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Supplementary methods

Description of simple ErbB-PHLDA 1 model

We developed simple mathematical models, including ErbB2/HRGR dimer and
tetramer formation and receptor phosphorylation, in which PHLDA1 hypothetically
inhibits receptor phosphorylation and/or oligomerization. In detail, HRG directly binds
to HRGR, and activates the receptor through the following steps; dimerization with
ErbB2, phosphorylation, and tetramer formation (1). We considered the presence of
ErbB2/HRGR dimer before HRG stimulation (pre-dimer) because Hiroshima et al.,
previously suggested that the presence of the pre-dimer (2). The inhibitory effect of
PHLDAI1 is hypothesized as occurring at either step of ErbB receptor activation in order
to predict the molecular function of PHLDAI. We simplified in a way that ErbB
receptor activation directly induces PHLDAT1 production in order to focus on the effect
of PHLDAI1. All biochemical reactions in the model were described by ordinary
differential equations (Tables S1 to S5).

Simulation method for cell-to-cell variability

Cell-to-cell variability was defined as the difference in protein abundance in individual
cells. Simulations was performed by sampling initial protein concentration from the
log-normal distribution of each protein with various coefficient of variation (CV). CVs
of HRGR, ErbB2, ERK, Akt, and PHLDA1 were set to the experimental values
measured in the MCF-7 cell line (Fig 3D), while CVs of other proteins were set to
typical values (Tables S3 and S8). In addition, correlations between proteins, that is,
PHLDA1-HRGR, PHLDAI1-ErbB2, PHLDA1-ERK and PHLDA1-Akt, were obtained
from the experimental data of the MCF-7 cell line (Fig 3G). Therefore, the initial
concentrations of HRGR, ErbB2, ERK, Akt and PHLDA1 were randomly generated
from those correlations (Tables S4 and S9). We performed 10,000 simulations each for
simple and full models on cell-to-cell variability, and calculated the averaged dynamics,
distributions at several time points, and Spearman’s rank correlations among signaling
proteins. We used CV of ErbB3 and correlation between PHLDA1-ErbB3 as substitutes
for those of HRGR.



Description of expanded ErbB-PHLDAI model

To develop a detailed mathematical model of the ErbB-PHLDA1 signaling network, we
considered two major sub-networks, (1) the ErbB receptor signaling network including
Ras-ERK and PI3K-Akt pathways and (2) the transcription regulatory network for
PHLDA1 expression. Descriptions of these sub-networks were based both on the
literature and our experiments using the MCF-7 cell line.

(1) ErbB receptor signaling network including Ras-ERK and PI3K-Akt pathways

HRG directly binds to HRGR at monomer and heterodimer, and activates ErbB
receptors through phosphorylation in the MCF-7 cell line (3, 4). Ligand-activated ErbB
receptors induce Ras-ERK and PI3K-Akt signaling (5, 6). Several mathematical models
of these signaling pathways were previously published (4, 7-9). We constructed a novel
mathematical model of the ErbB-PHLDAT signaling network based on those published
models (expanded model). In the full model, Ras-ERK signaling begins with the
activation of Ras by ErbB receptors, then Ras activates Raf, MEK and ERK in turn (Fig.
5A). Active ERK phosphorylates and activates RSK, and both phosphorylated ERK and
RSK promote the expression of c-Fos (10). In addition, DUSP induced by
phosphorylated ERK rapidly dephosphorylates ERK (10). PI3K-Akt signaling also
begins with activation of PI3K by ErbB receptors. Active PI3K phosphorylates PIP3,
PDKI1 and Akt in turn, then phosphorylated Akt carries out transcriptional regulation.
All signaling proteins in both pathways are dephosphorylated by specific phosphatases
(Fig. 5A).

(2) Transcription regulatory network for PHLDA1 expression

Earlier publications showed that PHLDA1 expression is mediated by either ERK or Akt
pathways (11, 12). However, our studies with MEK (U0126) and Akt inhibitors showed
that PHLDA1 expression was under control of both ERK and Akt pathways (Fig 1B and
1C). In addition, CHX treatment abolished PHLDA1 mRNA expression, suggesting that
de novo synthesis of transcription factors is necessary prior to PHLDA1 expression (Fig.
1D). c-Fos is one of the transcription factors specifically induced in response to HRG
(13), and the siRNA knockdown experiments showed weak inhibition of PHLDAI1
expression (Fig. 1E). Based on these results, we estimated that PHLDAI is
transcriptionally regulated by both c-Fos and Akt pathways in the full model (Fig. 5A).

Moreover, our experimental and mathematical analysis indicated that PHLDAT1 inhibits



dimer and tetramer formation between ErbB receptors (Figs. 2 and 4). Therefore, a
similar inhibition mechanism of PHLDA1 to ErbB receptors described in model M4
was represented in full model (Figs. 4A and 5A).

All biochemical reactions in the full model were described by ordinary differential
equations (Table S2). This study used the evolutionary algorithm AGLSDC (14) to find
the kinetic parameters that produce time-course consistent with our observations (Fig.

3B). All simulations in this study were implemented with XPPAUT (15).
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Fig. S1 PHLDAI gene family transcripts in HRG-stimulated MCF-7 cells (GSE13009,
n = 2). The blue line shows the cells stimulated with HRG only and the red line shows
unstimulated control. Trastuzumab (10 ug/ml, green line), U0126 (500 nM, purple), or
wortmannin (100 nM, orange) was added 20 min prior to 10 nM of HRG stimulation.

The brown line shows Trastuzumab-only treated condition.
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Fig. S2 Quantified value of the blot presented in Fig. 1C. The band intensities of
PHLDA1 were quantified by dividing by that of o-tubulin, then the values were
normalized so that the HRG-stimulated condition is designated as 1. Each point
represents a result of an independent experiment, and colored bars mean average value
of all experiments, and error bars denote standard deviation, n = 4. Two-tailed Welch’s

test was performed: *, p < 0.05; **, p <0.01.
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Fig. S3 Quantified value of the blot presented in Fig. 1F. The band intensities of
PHLDAT1 and c-Fos were quantified by dividing by that of a-tubulin, then the values
were normalized so that the highest value in all conditions is designated as 1. Each point
represents a result of an independent experiment, and colored bars mean average value
of all experiments, and error bars denote standard deviation, n = 3. Two-tailed Welch’s

test was performed: *, p <0.05.
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Fig. S4 Quantified value of the blot presented in Fig. 1G. The band intensities of
phosphorylated proteins were quantified by dividing by that of total protein, and the
band intensities of PHLDA1 were quantified by dividing by that of a-tubulin. Then the
values were normalized so that the value of siCtrl sample with HRG treatment for 1 h is
designated as 1. Each point represents a result of an independent experiment, and
colored bars mean average value of all experiments, and error bars denote standard

deviation, n = 3. Two-tailed Welch’s test was performed: *, p < 0.05.
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Fig. S5 Quantified value of the blot presented in Fig. 1H. The band intensities of
phosphorylated proteins were quantified by dividing by that of total protein, then the
values were normalized so that the value of ctrl sample with HRG-stimulated condition
is designated as 1. Each point represents a result of an independent experiment, and
colored bars mean average value of all experiments, and error bars denote standard

deviation, n = 3. Two-tailed Welch’s test was performed: *, p < 0.05.
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Fig. S6 The effect of PHLDA1 overexpression and HRG pre-treatment on HRG dose
response of phospho-ErbB2 A4, Effect of PHLDA1 overexpression on ligand

dose-dependent ErbB2 receptor phosphorylation in the plasma membrane fraction. B,

Effect of HRG pretreatment on ligand dose-dependent ErbB2 receptor phosphorylation.

MCEF-7 cells were first treated with 1 nM HRG for 3 h, and then a second stimulation

for 2 min with different concentrations of HRG. C and D, Representative immunoblot

data presented in 4 and B, respectively. Blots show representative results from one

of three experiments.
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Fig. S7 Representative immunoblot images for the data presented in Fig. 2, Cto F. 4 to

D, Representative immunoblot images for the data presented in Fig. 2, C to F,

respectively.
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Fig. S8 Time-course experiment of HRG-induced ErbB receptor signaling. Time-course
kinetics of protein phosphorylation and total protein after 10 nM HRG administration to
MCEF-7 cells assessed by western blot. 4, Representative immunoblot images of the data.
Blots show representative results from one of three experiments. B, Quantified data.

Error bars indicate SD in triplicate.
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Fig. S9 Confirmation of the time course pattern of phospho-ErbB2 using a different
antibody. 4, Time-course pattern of phospho-ErbB2 detecting by an imaging cytometer.
Quantified data were normalized the same way as Fig. 3A. B, The time-course pattern
of Spearman’s rank correlation between phospho-ErbB2 and PHLDAI1 in a cell
population. These data were obtained by using sc-12352-R phospho-ErbB2 antibody
(Santa Cruz). C, 2D-probabilistic density of p-ErbB2 and PHLDAI1 in a cell
population stimulated by 10 nM of HRG. Each panel contains at least 1,500 cells.

15



N
(@)
(5]

w

o
=
($)]

20 |30 60 .
120

_0.8_ .......C.......C...

—
o
1

0 25 50 75 100 20 30 40
Number of bins Mean intensity of PHLDA1 (a.u.)

Correlation coefficient
between pErbB2 and PHLDA1
Mean intensity of pErbB2 (a.u.)

Fig. S10 Validation of the metric “mean expression level per cell”. A4, Rank
correlation coefficients calculated using the mean expressions of pErbB2 and PHLDA1
per cell. The mean expressions per cell were estimated from the histograms
of normalized signal intensities of individual cells at each time point for different bin
numbers. B, Mean normalized signal intensities of pErbB2 and PHLDAI at each time

point.
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