mm culture plates and serum starved
overnight (12-18 hours) in DMEM-S + 0.1% (w/v) BSA (dialyzed fraction V). The
plates were rinsed twice at room iemperature with 2 mL Hank’s HEPES-buffered saline
with 0.2% BSA (HHBSA: 1X Hanks Balanced Salts, 20mM HEPES, 0.85 mM
NaHCO,, 0.2% (w/v) dialyzed (molecular weight cut-off: 10 kD) fraction V BSA, pH
7.4). One set of plates was then treated with 0.8 mL of 1 ng/ mL '®I-Insulin in
HHBSA. To control for non-specific binding, the remaining plates were treated with 1
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11 Tyrosine phosphorylation of endogenous substrates:

PY-20 (ICN}, a commercially available mouse IgG, antibody raised against
phosphotyrosine residues, was used in order to examine the protein extracts of V-79 and
Al-j cells to determine if any differences existed on the level of endogenous substrate
phosphorylation. Of particular interest was the level of insulin-stimulated
autophosphorylation of insulin receptor 5-chain, and the concomitant phosphorylation of
an important primary substrate: insulin receptor substrate 1 (IRS-1). This being the case,
induced 3T3-L1 cells were used as a positive control as they have previously been shown
to exhibit strong phosphorylation of both the insulin 8-chain and IRS-1 in response to

insulin stimulation (Keller er al., 1993,

11.1 Cell culture and protein extraction

3T3 cells were grown at 37°C in a 5:95 CO,:air atmosphere using 100-mm
culture plates containing DMEM + 10% FBS. Upon reaching 80% confluence they
were induced to differentiate into adipocytes (Reed, B.C., er al.., 1981"%), Typically,
greater than 95% induction was obtained. In preparation for an experiment, 2 h of
serum deprivation in DMEM-S was found to be sufficient to achieve a stable baseline
response in 3T3 cells (unpublished observation). Al-j and V-79 cells were grown to
80% confluence in 100-mm cilture plates in DMEM + 5% FBS, and serum starved
overnight (12-18 hours) prior to experimentation.

Following serum deprivation, 5 mL of control media (DMEM-S), or media
containing varying concentrations of insulin, were added to the plates and incubated at
37°C for a specified amount of time (usually £ min). The protein extraction protocol
used in this assay is based on a technique provided by Dr. Shula Katzav (Terry Fox
Cancer Center, Jewish General Hospital). After the required treatment time, each plate

was placed on ice, rinsed twice and the monolayers harvesied in 1-mL PBS containing
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The membrane was blocked for 2 h in 100 mL Tris-Buffered Saline with Tween
and BSA (TBSTA: 10 mM Tris - pH 7.4, 150 mM NaCl, 0.05% Tween 20, 5.0%
Fraction V BSA) using slow rotation on an orbital shaker. The PY-20 antibody was
diluted 1:1500 in 40 mL TBSTA containing 15 ug/mL gentamycin, added to the blot in
a heat-sealable bag, and incubated 2 h with medium rotation. This was followed by three
5-min rinses in Tris-Buffered Saline with Tween (TBST: no BSA added). The secondary
antibody, GaM:HRP (goat anti-mouse conjugated to horse radish peroxidase), was
prepared by diluting the stock solution 1:4000 in 40 mL TBSTA containing 15 pg/mL
gentamycin. The blot was placed in a heat-sealable bag and probed with GaM:HRP for
1 h. Following another 3 rinses in TBST, protein banding patterns were detected using

an enhanced chemiluminescence kit developed by Boehringer Manheim Canada Ltd..

12 Early growth gene expression:

Northern blotiing was used to monitor growth gene expression in V-79 and Al-j
cells at various times following stimulation with 667 nM insulin or 5% FBS to determine
if any differential patterns could be detected. Two well-characterized early growth-
response genes were selected for study: c-fos and c-jun (reviewed in Angel and Karin,
1991'®).  Glyceraldehyde phosphate dehydrogenase (GAPDH) expression was used as

a loading control (Maniatis, T., er al., 1982'¢),

12.1 Plasmids:

All plasmids used in this study were generously provided by Dr. Lorraine
Chalifour (Bloomfield Center for Research in Aging, McGill University, Montreal).
Human c-fos cDNA (1.8 kB) was obtained in the form of pBK28 (ATCC # V01512), and
JAC.1 (ATCC # J04115) contained murine c-jun cDNA (2.6 kB). A 0.6 kB ¢cDNA
fragment of murine GAPDH was also obtained as a pGEM-4Z subclone. All plasmids
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were grown and replicated in the E. Coli DH5« strain (a gift from Dr. Lawrence
Panasci, Department of Oncology Jewish General Hospital, Montreal). Techniques used
for plasmid replication and purification are described elsewhere (Maniatis, T., et al.,
1982'").  Plasmid inserts were cut out using Pharmacia's One-Phor-All restriction
enzymes generously provided by Dr. Lawrence Kleiman (McGill Aids Research Center,
Jewish General Hospital, Montreal). The excised cDNA was purified using a Sephaglas
bandprep kit obtained from Pharmacia.

12.2 Cell culture and RNA_extraction/purification:

HelLa cells were cultured to provide a positive control for the expression of the
early growth genes (Angel er al., 1988'®). The cells were grown in 75-mm culture
flasks using RPMI 1640 medium supplemented with 10% FBS. Once 80% confluence
was established, the medium was removed and total RNA was extracted and purified
using a rapid acid-phenol extraction technique described previously (Chomczynski and
Sacchi, 1987'"). V-79 and Al celis were grown to 80% confluence followed by
overnight serum deprivation (12-18 hours). 5 mL of control or insulin-containing media
were then added to the plates for varying amounts of time. At the required time
intervals, the medium was removed and total RNA extracted using the Chomczynski /
Sacchi method. Sample RNA concentrations were determined by measuring OD, on
a 1:100 diluted aliquot using the Hewlett Packard model B8451A diode-array
spectrophotometer.  ODyg:ODy and ODy4: ODyy, ratios were generally found to be
above 1.7 indicating that samples were free of protein contamination and excessive
salinity. Furthermore, sample aliquots were run on a TBE-agarose gel revealing no

significant RNA degradation or DNA contamination (Maniatis, T., ef al., 1982'%").
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RESULTS:

The results are presented in four sections each representing the particular
experimental direction taken. The first series of experiments, entitled "Characterization
of the metabolic signalling pathway", were designed to examine the effect of insulin
stimulation in the Al-j mutant cell line with regards to only those responses related to
homeostatic or metabolic control (e.g.: hexose transport, glycogen synthesis). Since the
growth-promoting effects of insulin are generally believed to operate through a distinct
signalling pathway (reviewed in De Meyts, 1994b®, White and Khan, 1994"), these were
examined in a separate series of experiments: "Characterization of the mitogenic
signalling pathway". Having established a distinctive phenrotypic response pattern for
A1l-j from the first sets of experiments, the third section: "Insulin signalling cascade",
was devoted to determining the approximate location of the lesion(s) within the insulin-
signaliing cascade of the mutant. This was done by examining various known points
along the cascade to determine if their signalling mechanisms are being in any way
interfered with. Finally, the last group of experiments, entitled "Early Growth Gene
Expression", examined the potential role of two well-characterized early growth response

genes, c-fos and c-jun, in insulin-stimulated mitogenesis.
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- the resulting basal counts being 3.6 +1.2 x10° and 3.9+ 1.5 x10° cells/plate for V-79
and Al-j cells respectively. A student’s t-test revealed no significant difference between
these two values (P>0.67). In the presence of insulin, the V-79 cell line experienced
a 2-fold stimulation of growth above basal levels which was found to be significant by
the students t-test (P <0.01). The results shown in Table 2.2 and Fig. 2.2 are expressed
relative to basal growth levels: (average + S.E.M.). Unlike their V-79 counterparts, the
Al-j cells showed no significant response to insulin within this time frame (student’s t-
test: P>0.10).

3 Insulin signalling cascade:

3.1 Thymidine_incorporation studies:

Since the growth-promoting effects of insulin appear to be ineffective in the Al-j
mutant, the next step was te determine if the mitogenic block had occurred early (i.e.,
at the G,-S boundary) or late (i.e., the G, - M transition) in the cell cycle. Since DNA
synthesis occurs 1n the S phase, increased transition from G, to S, following hormonal
stimulation, would be manifested by an increase i thymidine incorporation into TCA-
precipitable material. Fig 3.1A. displays the results from a single preliminary time
course experiment (expressed relative to basal thymidine incorporation at each time
point). Using both 667 nM insulin, and 5% FBS, maximal incorporation occurred
between 8-10 hours post-stimulation reaching a stable plateau for up to 20 hours post-
stimuladion in both cell lines. Al-j cells, however, exhibited a diminished response to
both stimuli relative to V-79 cells.

To investigate further, replicate experiments were performed at both 10 and 20

This represents the number of cells grown in the presence of the various mitogens
divided by the number of cells present in the basal medium for that same day.
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Table 3.4B and Fig 3.4B display the amount of degraded insulin (as %TCA

soluble counts) present in the conditioning buffer. After 20 min or less there was no
significant difference between the degradation profiles of the 2 cell lines (2-way
ANOVA: P>0.12). At times greater than 20 min however, degradation in Al-j cells
was found to ve significantly lower than that of V-79 cells (2-way ANOVA: P<0.01).
This difference was also reflected by the insulin degradation obscived within the cell
monolayers (Tahle and Fig 3.4C) where Al-j cells showed significantly reduced
degradation only after 20 min (2-way ANOVA - 20 min or less: P>0.31, greater than
20 min: P <0.002).

Although there is considerable controversy over the mechanisms underlying the
intracellular degradation of internalized insulin, evidence is mounting that much of this
degradation is occurring within the endosomal compartment of the cell (Berg er al.,
1995'%%, The three compounds: Bacitracin, Chloroquine, and Monensin, have been
previously been shown to inhibit insulin degradation presumably by disrupting the normal
functioning of endosomes. Bacitracin is a protease inhibitor whose principle mode of
action is to directly inhibit insulin degrading activity (Gansler e al., 1986'**) presumably
within the endosor~.} tumen. Chloroquine is an acidotropic agent that accumulates within
acidified vacuoles (e.g.: lysosomes, some endocytic compartments), and inhibits the
function of constituent acidophilic enzymes by raising the intralumenal pH. Similarly,
carboxylic ionophores, such as Monensin, function as pores in the vacuolar membrane
which dissipate the pH gradient across the membrane by allowing the free exchange of
monovalent cations (i.e., K* for H*). The effects of Chioroquine and Monensin have
been reviewed by Mellman er al., 1986 ',

Based on their reported effectiveness in hepatocytes, these compounds were used
in a number of preliminary experiments at the following concentrations: 100 U/mL
Bacitracin, 100 uM Chloroquine, 25 uM Monensin (Backer er al., 1990b'™, Blackard
et al., 1986'%, Hamel er al., 1987'%"). Table 3.4D represents the average + S.E.M.

from two replicate 20-min degradation assays. The data are expressed as the percent of
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Hepatoma cells (White er al., 1985'%), CHO cells (Sun et al., 1991%%), and NIH 3T3
HIR 3.5 cells (Goren and Boland, 1991'); and may serve as an internal
loading/phosphorylation control for the current V-79/al-j system. As a caveat for the
general use of the ppl20 band in this manner, there have been reports of insulin-
stimulated phosphorylation of HA4, a sialylated 120 kD membrane-associated
glycoprotein in rat liver cells (Rees-Jones and Taylor, 1985'"'; Perotti er al., 1987'7;
Margolis er al., 1988'7).

Of particular interest are the bands at 95 kD and 180 kD: representing IRK and
IRS-1 respectively. When 3T3 cells were stimulated 2 min with either 67 nM or 667 nM
insulin (lanes 2 and 3), there is a substantial increase in the phosphorylation of these two
bands relative to basal-stimulated extracts (lane 1). Interestingly, although a 2-min
treatment with 5% FBS did appear to mildly stimulate the autophosphorylation of pp935
(the 95 kD band), there was no observable increase in the 180 kD band (data not shown).
Lanes 4 and § contain V-79 cell extracts -/+ 2-min stimulation with 667 nM insulin,
while lanes 6 and 7 contain similarly treated Al-j cell extracts. In both cell lines there
is an insulin-stimulated increase in phosphorylation of the pp95 and pp180 bands (lane
S vs lane 4 and lane7 vs lane 6) even though this increase is much less pronounced than
that seen in the 3T3 controls.

In comparing the insulin-treated extracts in lanes 5 and 7, it appears that the
insulin-responsive tyrosine-phosphorytation of pp9S and pp180 is noticeably weaker in
Al-j than in V-79 even though both cell lines appear to be loaded equally (the pp120
bands are of equal intensity). This difference can, however, be accounted for by the
lower number of functional insulin receptors in Al-j cells (40.0+10.2 less than in V-
79s). When V-79 cell samples were loaded at 2/3 the Al-j amount to account for this
difference in receptor numbers, the insulin-stimulated phosphorylation pattern in A1-j cell
extracts matched that seen in the V-79 cell extracts (Fig 3.6B lane 4 vs 2). Since there
were no significant anomalies observed in the tyrosine-phosphorylation pattern of the Al-
j mutant cell line, it appears that the lesion responsible for its lack of responsiveness to

the mitogenic effects of insulin involves a step in the intra-cellular insulin signalling
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DISCUSSION:

The mitogenic block is specific to insulin and IGF-I:

After having isolated the DTa-resistant mutants, one of the first properties that
was measured was their ability to grow and divide in serum-supplemented media (R.
Germinario - pers. comm.). A few of the mutants, such as VI-A3-b, VI-A4-d and VI-
Al-d, exhibited a generalized suppression in mitogenic signalling as manifested by
increased doubling times when grown in 5% FBS (Leckett, 1991'*"; A. Spurmanis -
unpublished observation). This, however, did not appear to be the case with the IV-A1l-j
mutant which grew as well as the parental V-79 strain (T,, = 12 - 13 hours) when grown
in FBS (Leckett er al., 1993'*). What was interesting about Al-j was its inability to
grow in the presence of insulin as the sole mitogen. Although both cell lines were able
to grow and divide comparably (about 6-fold over a 3 day period) under basal conditions,
the addition of insulin was able to elicit a further 2-fold stimulation of growth where
none was seen in the Al-j mutant. The same results were obtained when protein and
DNA content was measured (data not shown). Furthermore, cell growth could be
qualitatively confirmed by visual inspection of the phenol red indicator in the culture
media. When grown under basal conditions, the media in the plates containing either V-
79 or Al-j cells appeared red due to the limited production of acidic metabolic waste by-
products. Conversely, the media from plates containing actively growing cells in 5%
FBS were yellow due to a drop in the extracellular pH caused by lactate production (R.
Germinario - pers comm). Insulin-stimulated V-79 cells, showing intermediate growth,
produced orange-colored media while media exposed to A1-j cells, showing no growth
above basal levels, remained red.

The fact that Al-j could grow as well in serum as the parental V-79 strain, yet
was non-responsive to the mitogenic effects of insulin suggested that the latter effect is

specific to the insulin signalling pathway. This was supported by the observation that
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cannot be entirely excluded that the elevated basal thymidine incorporation in the mutant
represents some alteration in thymidine metabolism (e.g.: a reduction intracellular
thymidine pools). Yet another possibility is that the observed increase in basal DNA
synthesis in the Al-j cell line does not relate to genomic duplication but may rather
reflect the activation of a futile nucleotide sythesis process which is unrelated to cell

division.

The known functions of the insulin receptor appear to be intact in Al-j:

Given the insulin-specific nature of the mitogenic block in A1l-j cells, one obvious
candidate for the causative genetic lesion is the insulin receptor itself since it acts in
linking the specific recognition of the peptide hormone to subsequent intracellvlar events.
As the evidence detailed below suggests, the insulin receptor appears to function
nornially iz the mutant. It should be noted, however, that these experiments were
designed to test previously well-ciaracterized functions of the insulin receptor such as
ligand binding or tyrosine kinase activity. Since the function of some portions of the
receptor are not entirely clear (particularly the C-terminus), one cannot rule out the
possibility that the causative lesion may still be found here.

Scatchard analysis (Leckett and Germinario, 1992') revealed that although the
receptor binding affinities were the same (EDs,=0.5 nM), the Al-j cell has up to S0%
fewer insulin receptors expressed at its plasma membrane surface than does the V-79 cell
(800 vs 1500 respectively - Leckett and Germinario, 1992'). I-insulin displacement
studies also showed a 40 - 50% decrease in specific binding thus corroborating these
earlier findings. Although it is presently unclear how this observation relates to the
mitogenic block in the Al-j cell line, there is evidence against a causal relationship (see
The involvement of insulin- and insulin receptor-processing below). Furthermore, in
addition to binding affiuity, several other features of the mutant receptor were tested and
found to be normal. Others have found that, when normalized to receptor number, both

cell lines demonstrated identical internalization kinetics (Leckett and Germinario, 1992')
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the finding that signalling has been affected similarly by both hormones, while the
corresponding receptors have been affected differentially, is that the genetic lesion
involves a post-receptor event common to both insulin and IGF-1. In support of this
hypothesis, it was subsequently discovered that all of the downstream effectors implicated
in insulin signalling to date are also reported to be involved in the IGF-I signalling
cascade (Cheatham and Khan, 1995%; Melmed, 1993 !7"),

It can also be argued, however, that a mutation in one of the two receptors could
be sufficient to produce the Al-j phenotype if both hormones were mediating their
mitogenic effects through that particular receptor. To this effect, the probability that
IGF-I is exerting its mitogenic effects in V-79 cells solely through insulin receptors is
highly unlikely considering that IGF-I receptors are present in comparable numbers* at
the cell surface. Not only is the IGF-IR considered to be a dominant mitogenic effector
in relation to the IR from the standpoint of S-chain signalling activity (Cheatham and
Khan, 1995%; De Meyts, 1994b%; Lee and Pilch, 1994%), but IGF-I also possesses a
100- to 500-fold greater affinity for its own receptor than for IR (Werner et al., 1991'%),
Conversely, it is possible that insulin can be mediating its mitogenic effects through IGF-
I in the V-79 cell line. Even though the affinity of insulin for IR is 100 to 500 times
greater than that for IGF-IR, most of the assays performed in the current and previous
studies used insulin concentrations that exceed physiological levels by up to 700-fold
raising the potential for a signinicant amount of receptor "cross-activation". Although
impairment of the IGF-IR could possibly account for the mitogenic block in the Al-j cell
line, it is difficult to envisage how such a mutation could result in the altered expression

of the insulin receptor that was observed.

Given that both IR and IGF-IR have similar affinities for their respective ligands
(Kd = InM- Werner ef al., 1991'7), the fact that '?I-IGF-I binding (19.8+1.2
fmol/ mg protein) was found to be similar to 'I-insulin binding in V-79
(11.241.2 fmol/ mg protein) means that these receptors are present in similar
proportions on the cell surface.
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stochastic process of receptor aggregation into clathrin-coated pits becomes increasingly
less likely eventually limiting the amount of insulin intermalization and degradation.
Meanwhile, empty receptors are being recycled back to the cell surface (Backer et al.,
1990b'%),

Interestingly, the prctenlvtic activity of the Al-j cell line appears to be
consistently reduced relative to V-79 cells during the second phase (P<0.01). This
could be due to the fact that the intracellular processing of insulin has been in some way
altered in the A1-j strain. Interestingly, it has been previously reported that mutant CHO
cells exhibiting defective acidification ot the endosomal compartment were found to be
resistant to the killing effects of whole diphtheria toxin (Merion er al., 1983'™).
Although the cytosolic penetration of DT has been shown to require processing through
an acidic compartment, this has been mainly attributed to conformational changes induced
in the, carrier B-chain portion of the toxin which is absent in DTal (Madshus, 1994'%!).
Tiwre is, however, evidence that endosomal acidification is required to induce unfolding
of the A fragment in order to allow for its translocation into the cytoplasm (Falnes <1 al.,
1994'%2). Since insulin degradation has also been associated with endosomal acidification
(reviewed in Berg er al., 1995'%), it is likely that a perturbation in endosomal processing
of insulin represents a common mechanism for the observed DTal resistance and
decreased insulin proteolysts in Al-j.

Comparable results were obtained by monitoring TCA-soluble *°I counts within
the cell monolayer lysates although the kinetics in this case were further complicated by
the rapid expulsion of degraded insulin following proteolysis (Fig. 3.4C). Earlier time
points show parallel degradation kinetics (P >0.31), while at later time points degradation
appeared to te diminished in Al-j (P<0.002). A lag of 5 min or less was observed

prior to the initiation of degradation which is consistent with an endosomal mode of
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degradation (Backer er al., 1990b'>). Interestingly, when Chinese hamster ovary cells
(CHO)- were stably transfected with 80,000 surface-expressed human insulin receplors,
a 20-minute lag time was observed before the onset of degradation (Backer er al.,
1990b'*).  Although the authors attributed their findings to the innate tendency of these
cells to process insulin through a lysosomal pathway, it is possible that their observation
is simply an artifact caused by the transfection. It could be that the endogenous
endocytic machinery of the CHO cells was simply overwhelmed by the surplus of human
receptors resulting in delays and/or other perturbations in the normal intracellular routing
mechanism. Alternatively, the different handling of insulin by CHO and the CHL' cell
lines studied here could also be the result of cell-specific or clonal variation.

While it was suggested that the slight reduction in insulin proteolysis in Al-j at
time points greater than 20 min could be attributed to a perturbation in endosomal
processing of the internalized ligand-receptor complex, one could speculate on another
possibility. The decreased number of insulin receptors expressed at the plasma
membrane surface could simply be limiting proteolysis by reducing the availability of
active insulin-receptor complexes for the formation internalizable aggregates. To further
explore the ability of Al-j to process intracellular insulin, the effect of a number of
endosomal "inhibitors" was explored. The results reported in Table 3.4D are based on
the addition of concentrations previously reported to be effective in other cell lines (see
Insulin degradation in the Results section above). Since an earlier report indicated that
the inhibitors would be maximally effective at earlier time points (Backer er al.,
1990b'*), the inhibition assays were all performed at 20 min. At 100 U/mL, bacitracin
had almost no effect in inhibiting proteolysis in either cell line, while 25uM monensin
was only marginally effective resulting in the rescue of 9-12% of the pre-bound insulin

cohort. Chloroquine at a concentration of 100 M was the most effective being able to

Not only do these cells originate from the same animal species as V-79 but also
express comparable numbers (3000) of endogenous insulin receptors at the
plasma membrane surface.

' CHL: Chinese hamster lung (i.e., V-79 and A 1-j).
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(Kublaoui er al., 1995%), suggest that sub-cellular localization may play a key role in the
routing of post-receptor signalling events to different biological endpoints.

Another interesting feature of the Al-j mutant cell line is the presence of fewer
insulin receptors at its plasma membrane surface than seen in the parental V-79 strain.
Although this could be the result of suppressed transcription and/or post-transiational
modifications, or of increased degradation of IR mRNA, two lines of evidence suggest
that receptor proteolysis is enhanced in the mutant. Firstly, although decreased mRNA
expression has been shown to result in decreased surface receptor numbers, this type of
receptor down-regulation has been found to correlate with increased mitogenic potential
(Levy and Hug, 1992"*) which runs contrary to the observed behaviour in Al-j.
Secondly, the above data are strongly suggestive of a perturbation in the endosomal
trafficking of insulin-receptor complex. Although the importance of endosomal
trafficking to insulin receptor expression is well established (Knutson, 1991a'%; Knutson,
1991b'), the underlying molecular mechanisms are poorly understood.

The observation that insulin processing is less sensitive to chloroquine in the
mutant suggests that insulin-receptor complexes may have been re-routed to a degradation
pathway which is less dependent upon endosomal acidification. Such a pathway could
involve the cytosolically located 110 kD insulin degrading enzyme (IDE) which operates
at a pH optimum of 7.4 (Kuo er al., 1991'**). Recent characterization of IDE has
revealed that it is tightly associated with a large multicatal ytic proteinase complex (MCP)
which has been localized to a cytoplasmic organelle called the prosome* (Bennett er al.,
1994'%%),  Furthermore, the association of insulin with IDE has been shown to inhibit
some of the proteolytic activity in MCP (Duckworth er al.,, 1994'%). Aside from
ascribed roies in both ubiquitin-dependent and independent proteolytic pathways, MCP
has also been implicated in cell growth and proliferation (Amsterdam er al., 1993'¥7),
It is therefore conceivable that the Al-j mu.ation somehow involves the re-routing of the
insulin-receptor complex from normal endosomal pathways to the prosome (see Fig XI).

In this instance it not difficult to envisage how the insulin receptor, as well as insulin or

The prosome is characterized as a ubiquitous cylindrical cytoplasmic organelle.
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thus far namely: lower receptor numbers, acidification-insensitive insulin degradation,
DTal insensitivity, and insulin-specific mitogenic bleckage. Although there is ample
precedence in the literature connecting these observations to endosomal trafficking,
evidence is lacking. One could devise a series of experiments to test the hypothesis
presented in Fig XI. For instance, is the decrease in receptor number really due to
enhanced degradation as suggested, or is it due to a decrease in transcription or
translation? Maybe post-translational alterations zre involved. These questions could all
be answered using techniques such as RNase protection, nuclear run-on assays as well
as subcellular fractionation experiments.

An acidification-insensitive mechanism of insulin processing in Al-j was proposed
based on indirect evidence (i.e., a relative insensitivity to chloroquine). This finding
could be readily verified by directly measuring endosomal pH with acridine orange and
co-localizing it with internalized '?’I-labelled insulin or DTal (Hamel er al., 1991™"),
The use of subcellular fractionation, sucrose or Percoll density gradient centrifugation,
or sub-cellular markers would ve used to identify the sub-cellular structures involved in
insulin processing. The effect of PKC and PTPases can be characterized by monitoring
the effects of shorbol esters and bpV(phen) on insulin and/or insulin receptor degradation
in both cell lines. One could also test to see if the inhibition of MCP activity plays a
role in the mitogenic block of the Al-j cell line by determining if any of its known
functions (Duckworth er al., 1994'*) are preferentially blocked by insulin stimulation
relative to their V-79 counterparts. Although the model presented in Fig XI is based
upon highly spectdative interpretation of data presented in the current body of work as
well as the literature, confirmation (and possibly even disproof) of onc or more of its
aspects could lead to significant new insights on how insulin and insulin receptor
trafficking are linked to the phosphotyrosine signallin cascade and/or other post-rec=ptor

signalling events.
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Fig HI: Model for insulin receptor activation by dimerization of the
transmembrane domain. In the unliganded state the extracellular regions are poised to
keep the transmembrane domains (shaded region) apart (A). Insulin binds and cross-links
the a-subunits resulting in a conformational change which permits the association of the
membrane-spanning regions (B) This, in turn, induces conformational changes in the
cytosolic domains of the B-chains resulting in autophosphorylation and tyrosine kinase
activation (C). The allosteric changes in the B-subunits are also likely to be involved in
mediating enhanced association with endogenous substrates like I"S-1 (White and Khan,
1994"), while at the same time promoting the dissociation from negative regulators like
phosphotyrosine phosphatase (Posner, B. et al., 1994"*°). The hatched area represents the
tyrosine kinase core of the receptor f8-chain.
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Fig VI:  PI3 kinase
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Fig VIA: The phosphatidyl phosphoinositide phosphorylation reaction. PI3K
catalyzes the phosphorylation of the OH group in the D-3 position of the inositol ring of
phosphatidy! inositol (PI) or related molecules PI-4P, P1-4,5P (phosphatidy! inositol
4-phosphate, etc...) to give PI-3P, PI-3,4P, or P1-3,4,5P respectively. The reaction occurs
at the expense of 1 ATP molecule. Unlike the related PIP, intermediates however, the
products of the PI3K reaction are not subsequently cleaved at the D-1 phosphate into
polar inositol phosphates and non-polar diacyl glycerol moieties and thus do not
participate in classical IP, second messenger signalling (Stryer, 1995¢™).
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Fig VIII: Receptor-mediated endocytosis. Upon ligand binding insulin receptors
undergo aggregation in a villous region of the cell surface (A). This is followed by the
first of a two-stage endocytic mechanism whereby the aggregated rec~ptors migrate to
a clathrin-coated pit within a non-villous region of the cell surface (B). This is the ATP-
dependent stage of endocytosis. In the second ATP-independent step, proteins within the
coated pit recognize specific internalization sequences within the juxtamembrane region
of the insulin receptor which triggers the invagination of the coated pit region (C and D).
Eventually the coated pit pinches off from the plasma membrane forming a coated vesicle
(E). Within 1 to 2 min, an uncoating ATPase removes the clathrin coat and recycles it
back to the celi surface (F). The uncoated vesicle then fuses with a con.ponent of he
endocytic network (G). As the endosome is acidified. insulin is released from its
receptor (H). The insulin is targeted for degradation (I) while the receptor< are separated
and recycled back to the cell surface (J). Compiled from data presented in: Carpentier
and Paccaud, 1994''°, Berg er al., 1995'%, and Carpentier and McClain, 1995'2,
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Fig IX: The role of endosomes in insulin-regulated GLUT4 translocation. As
the liganded insulin receptors begin undergoing endocytosis, the activated insulin receptor
kinase begins phosphorylating endosomally-associated IRS-1 (A). Phospt.orylation of one
of the YXXM SBS sites in IRS-1 promotes association with the p85 regulatory subunit
of PI3K but does not activate the p110 catalytic subunit of PI3K. Although IRS-1 has
been shown to be associated with a particular subset of endosomal vesicles (labelled 1),
the nature of the association is unknown (Kelly and Ruderman, 1993%). At the same
time a cytosolically localized subset of IRS-1 molecules are propagating the insulin signal
to other pathways possibly including the Ras-MAPK phosphorylation cascade (B). As
the internalized insulin-receptor complexes are directed to their own subset of endosomal
organelles (labelled II), further phosphorylation of IRS-1, possibly at another YXXM
site, induces the activation of PI3K (C). Activated PI3K associated with I-endosomes
propagates the insulin signal to yet another group of vesicles (labelled III) which contain
GLUT4 (D). How the message is propagated is unclear at present, although it likely
involves the phosphorylation of lipid components of the 1II-vesicle membrane. The result
is translocation to, and fusion of the Ill-vesicles with, the plasma membrane (E).
Complied from data reported in Kelly and Ruderman, 1993% and Kublaoui er al., 1995%.
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Fig 2.1: Growth curve: V-79 vs Al-j cells as monitored by daily cell counting. Cells
were cultured in DMEM + 5% FBS over a period of 5-6 days and cell counts taken on
each day. The figure above is representative of a typical experiment. Doubling times
were estimated from the linear portions of each curve (shaded area), averaged from
triplicate determinations of 3-4 experiments (+S.E.M.), and found to be 10.8 + 0.3 and
10 6 + 0 4 hours for V-79 (0 ) and Al-j (A ) respectively (P>0.60).
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Fig 3.3B: The effect of adding cell-conditioned media on thymidine incorporation in
FRTL-5 cells maximally stimulated with 6.7 nM insulin and 1.0 nM TSH. | __,9 no
media added, ( ) DMEM added, ( [ ] ) V-79-conditioned DMEM added, ({77} )
Al-j-conditioned DMEM added The results represent the average + S.D from tnplicate
determinations. Neither of the cell-conditioned samples was able to affect insulin and
TSH synergism in a manner significantly different than DMEM alone (P>0.46) This
demonstrates that neither cell line is secreting an inhibitory autocrine factor which
neutralizes extracellular insulin
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Fig 3.4C: Insulin degradation as monitored by % TCA-soluble I counts in the cell
monolayer. The degradation of a pre-bound insulin cohort was initiated by a temperature
shift from 4°C to 37°C and monitored over a 2-hour (120-min) time period. Although
both cell lines exhibited similar degradation at 20 min or less (P>0.82), insulin
degradation in Al-j cells (A) is significantly reduced relative to V-79 cells (0) after 20
min (P<0.001). The results represent the average + SEM from the triplicate
determinations of 3-8 separate experiments
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TABLES:



TABLE 1.2A
The time dependence of insulin-stimulated glycogen synthesis
in V-79 and Al-j c.lls,

Glycogen synthesis (rel. to basal synth.)

Time (h) V-79 AL |
1 1.20 £ 0.18 1.22 + 0.12
2 1.41 + 0.34 1.02 + 0.23
4 1.47 +0.23 1.41 + 0.14
6 1.45 + 0.26 1.50 £ 0.23

Insulin was used at a concentration of 667 nM. 2-way ANOVA
shows a significant increase in glycogen synthesis over time
(P<0.05), but no significant difference between mutant and
parental responses (P> 0.05). The results represent the average +
S.E.M. from the triplicate determinations of 3 separate
experiments.
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TABLE 2.2
Insulin-stimulated growth in V-79 and Al-j cells as
monitored by 3-day cell counts

Growth relative to basal

[Insulin] V-79 Al-j
(nM)
83 2.27 £+ 0.26 1.21 + 0.14
334 2.04 + 0.33 1.09 + 0.18
667 1.93 + 0.48 1.06 + 0.27
5% FBS 923 + 2.20 8.41 + 2.16

The average basal 3-day cell counts were 3.6+1.2 x10* and
3.9+1.5 x10° cells/ plate for V-79 and Al-j cells respectively. T-
tests showed that V-79 responses to insulin were significantly
elevated above basal (P<0.01), while Al-j responses were not
(P>0.10). Both cell lines responded equally to stimulation with
5% FBS (students t: P>0.10). The results represent the average
+ S.E.M. from the triplicate determinations of 2-9 separate
cxpuments.



TABLE 3.1
DNA synthesis in V-79 and Al-j cells as monitored by
thymidine incorporation into TCA precipitable material.
A: 10 h post-stimulation

Relative to basal thymidine inc.

Stimulus V-79 Al-j
667 nM Insulin 2.34 + 0.42 1.07 + 0.13
5% FBS 2.65 + 0.52 2.23 + 0.55

B: 20 h post-stimulation

Relative to basal thymidine inc.

Stimulus V-79 Al-j
667 nM Insulin 2.86 + 0.53 0.98 + 0.23
5% FBS 6.81 +£ 1.38 2.89 + 0.63

At both time points V-79 cells showed a greater than 2-fold
response to insulin (student’s t;: P<0.001, n=4), while Al-j cells
showed no significant response (student’s t: P>0.10, n=3).
Although at 10 hours post-stimulus both cell lines exhibited
comparable responses to treatment with 5% FBS, at the 20 h time
point the Al-j response appears to be significantly diminished
(student’s t: P<0.05). The results represent the average +
S.E.M. from the triplicate determinations of 3 or 4 experiments.
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TABLE 3.4B
Insulin degradation as monitored by %TCA-soluble
L.labelled insulin in the conditioning buffer.

Time (min) V-79 Al-j

0 0.0+ 04 0.0 + 0.4

6.2 +09 7.0 + 0.9
10 15.0 + 1.8 15.8 £ 3.5
15 30.4 + 6.1 27.1 £ 2.8
20 43.1 + 89 33.5 £ 2.7
40 51.6 £ 29 44.1 + 3.8
60 59.8 + 5.5 48.1 + 4.7
120 69.3 + 3.2 59.9 + 6.5

TABLE 3.4C

Insulin degradation as monitored by %TCA-soluble cell-
associated '*I-labelled insulin.

Time (min) V-79 Al-j

0 1.5 £ 1.0 12.1 + 1.8

11.5 £+ 13 12.1 + 1.9
10 153 £ 1.2 224 £ 4.3
15 280+ 1.8 231 +£ 2.8
20 24.2 + 3.9 289 + 1.8
40 36.1 + 3.4 247 £ 24
60 34.3 £33 21.2 £ 2.8
120 28.0 £ 2.9 19.7 + 3.6

Before 20 min there is no significant difference between the
conditioning buffer and cell-associated degradation patterns in Al-j
vs V-79 cell lines (2-way ANOVA: P>0.12). After-20 min,
however, Al-j cells appear to produce a significantly lower
proportion of soluble '*I counts than do V-79 cells (2-way
ANOVA: P<0.01). The results represent the average + S.E.M
from the triplicate determinations of 3-8 separate experiments.
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