Supplementary Materials

Model Identifies Genetic Predisposition of Alzheimer’s
Disease as Key Decider in Cell Susceptibility to Stress

1. Primer Sequences

Table S1. Sequences of primers used for quantitative real-time PCR (qRT-PCR)

GenBank , ‘ Amplicon
Gene . Forward Primer (5'-3') Reverse Primer (5'-3) ‘
accession No. size (bp)
APP NM_201414.2 | GGCCCTGGAGAACTACATCA | AATCACACGGAGGTGTGTCA 199
ATF4 NM_001675.2 | TCAAACCTCATGGGTTCTCC TGTCATCCAACGTGGTCAG 226
BiP/GRP78 | NM_005347.4 [GCGGGTGGCAGCGACAGAGCCIGCCCGGGCTGGGGAATGACCACT 474
CHOP NM_004083 CTCTGGCTTGGCTGACTGA GCTCTGGGAGGTGCTTGT 62
XBP-1 total [NM_001079539.1( AGGCCCAGTTGTCACCCCTCC | CCCAGCTCCGGAACGAGGTCA 441
XBP-1
liced NM_005080.3 CCGCAGCAGGTGCAGG GAGTCAATACCGCCAGAATCCA 70
splice
18S rRNA M10098 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 171




2. Computational Model

Model development has followed a bottom-up approach. We have formulated a kinetic model that
describes known features of the IRE1a, PERK and ATF6 pathways. The complete map of reactions and
signals considered in the model is shown in Figure S1.
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Figure S1: The mammalian UPR network

Activation and deactivation of the ER receptors and thus of UPR is modulated by BiP. More specifically,
its dissociation from the receptors induces their activation while its binding induces the deactivation

+transcription

of the stress response. Activation of the IRE1 pathway was studied by probing the XBP1 components,
activation of the PERK pathway by probing the phosphorylated elF2a and the downstream ATF4 and
CHOP genes while activation of the ATF6 pathway by probing XBP1u.

2.1 Nomenclature

ATF4 ATF4 protein (molecules)

ATF4,, ATF4 mRNA (molecules)

ATF6, ATF6 protein (molecules)

Bn BiP mRNA (molecules)

Cap Binding rate of BiP to ATF6 receptor (molecule’s?)

Ci Binding rate of BiP to IREla receptor (molecule™s?)
Crp Binding rate of BiP to PERK receptor (molecule™s™)
Cry Binding rate of BiP to ATF6 or/and IRE1a or/and PERK (molecules™)
Cur Binding rate of BiP to unfolded proteins (molecule?s?)
CHOP CHOP protein (molecule)

CHOP, CHOP mRNA (molecule)

elf2a elF2a protein (molecule)
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IRE1 protein (molecule)

Activated IRE1 protein (molecule)

IRE1-BiP complex (molecule)

Unfolded protein load (molecule s?)

Constant for decay rate of activated IRE1 (dimensionless)

Constant for transcription rate of ATF4 mRNA under UPR (dimensionless)
Constant for transcription rate of BiP mRNA under UPR (dimensionless)
Constant for transcription rate of CHOP mRNA under UPR (dimensionless)
Constant for magnitude of stress response following ATF6 activation (dimensionless)
Phosphorylated elF2a protein (molecule)

PERK protein (molecule)

PERK-BiP complex (molecule)

Rate of unfolded protein translation (molecule s)

Time (s)

Unfolded protein (molecule)

Folding complex (molecule)

Total XBP1 mRNA (molecule)

Spliced XPB1 mRNA (molecule)

Unspliced XPB1 mRNA (molecule)

Constant for transcription rate of BiP, ATF4 and CHOP mRNA (dimensionless)
Constant for transcription rate of BiP, ATF4 and CHOP mRNA (dimensionless)
Translation rate of ATF4 mRNA (s?)

Transcription rate of ATF4 (molecule s?)

Formation rate of ATF6 (molecule s?)

Translation rate of BiP mRNA (s?)

Basal transcription rate BiP mRNA (molecule s?)

Translation rate of CHOP protein (s?)

Basal transcription rate of CHOP mRNA (molecule s?)
Phosphorylation rate of elF2a (s)

Splicing rate of XPB1 mRNA (s?)

Basal transcription rate of unspliced XBP1 mRNA (molecule s?)
Decay rate of ATF4 protein (s?)

Decay rate of ATF4 mRNA (s?)

Decay rate of BiP protein (s?)

Decay rate of BiP mRNA (s})

Decay rate of CHOP protein (s?)

Decay rate of CHOP mRNA (s?)

elF2a dephosphorylation rate (s)

Protein folding rate (s?)

Dissociation rate of BiP from ATF6 (s2)

Dissociation rate of BiP from IRE1 (s)

Dissociation rate of BiP from PERK (s!)



VRB Dissociation rate of BiP from ATF6 or/and IRE1a or/and PERK (s?)

Vs Decay rate of spliced XBP1 mRNA (s2)

Yu Decay rate of unspliced XBP1 mRNA (s7)

YuB Dissociation rate of BiP from unfolded protein (s?)
Yxs, Modified decay rate of spliced XBP1 mRNA (s™)

2.2 Model Development
The development of the computational model is based on the following assumptions:

Activation of IRE, PERK and ATF6 occurs from the dissociation of BiP from these receptors.
The binding and dissociation constants between BiP and the three receptors take the same
values for all pathways. The values are based on the model for the IRE1 pathway in yeast by
Pincus et al. *.

3. The number of IRE1 molecules in the ER was chosen to be the same as in the yeast system 1.
The number of PERK and ATF6 molecules in the ER was chosen to be the same as the number
of IRE1 molecules. All three receptors were assumed to be bound to BiP initially.

4. The translation rate of BiP mRNA, fs,is the same as in yeast which is 0.25 s™*2,

5. Decay rate of BiP protein, yz , is 1.39x10% s 3,

6. The initial values for ATF4, CHOP, elF2a, U, U|B were chosen arbitrarily such that the initial
state of the single-cell model reflects non-stressed conditions.

2.2.1 Protein Folding Dnamics
With regards to protein folding dynamics, several key features must be taken into account in order to
capture translation attenuation:

e All cell lines exhibited a delay in the onset of ER stress following Tm addition.

e Proteins upregulated due to UPR activation, i.e. chaperones, ATF4 and CHOP, are not affected by
translational attenuation®.

e Translational attenuation is dependent on phosphorylation of elF2a?.

We have created a progressive onset of stress, which mimics the accumulation of unfolded proteins
in the ER. Therefore, the rate of unfolded proteins synthesised in the ER, S, is given by the following
equation:

d[Sy]
dt

= K,t (1)

Where K, represents the cumulative load of unfolded proteins and t is time. We have followed the
approach proposed by Trusina et al. in their model of translation attenuation®. To model translation
attenuation, S, is scaled according to the extent of elF2a phosphorylation:

d[U] [elF2a]

S
dt ~— [elF2algy

— CyplU]1[B] + yyg[U|B] + v5[U|B] (2)



Where [U] represents the concentration of unfolded proteins, [e/F2a] stands for elF2a concentration,
Cus is the binding rate constant of unfolded protein binding to BiP, [B] is the concentration of BiP, yyp
is dissociation rate of BiP from unfolded protein, yj is the decay rate of BiP protein, and [U|B] is the
concentration of unfolded proteins bound to BiP. Similarly, the material balance for the unfolded
protein-BiP complex is:

d[U|B]
dt

= CyplU][B] — yyglU|B] — ys[U|B] — yfold[UlB] (3)
Where yr4 is the rate of protein folding.

The rate of change of BiP mRNA is given by:

d[By,]

i@ Bem + Nemf (X)) — Yem[Bm] (4)

With the transcription Hill function for the UPRE promoter:

(X5 ]?

2o T XS]+ X5 Gl

fXm) =

Where [Bn] is the concentration of BiP mRNA, g, is its basal transcription rate, Ng,, is a constant for
the upregulation of BiP transcription under the UPR, and yg,, is the decay rate of BiP mRNA. [X;,] is
the concentration of spliced XBP1 mRNA and ay, a; are constants. Similarly, the material balance for
BiP is:

—— = Bg[Bm] — vg[B] — CrglUI[B] + vrg[U|B] + ¥f01a[U|B] (6)

Where [B] is the concentration of BiP, B is the translation rate of BiP mRNA, Cgs is the rate of BiP
binding to the free receptor, and y 5 is the rate of dissociation of BiP from the inactive receptor.

2.2.2 IRE1a Pathway

The description of the IRE1 pathway follows the model proposed by Pincus et al.? for UPR activation
in yeast. This consists of a single-stranded response mediated by IREla. It has been proposed that in
the mammalian UPR system IRE1 may be activated by dissociation from BiP or by subsequent
interaction of its peptide-binding domain on its luminal ER side with unfolded proteins’®. These
scenarios represent the single and double activation mechanism, respectively. Simulation results (data
not shown) show little difference between the two activation mechanisms in terms of the overall
progression of the stress pathway. For this reason, and to limit over-parameterisation, the single
activation mechanism was employed.

Under non-stressed conditions, IRE1 is present in a complex with BiP (IRE|B) the material balance for
which is:

d[IRE|B]

T Cig[BI[IRE4] — vi5[IRE|B] (7)

Where [IRE,] is the concentration of activated IRE1, €z is the binding rate of BiP to activated IRE1,
and y;zis the dissociation rate of BiP from IRE1. Activated IRE1 is described by:



d[IRE,]
dt

= —C;3[BI[IRE4] + v;5[IRE|B] (8)

The material balance for the unspliced XBP1 mRNA (X%,) is described as a Hill function:

d[Xm]
dt

= Bxu + Narpoaf (ATF64) (9)

Where Bxu the basal transcription rate of unspliced XBP1 mRNA, Nyrpeq is the constant

representing the magnitude of stress response following ATF6 activation, and f (ATF6,) is the
following activation Hill function:

(ATF6,) = ATF6,1" (10)
f 47 ay + a1 [ATF6,] + [ATF6,]?
Where [ATF6,] is the concentration of activated ATF6 and ayo, a; are constants.
The material balance for XPB1 spliced mRNA is:
d[Xy
] = g X5 + B min(IRE,] (XD (11

Spliced XBP1 mRNA stability is dependent on the level of phosphorylation of elF2a. To capture this
feature, we introduced a modified decay rate of spliced XBP1 mRNA that is linearly dependent on the
concentration of phosphorylated elF2a. Our approach was that at 0% of phosphorylation, the decay
rate for the mRNA would be the same as the one of the unspliced form taken from Majumder et al ° .
In contrast, at full phosphorylation, the decay rate would be the one of the spliced form as given in
the same study. The decay rate of sXBP1 would therefore become:

IF2
Yxs, = Yut (s — %) [[pe il (12)

EIFZ(I](O)

Where {yu =5.7 X 10:;*5:

Yy, =8.7%x 107 s
This new feature also allowed us to create a link (other than BiP and unfolded proteins) between the
two pathways; such links are known to be multiple®. Finally adding the downstream pathway of
PERK with mRNAs and protein such as ATF4 and PERK also helps us create a negative regulation loop
in the PERK pathway, through the CHOP-mediated dephosphorylation of phosphorylated elF2o 2.

2.2.3 PERK Pathway

Under non-stressed conditions, PERK is bound to BiP. In the presence of increased levels of unfolded
protein in the ER, BiP dissociates from this complex and PERK becomes activated. The material
balances for the complex ([PERK|B]) and the activated PERK ([PERK,]) are:

d[PERK|B]

i = Cpp[B][PERK,] — vpp[PERK|B] (13)



d[PERK,]

e —Cpg[Bl[PERK,] + ypg[PERK|B] (14)

Where Cpz is the binding rate of BiP to activated PERK and ypp is its dissociation rate from the complex.

Following on from PERK activation, elF2a is phosphorylated. The material balances for the
phosphorylated ([pel F2a]) and non-phosphorylated ([e]F2a]) species are as follows:

d[pelF2a] ] [CHOP]

—ar Berr2amin([PERK,], [elF2a]) — m)/EIFZOC[peIan] (15)
dlelF2a] , [CHOP]

T = —Berr2oMin([PERK,], [e]F2a]) + myelFZa[pelea] (16)

Where Sq;r24 is the rate of phosphorylation and y,;r», the rate of dephosphorylation.

Dephosphorylation of pelF2a is mediated by GADD34 ! which is directly activated by CHOP 2, We
have therefore used the ratio of [CHOP]/[CHOP]max as @ modulator of the dephosphorylation rate.

As part of the UPR, ATF4 is transcribed and translated. The former event is subject to regulation by
the level of phosphorylated elF2a, which is described as a Hill function in the material balance below:

d[ATF4,,]

di = Barra,, + Narra, f(0elF2a) — Yarpa, [ATF4p] (17)

[pelF2a]?
ag+aq[pelF2al+([pelF2a)?

With f(pelF2a) =

Where B4rra,, is the basal transcription rate of ATF4, Nyrp,, is @ constant for the upregulation of
ATF4 transcription under the UPR, and y47p4,, is the decay rate of ATF4 mRNA.

The material balance for ATF4 protein is:

d[ATF4]

FTE BarralATF 4,1 — Varpa[ATF4] (18)

Where Barr4 is the translation rate of ATF4A mRNA and y,1r4 is the decay rate of ATF4 protein.
The next effect of the PERK pathway is the expression of CHOP. CHOP mRNA ([CHOP,,]) is given by:

d[CHOP,,]

at = Bcropm + Nerop,, f (ATF4) = Ycnop,, [CHOP, ] (19)
where
[ATF4]?

2o + @, [ATF4] + [ATF4]2 (20)

F(ATF4) =

Bcropm @and Ycyop,, are the transcription and decay rates of CHOP mRNA, respectively. Neyop,, is @
constant for the upregulation of CHOP transcription under the UPR.

Finally, the levels of CHOP are:



d[CHOP]

dt = Bcrop[CHOP,] — Ycrop[CHOP] (21)

Where Bcpop is the translation rate of CHOP mRNA andycyop is the decay rate of CHOP protein.

2.2.4 ATF6 Pathway

Under homeostatic conditions, ATF6 is bound to BiP. In the presence of increased levels of unfolded
protein in the ER, BiP dissociates from this complex and ATF6 translocates to the Golgi where it gets
cleaved by caspases. This results in the release of its activated truncated form. The material balances
for the complex ([ATF6|B]) and the activated ATF6 ([ATF6,4]) are:

% = Cap[Bl[ATF6,] — yas[ATF6|B] (22)
% = —Cy5[B1[ATF6,] + y45[ATF6|B] (23)

Where Cy45 is the binding rate of BiP to activated ATF6 and y,45 is the dissociation constant of BiP
from ATF6.

2.3 Model Calibration

In order to enable model simulation, most parameter values were determined based on literature
values and were maintained constant for all three cell lines studies experimentally. Their values are
shown in Table S2. Certain parameters were calibrated using the experimental data presented in the
manuscript using the maximum likelihood formulation of the parameter estimation entity in gPROMS
(PSE Ltd., U.K.). The results of the parameter estimation for each of the three cell lines are shown in
Table S3. Finally, Table S4 lists the initial conditions used for model simulation.

Table S2. Parameter values obtained from literature sources

Model parameters Value Units Reference
Cas 2.86 mol?s?
Crs 2.86 mol?s?
Cis 2.86 mol?s?
Crs 2.86 mol?s?
Cus 2.86 mol?s? !
n 4.5 AU
Sy 0 mol s
Barra 0.25 st
ﬂg 0.25 st
Bcrop 0.25 st
Beir2a 0.16 st
YATF4 7.7x10°3 st Value re-used
from fitted ycpop
7 1.39x10* st




-

YeiFza 8.33x10* s
YaB 196 st
Vis 196 st !
V471 196 st
VRB 196 st
YuB 196 st

Parameters pertaining to the kinetic rates of UPR progression were estimated from the experimental
data of the APPS cells and are shown in Table S3. These were fixed for the other two cell lines, with
the exception of six parameters that were estimated separately from the data set for each cell line.
Parameter estimation was carried out in the gPROMS modelling environment (Process Systems

Enterprise Ltd., London, U.K.) using the maximum likelihood formulation.

Table S3. Estimated parameter values

Model Parameters WT S S-1 Units
(1) 181935 AU
az 23.73 AU
Barra,, 0.24 mol s*
Bom 0.5x10* mol s*
Becrorm 41.43 mol s
Bxs, 1.42x10* st
Bxu 0.9x107 mol s
Yarra, 4.67x107 st
Ym 1.03x10* st
YcHop 7.70x10°3 st
Yenop,, 7.73x10° st
Veold 2.58x10™ 6.12x10* 2.39x10* mol s
Vs 3.69x10® st
Yu 6.37x10* st
Yxs, 3.69x10® st
K, 35.10x10° 134.28x10° 50.04x10° mol s
Nyrra,, 4.89 18 4.85 AU
Nzm 4 1.84 1.48 AU
Neror,, 71.88 3783 138.76 AU
Nirrea 0.01 0.76 0.57 AU




Table S4. Initial conditions used for model simulation

Variable Initial condition
ATF4 0

ATF4, 3160.39
ATF6, 0

B 430000
Bn 200

CHoOP 0

CHOP, 109562.41
elF2a 200

[RE, 0

IRE/B 256
pelFZa 0

PERK, 0

PERK/B 256

U 0

U/B 0

Xrotal 151.88
Xom 27.54

2.4 Model Simulation Results

The model was simulated with the initial conditions and parameter values presented above and the
results were compared to the experimental data, as shown in Figure S2. The agreement for the UPR
target genes BiP (a-c), XBP1s (d-f) and ATF4 (g-i) for the APPwr (a, d, g), APPs (b, e, h) and APPs, (c, f,
i) cell lines is satisfactory. The fitting results obtained show that the model is able to reproduce the

desired shape of the UPR response for each of the three cell lines studied.
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Figure S2. Comparison of model simulation results with experimental data for BiP and XBP1s
mRNA

The dots correspond to the experimental data while the solid lines show the model simulation
results.
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Figure S3. Sensitivity analysis of the ATF6 pathway

The plot illustrates the effect of the magnitude of stress response following ATF6 activation
( Narra,) on the relative amount of XBP1 total mRNA levels. During stress, a higher Njrpg4, causes

an increased expression of the XBP1 total transcript level.
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Figure S4. Sensitivity analysis of the effect of XBP1 protein complex formation rate on the
XBP1s protein levels in APPscells during TM treatment

Spliced XBP1 protein levels are upregulated during ER stress (12,000-18,000 sec) APPs. The pXBP1s
levels are directly affected by the XBP1 protein complex formation (Sxc).
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