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Transcriptionally inducible Pleckstrin homology-like domain,
family A, member 1, attenuates ErbB receptor activity by
inhibiting receptor oligomerization
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Feedback control is a key mechanism in signal transduction,
intimately involved in regulating the outcome of the cellular
response. Here, we report a novel mechanism by which PHLDA1,
Pleckstrin homology-like domain, family A, member 1, negatively
regulates ErbB receptor signaling by inhibition of receptor oligo-
merization. We have found that the ErbB3 ligand, heregulin,
induces PHILDA1I expression in MCF-7 cells. Transcriptionally-
induced PHLDA1 protein directly binds to ErbB3, whereas knock-
down of PHLDAI increases complex formation between ErbB3
and ErbB2. To provide insight into the mechanism for our time-
course and single-cell experimental observations, we performed a
systematic computational search of network topologies of the
mathematical models based on receptor dimer-tetramer forma-
tion in the ErbB activation processes. Our results indicate that only
a model in which PHLDA1 inhibits formation of both dimers and
tetramer can explain the experimental data. Predictions made
from this model were further validated by single-molecule imaging
experiments. Our studies suggest a unique regulatory feature of
PHLDALU1 to inhibit the ErbB receptor oligomerization process and
thereby control the activity of receptor signaling network.
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The ErbB receptor signaling pathway plays important roles
in a variety of physiological processes in mammalian cells, and
its dysregulation is frequently associated with development of
human cancers (1). Therefore, a system level understanding of
the ErbB signaling network is important for uncovering the
regulatory mechanisms of disease progression. The ErbB recep-
tors, EGFR® (ErbB1), ErbB2, ErbB3, and ErbB4, are activated by
ligand binding and trans-phosphorylated through their homo-
and heterodimerization. Ligand-stimulated, tyrosine-phosphory-
lated receptors recruit adaptor proteins and effector kinases.
This signal transduction cascade subsequently activates
extracellular signal-regulated kinase (ERK) and Akt, which
turn on the transcriptional program (2—6). At present, there are
13 known ErbB ligands, including epidermal growth factor
(EGF) and heregulin (HRG) (7). The combination of those ErbB
ligands and receptors enables this signaling pathway to evoke a
wide range of quantitatively different responses. The potency
and duration of ErbB signaling responses are also controlled by
feedback mechanisms. EGF-activated EGFR is rapidly internal-
ized from the cell surface and decreased in abundance by ubig-
uitination (8, 9). The activity of EGF-activated ERK is decreased
by Raf-1 negative feedback (10). Negative feedback regulation
mediated by post-translational modifications rapidly attenu-
ates the input signal and thus induces transient responses.
There is an additional class of transcriptionally-inducible neg-
ative feedback regulators in ErbB signaling pathways. Such
examples include Mig6 and dual specificity MAPK phospha-

® The abbreviations used are: EGFR, epidermal growth factor receptor; EGF,
epidermal growth factor; HRG, heregulin; HRGR, HRG receptor; ERK, extra-
cellular signal-regulated kinase; DUSP, dual-specificity MAPK phospha-
tase; PHLDA1, Pleckstrin homology-like domain, family A, member 1; co-IP,
co-immunoprecipitation; CV, coefficient of variation; MAPK, mitogen-acti-
vated protein kinase; qRT-PCR, quantitative RT-PCR; PI3K, phosphatidyli-
nositol 3-kinase; TMR, carboxytetramethylrhodamine; PLA, proximity liga-
tion assay; HBSS, Hanks’ buffered saline solution.
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tase, which are induced upon receptor activation to suppress
EGFR and ERK activities, respectively (11, 12). In general, in
contrast to the rapid feedback regulation mediated by post-
translational modification of signaling proteins, transcription-
ally-induced negative regulators modulate signaling activity on
a longer time scale, intimately crucial consequences for the
time-dependent process of cellular transitions.

Pleckstrin homology-like domain, family A, member 1
(PHLDA1), has been implicated in the regulation of cell death
(13) and suppression of metastasis (14), and its mRNA expres-
sion is often reduced in human cancers (15). PHLDA2 and
PHLDA3, other PHLDA family proteins, were known to atten-
uate oncogenic PI3K-Akt activity (16, 17). PHLDA1 is one of
the early response genes in growth factor-stimulated cells
(18-20). Although PHLDA1 has been reported to be a negative
regulator of ErbB-signaling pathways and significantly
enhances the sensitivity of ErbB2-positive breast cancer cells to
lapatinib (21), it has not been demonstrated how PHLDA1 reg-
ulates ErbB signaling at a network level. In this study, we have
found using liquid chromatography-mass spectrometry (LC/
MS) that PHLDA1 targets ErbB3 and thereby inhibits phosphor-
ylation of ErbB receptors in HRG-stimulated MCE-7 cells.
Although these experimental results suggest a role for PHLDA1
in negative regulation of the receptors, single-cell data have
shown that the expression of PHLDA1 and phospho-ErbB2 are
positively correlated, even at the time when phosphorylation of
ErbB2 is attenuated and PHLDA1 expression is increased. These
results suggested a complex inhibitory mode of PHLDA1 in ErbB
receptor activation. Mathematical models, including ErbB recep-
tor activation processes such as dimerization, phosphorylation,
and tetramer formation with different inhibitory modes of
PHLDA1, demonstrated that only a model containing inhibition
of both dimer and tetramer formation could explain the experi-
mental data. Live cell single-molecule imaging analysis demon-
strated that ligand—receptor interactions closely mimicked the
computational predictions. Our study suggests that PHLDA1
inhibits higher-order oligomerization of the ErbB receptor via a
transcriptionally-induced feedback mechanism.

Results

PHLDAT1 induced by HRG stimulation modulates the ErbB
receptor signaling pathway

We first used qRT-PCR to examine time-course mRNA
expression of the PHLDA family genes, PHLDA1, PHLDA2,
and PHLDA3, in HRG-stimulated MCF-7 cells (Fig. 1A4).
Expression of PHLDAI mRNA increased about 30-fold after
HRG ligand stimulation, with a peak maximum at 120 min.
PHLDA2 mRNA showed a sustained increase, but the amount
of PHLDA3 mRNA was not increased by HRG. Expression lev-
els of PHLDAI and PHLDA2 were more increased by HRG
compared with EGF. We tested several kinase inhibitors, U0126
(a mitogen-activated protein kinase/extracellular signal-regu-
lated kinase kinase inhibitor), wortmannin (a PI3K inhibitor),
and trastuzumab (an ErbB2 inhibitor), to identify the induc-
tion pathways using a microarray platform (Fig. S1). As a result,
expression of PHLDAI was suppressed by all three inhibitors.
Asshownin Fig. 1B, U0126 and the Akt inhibitor VIII, a specific
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inhibitor targeting Aktl and -2, decreased the induction of
PHLDAI mRNA at 2 h after HRG stimulation. These results
suggest that PHLDA1 mRNA induction is dependent on both
Ras-ERK and PI3K-Akt pathways. These pathways also affected
PHLDA1 protein levels at 3 h after HRG stimulation (Fig. 1C,
quantification values are shown in Fig. S2). PHLDAI mRNA
expression induced by HRG is suppressed by the protein syn-
thesis inhibitor cycloheximide (CHX) (Fig. 1D) and siRNA tar-
geting c-FOS (Fig. 1E) as well, suggesting that de novo synthesis
of the c-FOS transcription factor is necessary prior to PHLDA 1
mRNA expression. We confirmed that c-FOS knockdown
decreased the induction of PHLDA1 proteins (Figs. 1F and Fig.
S3). In contrast, PHLDAI siRNA moderately increased phos-
phorylation of ErbB receptors, Akt (Thr-308 and Ser-473) and
ERK (Fig. 1G). Among the molecules we analyzed for phosphor-
ylation, ErbB2 was most affected (1.8 times higher than the
control), and the phosphorylation of EGFR, ErbB2, and ErbB3
was significantly up-regulated by PHLDA1 knockdown (p <
0.05, Welch’s statistical test, Fig. S4). Consistent with the above
findings, PHLDA1 overexpression inhibited phosphorylation
of ErbB2, Akt, and ERK in the plasma membrane fraction with
statistical significance (Fig. 1H and Fig. S5), implying that
PHLDAL1 is responsible for negative regulation of the ErbB sig-
naling pathway.

HRG titration experiments under conditions where PHLDA1
was overexpressed showed that its inhibitory effect on ErbB2
phosphorylation was only significant at higher HRG concentra-
tions (Fig. S6A). Overexpression of PHLDA1 suppressed ErbB2
phosphorylation at higher ligand doses but did not affect the
EC;, (4.1 nm in control and 6.0 nm in PHLDA1 overexpression
conditions) (Fig. S6A). This non-competitive inhibitory profile
indicates that PHLDA1 may indirectly inhibit ErbB2 phosphor-
ylation by modulating unknown regulatory molecules or by
inducing conformational changes but not by competing with
ErbB2 kinase activity. A similar phenomenon was also observed
with cells that were first treated with 1 nMm HRG for 180 min
followed by a second treatment with different amounts of HRG
(Fig. S6B). These results suggest that the ErbB signaling net-
work is negatively regulated by mechanisms that at least
in part include PHLDA1. From the current experimental
results (Fig. 1, G and H, and S6A) and our previous study
(18), we concluded that 10 nm HRG is sufficient to induce
phosphorylation of ErbB2 and expression of PHLDA1 for the
following experiments.

PHLDAT negatively regulates ErbB2 through interaction with
ErbB3

Next, to further clarify the inhibitory mechanism of PHLDA1
on ErbB activation, we investigated PHLDA1-binding partners
using LC/MS. Immunoprecipitates of HRG-stimulated MCE-7
samples using an anti-PHLDA1 antibody contained proteins
such as ErbB3, TP53, PLCG1, and PIK3R1, -2, or -3 (PIK3R1/
2/3) with ErbB3 having the highest score (Fig. 24). The ErbB3—
PHLDA1 interaction was further confirmed by co-immunopre-
cipitation (co-IP) and immunoblot analysis (Fig. 2B). In this
experiment, less ErbB3 is immunoprecipitated under HRG-
stimulated conditions, which may be due to modification of
the antibody recognition site on ErbB3. Association between
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Figure 1. PHLDA1 inhibits the ErbB receptor pathway. A, time course of relative amounts of PHLDA gene family transcripts in ligand-stimulated MCF-7 cells.
The blue line shows the cells stimulated with HRG, and the red line shows stimulation with EGF. Data were normalized so that the non-stimulated condition is
designated as 1. B, effect of U0126 (10 um) and Akt inhibitor VIII (5 wm) on PHLDAT induction at 2 h after HRG stimulation. Data were normalized so that the
HRG-stimulated condition is designated as 1. C, effect of U0126 (10 um) and Akt inhibitor VIII (5 um) on PHLDA1 protein induction at 3 h after HRG stimulation.
The blotting-determined PHLDA1 levels are shown in Fig. S2. D, effect of cycloheximide (CHX) (10 wg/ml) on PHLDAT mRNA induction at 2 h after HRG
stimulation. Data normalization was done the same way as in B. Ctrl, control. E and F, effect of c-FOS siRNA on PHLDA1 mRNA (E) and protein (F) expression
levels. E, data were normalized so that the highest value in all conditions is designated as 1. G, effect of PHLDA1 knockdown on ErbB receptor signaling. After
transfection of PHLDAT or control siRNA, MCF-7 cells were stimulated with 10 nm HRG for the indicated time periods and subjected to Western blotting. The
digital values were annotated under each lane. The band intensities of phosphorylated proteins were quantified by dividing the total protein, and the band
intensities of PHLDA1 were quantified by dividing a-tubulin. Then the values were normalized so that the value of the siCtrl sample with HRG treatment for 1 h
is designated as 100. The values that have statistical significance are presented in boldface. H, effect of PHLDA1 overexpression on the plasma membrane
fraction. After vector transfection, MCF-7 cells were stimulated with 10 nm HRG for 5 min. A, B, D, and E, each point represents the results of an independent
experiment; colored bars indicate the average value of all experiments, and error bars denote standard deviation (S.D.) calculated from biological independent
experiments (n = 3). The digital values of the band intensities in F, G, and H are shown in Fig. S3-S5, respectively. Data in B, D, and E, two-tailed Welch’s test: *,
p < 0.05; **, p < 0.01; ***, p < 0.001. A.U. indicates relative expression value of PHLDAT mRNA in B and D.

PHLDA1 and ErbB3 was also observed in an earlier study (22).
Therefore, wehypothesized that PHLDA1 mightinterruptphos-
phorylation of ErbB receptors by binding to ErbB3.

HRG is a growth factor that preferentially binds to ErbB3 and
ErbB4 receptors and induces strong phosphorylation of the
ErbB2 receptor through receptor heterodimerization (23). In
MCE-7 cells, it is thought that the main partner of ErbB3
in the heterodimer is ErbB2, because ErbB4 is only weakly
expressed (24, 25). We therefore examined whether the amount
of PHLDA1 expression affects the interaction between ErbB3
and phosphorylated ErbB2 at 5 and 180 min after HRG stimu-
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lation, when phosphorylation of the ErbB receptor reaches its
peak maximum and when the cells show a sufficient amount
of PHLDAI1 expression, respectively. As a result, knockdown of
PHLDALI1 increased the interaction between ErbB3 and phos-
pho-ErbB2 as well as the interaction ErbB3 and ErbB2 after
HRG stimulation at both 5 and 180 min (Fig. 2, C and D),
whereas overexpression of PHLDA1 decreased this interaction
(Fig. 2, E and F). These results suggest that PHLDA1 affects not
only the amount of phosphorylated ErbB receptor but also the
amount of ErbB receptor oligomers containing both ErbB2—
ErbB3 association. We also confirmed the effect of PHLDA1
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Figure 2. Effect of PHLDA1 on ErbB receptor activation. A, binding score of the proteins that were co-immunoprecipitated with PHLDAT antibody in
HRG-stimulated MCF-7 cells. Proteins co-IP with the anti-PHLDA1 antibody were identified by LC/MS analysis. The indicated values are the log10-transformed
ratio of the LFQ intensities of PHDLA1-IP over the negative control mouse IgG. The proteins with less than 1 (log10 ratio) are not shown. The graph is a
representative of two experiments. B, co-IP experiment with PHLDA1 antibody or ErbB3 antibody (sc-7390). WCL, whole-cell lysate. C and D, top, effect of
PHLDA1 knockdown on the physical interaction between ErbB3 and phosphorylated ErbB2 or ErbB2 at 5 min (C) or 3 h (D) after 10 nm HRG stimulation. Bottom,
blot confirming the knockdown of PHLDA1. E and F, top, effect of PHLDA1 overexpression on the physical interaction between ErbB3 and phosphorylated
ErbB2 or ErbB2 at 5 min (E) or 3 h (F) after 10 nm HRG stimulation. Bottom, blot confirming the overexpression of PHLDAT1. oe, overexpression. C, D, E, and F,
graphs show the relative intensities of the phospho-ErbB2 or ErbB2 bands divided by that of total ErbB3. Data were normalized so that the value of the
HRG-stimulated control (Ctrl) condition is designated as 1, n = 3. Each point represents the result of an independent experiment, and colored bars indicate the
average value of all experiments and error bars denote S.D. Two-tailed Welch's test: *, p < 0.05. Representative raw blotting data are shown in Fig. S7. G, effect
of PHLDA1 knockdown on hetero-oligomerization between phospho-ErbB2 and ErbB3 by PLA. DAPI staining is in blue and magenta puncta represent
individual oligomers. Scale bar, 30 um. H, quantification of magenta puncta per cell in the PLA. Each point represents the result of an independent experiment,
and colored bars indicate average values of all experiments, and error bars denote S.D. Two-tailed Welch’s test: *, p < 0.05.

siCtrl PHLDA1 o.e.

knockdown on receptor dimerization by using proximity liga-
tion assay (PLA). PLA is a technology that enables detection of
protein—protein interaction, similar to a colocalization analysis
in immunostaining, and it can be applied for detection of ErbB
receptor complex formation (26, 27). In this assay, bright fluo-
rescent puncta can be detected only when two antibodies rec-
ognizing ErbB3 and phospho-ErbB2 are in proximal regions
(i.e. these proteins form a complex). We found that knockdown

(Fig. 2, G and H). Overall, these data support the hypothesis
that PHLDA1 negatively regulates the transactivation of
ErbB2 receptor through interaction with ErbB3.

Despite its negative regulatory role, PHLDA1 expression
positively correlates with ErbB2 phosphorylation at a
single-cell level

ErbB receptor signal response in MCE-7 cells is heterogene-

of PHLDA1 increases complex formation between phosphory-
lated ErbB2 and total ErbB3 proteins after HRG stimulation

SASBMB

ous across cell populations (28, 29), and the amount of
PHLDA1 expression is moderate. Therefore, it is necessary to
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Figure 3. HRG-induced PHLDA1 expression and ErbB phosphorylation were determined by using imaging cytometry. A,immunostaining of PHLDA1 in
MCF-7 cells. Cells were treated with/without 10 nm HRG. Top, PHLDAT1; bottom, DAPI. White scale bar, 50 um. B, time-course pattern of PHLDA1 expression and
phosphorylation of ErbB2, ERK, and Akt. The graphs represent the average dynamics of single-cell measurements. Error bars denote S.D. of signal intensities in
a single cell. Similar results obtained by Western blotting are shown in Fig. S8. C, PHLDA1 knockdown experiments using an imaging cytometer. The graphs
represent the average dynamics of single-cell measurements in control and knockdown conditions. Error bars denote S.D. of signal intensities in a single cell.
D, coefficient of variation at each time point was calculated from the results of single-cell imaging. Error bars denote S.D. from at least three independent
experimental values. E, effect of PHLDA1 knockdown on the CV of ErbB signaling at 180 min after HRG stimulation. Each point indicates the result of an
independent experiment, and colored bars indicate the average value of all experiments. Error bars denote S.D., n = 4. Two-tailed Welch’'s test:*,p = 1.3 X 103,
F, relationship between PHLDA1 and phospho-ErbB2 in single-cell measurement experiments. Mean expression levels of both proteins were calculated from
experimental data (details are described under “Mean expression level per cell” under “Experimental procedures”). The numbers represent time points.
Spearman’s rank correlation coefficient was —0.82. G, rank correlation coefficient at each time point was calculated from the results of single-cellimaging. Error
bars indicate S.D. of at least three independent experiments. H, 2D probabilistic density of phospho-ErbB2 and PHLDAT in a cell population stimulated with 10
nM HRG. Each panel contains at least 1500 cells. Band C, method for data normalization is described in detail under “Experimental procedures.” A.U. indicates

relative signal intensity.

quantitatively assess the activation status of the ErbB-signaling
pathway and PHLDA1 expression at a single-cell level to con-
firm the inhibitory function of PHLDAL.

We obtained the averaged single-cell time course of PHLDA1
expression and phosphorylation of ErbB2, ERK, and Akt using
immunofluorescence-based imaging cytometry (Fig. 3, A and
B). These data are consistent with mRNA expression and West-
ern blotting data obtained from bulk cell experiments (Fig. S8).
Cell population average behaviors of the same molecules in the
PHLDA1 knockdown condition are also consistent with the
Western blotting data (Figs. 1G and 3C and Fig. S4). Regardless
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of the large standard deviation (S.D.) of signal intensities in each
cell population (because these values are dependent on sample
size; in our experiments >1,500 cells in each condition), statis-
tical analysis supported the hypothesis that the amount of
phospho-ErbB2, phospho-ERK, and phospho-Akt in control
and PHLDA1 knockdown conditions are statistically different
(p value <1.0 X 10~2°, Welch'’s statistical test). The coefficient
of variation (CV) is one of the indexes for evaluating cell-to-cell
variability in a population. The CV of PHLDA1 decreased over
time while its expression is increased (Fig. 3D). Knockdown of
PHLDAL1 increased the CV of phospho-ErbB2, although it
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did not significantly affect those of phospho-Akt and phos-
pho-ERK at 180 min after HRG stimulation (Fig. 3E). Thus,
elimination of PHLDA1 from the ErbB network resulted in
increased cell-to-cell variation in phospho-ErbB2.

Mean expression levels of PHLDA1 and phospho-ErbB2 per
cell at each time point (see “Mean expression level per cell”
under “Experimental procedures” for details) (Fig. 3F) indicated
that the mean expression level of PHLDA1 increased along with
decreased phospho-ErbB2 levels (rank correlation = —0.82)
indicating that PHLDA1 negatively affects the phosphorylation
of ErbB2 after HRG stimulation. However, despite these data, in
individual cells the PHLDA1 expression level positively corre-
lated with the phospho-ErbB2 expression level at each time
point (Fig. 3, G and H). We confirmed that this positive corre-
lation was not due to an artificial effect of the phosphorylated
ErbB2-specific antibody (Fig. S9). To explain this discrepancy,
we therefore hypothesized that PHLDA1 might not directly
inhibit receptor phosphorylation but instead might inhibit
other steps in the ErbB receptor activation processes, for exam-
ple, formation of receptor dimers and oligomers. Indeed, sev-
eral studies have demonstrated the existence of higher-order
ErbB receptor oligomers (30-33). Moreover, an earlier study
suggested that tetramer formation between ErbB2 and ErbB3
is functionally important for potent signal transduction (34).
Therefore, we further examined the effect of PHLDA1 on acti-
vation of ErbB receptors, including higher-order oligomer
formation.

Prediction of the PHLDA1 inhibition mode using simple
mathematical models

Toidentify the inhibitory mode of PHLDA1 in HRG-induced
ErbB receptor activation processes, we constructed six simple
mathematical models to explore network topology that can
explain our experimental data. For simplification purposes, the
models are described in a way such that phosphorylated ErbB
heterodimers and tetramers directly induce PHLDA1 expres-
sion. In the model, we considered that the main population of
HRG-binding ErbB receptors in MCEF-7 cells, termed HRGR, is
ErbB3, because its amount is about 70 times higher than ErbB4
(25). Based on an earlier study (34), the models include the
formation of tetramers composed of the orphan receptor ErbB2
and HRGR complexes (Fig. 4A). The ErbB receptor activation
scheme is described as follows: 1) formation of inactive het-
erodimers between ErbB2 and HRGR prior to HRG stimulus; 2)
binding of HRG to HRGR, both monomers and heterodimers;
3) formation of heterodimers between ErbB2 and HRG-bound
HRGR (ErbB2/HRGR); 4) phosphorylation of ErbB2/HRGR;
and 5) formation of tetramers consisting of two phosphorylated
ErbB2/HRGR. For the PHLDA1-mediated regulation, six types
of inhibitory modes are considered as follows: model MO, no
inhibition from PHLDA1 to HRGR activation; model M1, inhi-
bition of the 1st and 3rd reaction steps; model M2, inhibition of
the 4th reaction step; model M3, inhibition of the 5th reac-
tion step; model M4, inhibition of the 1st, 3rd, and 5th reaction
steps; and model M5, inhibition of the 1st, 3rd, and 4th reaction
steps (Fig. 44, see Tables S1 to S5, and supporting Methods for
details of the models). We performed stochastic simulation
of each model using experimentally obtained CVs of ErbB2,
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ErbB3, and PHLDA1 expression (Fig. 3D). The averaged
dynamics of phospho-ErbB2 and PHLDA1 (Figs. 3B and 4B), in
addition to time courses of CVs of ErbB2, ErbB3, and PHLDA1
proteins (Figs. 3D and 4C) in all models and the experimental
data, were consistent with each other. However, model M3 was
excluded from the network candidates because the peak inten-
sities of phosphorylated ErbB2 were down-regulated in models
M1, M2, M4, and M5 relative to PHLDA1, which is consistent
with the data, but not in model M3 (Figs. 1, G and H, and 4D).

Next, we calculated rank correlation coefficients between
PHLDA1 and phosphorylated ErbB2 in the models to evaluate
the single-cell experimental data. The analysis revealed that the
models that contain PHLDA1 inhibition of dimer formation or
phosphorylation tend to show negative correlation coefficients
(such as model M2 where PHLDA1 inhibits dimer phosphory-
lation) (Fig. 4E). In contrast, the models containing inhibition
of tetramer formation show positive correlation coefficients
(model M3) (Fig. 4E). Those inhibitory effects seemed to be
additive because model M4 (in which PHLDA1 inhibits dimer
and tetramer formation) showed a positive correlation, and model
M5 (in which PHLDA1 inhibits both dimer formation and
phosphorylation) showed a negative correlation. Thus, we hypo-
thesized that the correlation coefficients between PHLDA1
expression and phospho-ErbB2 could be modulated by the
PHLDA1-mediated inhibition of receptor oligomerization.
Thus, only model M4 could satisfy our experimental observa-
tions (Figs. 3G and 4E) and the apparently contradictory exper-
imental data (Figs. 1G and 3H).

Model with inhibition of receptor oligomerization could
account for single-cell signal response

To confirm that the simple topological model of M4, in
which PHLDA1 inhibits the higher-order oligomerization of
ErbB receptors, quantitatively reflects the pathway response,
we constructed a detailed mathematical model of the entire
ErbB signaling pathway, including downstream Ras-ERK and
PI3K-Akt modules and c-FOS-mediated PHLDA1 induction
(Fig. 5A). A detailed scheme of our model is described in the
supporting Methods and Tables S6 —S9. The kinetic parameters
in the model were fitted to account for the average time course
of phospho-ErbB, phospho-ERK, phospho-Akt, and PHLDA1
obtained from single-cell experiments (Fig. 5B). We performed
stochastic simulations with cell-to-cell variability using exper-
imentally obtained CVs of ErbB2, ErbB3, ERK, Akt, and
PHLDA1 (Fig. 3D). The resulting simulations reproduced the
heterogeneous responses of those molecules at a single-cell
level (Fig. 5C). As shown in Fig. 5D, the mean expression level of
PHLDA1 per cell increased with decreasing phosphorylated
ErbB2 as well as in the experimental results (Fig. 3F). In addi-
tion, the time-course pattern of rank correlation between phos-
phorylated ErbB2 and PHLDAI1 calculated from simulation
results reasonably fitted that observed experimentally (Fig. 5E).
Thus, our simulation results suggested that a mechanism in
which PHLDA1 inhibits ErbB2-ErbB3 oligomer formation can
explain the experimentally observed time-course profiles of the
receptor, Akt and ERK, activities suppressed by transcription-
ally-induced PHLDA1 and their single-cell positive correlation.
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Figure 4. Simple mathematical models of the activation of ErbB receptors. A, six models describing the inhibitory function of PHLDA1 on ErbB
receptor activation. B, computational simulation of phospho-ErbB2 and PHLDAT1 in each model. The graphs represent the average dynamics of 10,000
simulations. The colored lines correspond to the six models shown in A. A.U. indicates relative signal intensity of p-ErbB2 (left) and relative abundance of
PHLDAT1. C, time-course pattern of CVs of total ErbB2, total ErbB3, and PHLDA1 in each simulation model. D, peak intensities of phospho-ErbB2 in each
model. A.U. indicates relative peak intensity of p-ErbB2. E, rank correlation between phospho-ErbB2 and PHLDA1 in each model at 180 min after HRG

stimulation.

Single-molecule imaging of HRG-HRGR complexes confirmed
that PHLDA1 modulates the amount of higher-order ErbB
receptor oligomers

To experimentally test the model-driven hypothesis that
PHLDAL1 inhibits oligomerization of ErbB receptors, we exam-
ined the association of fluorescent-labeled HRG (carboxyte-
tramethylrhodamine (TMR)-HRG) with ErbB receptors on the
apical surface of living MCF-7 cells using oblique illumination
fluorescence microscopy (Fig. 6A) (35). A fluorescent spot
emitted by a single TMR-HRG molecule detected in this exper-
iment indicates the presence of either an HRG-bound ErbB3
monomer or a heterodimer between HRG-bound ErbB3 and an
unliganded partner such as ErbB2 (Fig. 6B, middle complexes).
Otherwise, a fluorescent spot whose intensity indicates more
than one TMR-HRG molecule suggests the existence of an
ErbB heterooligomer containing at least two HRG-bound
ErbB3 receptors and a heterooligomeric partner such as ErbB2
(Fig. 6B, right complexes). Although it is thought that HRG-
bound ErbB3 cannot form a homodimer (36), a few studies have
suggested that this is a possibility (37, 38). However, it is still
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unclear whether the direct interaction of HRG-bound ErbB3
homodimers exists and functions as a signal initiator in MCEF-7
cells; therefore, we did not take the ErbB3 homodimer into
consideration in our model. In our experiments, we could
quantify the amount of higher-order ErbB receptor oligomers
that contain at least two ErbB3 molecules, which may possibly
include an HRG-bound ErbB3 monomer and a heterodimer
between HRG-bound ErbB3 and ErbB2. Using this approach,
we could predict the degree of ErbB receptor association by
measuring the fluorescent intensity of each spot and then cal-
culate the ratio of ErbB higher-order oligomers to the total
number of HRG-bound ErbB receptors. Knockdown of PHLDA1
increased this ratio (Fig. 6C, the ratio of 2— 6 HRG-bound ErbB
receptors per all HRG-bound ErbB receptors) and decreased
the fraction of both liganded monomer and heterodimer (Fig.
6C, the ratio of one HRG-bound ErbB receptor per all HRG-
bound ErbB receptors; summarized in Fig. 6D). Consistent with
the above, overexpression of PHLDA1 decreased the ratio of
ErbB higher-order oligomers and increased the ratio of both
liganded monomers and heterodimers (Fig. 6, E and F). These
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experimental data confirm our modeling studies and indicate
that PHLDA1 indeed modulates ErbB receptor oligomer for-
mation in MCE-7 cells.

Knockdown of PHLDAT1 accelerates differentiation of MCF-7
cells

Finally, we examined the biological function of PHLDA1 in
the MCEF-7 system. In a previous study, it was shown that HRG-
stimulated MCE-7 cells undergo cellular differentiation as indi-
cated by lipid accumulation (18, 39). We confirmed that HRG
treatment induced lipid accumulation (Fig. 7A), and this pro-
cess was accelerated by knockdown of PHLDA1 (Fig. 7B). Thus,
our data indicate that PHLDA1 negatively controls cell differ-
entiation through inhibition of ligand-dependent ErbB recep-
tor activation.

Discussion

Our study revealed that PHLDAI is transcriptionally
induced by HRG-mediated ErbB receptor activation via the
Ras-ERK and PI3K-Akt pathways, and it inhibits oligomeriza-
tion of ErbB2-ErbB3 receptors, suppressing their downstream
signaling. Using a proteomics approach, we detected several
proteins, including TP53, PLCG1, and PIK3R1, -2, and -3, in
addition to ErbB3, as PHLDA1-binding proteins (Fig. 2A).
PIK3R1, also called p85, is known as a PI3K regulatory subunit,
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and it binds to ErbB3 when the ErbB receptor complex is acti-
vated. Therefore, the binding of p85 to ErbB3 can be detected
via PHLDA1-ErbB3 binding. To date, a number of reports have
demonstrated that PHLDA1 has both pro- and anti-tumori-
genic function, depending on the cellular context. PHLDA1
was first identified as a modulator of T cell apoptosis (13). Later,
it was found that PHLDA1 is responsible for regulation of apo-
ptosis, autophagy, and chemotaxis in normal tissues as well as
several types of cancer (14, 15, 40—42). In contrast, PHLDA1
is overexpressed in human tumors and contributes to cell
migration and tumorigenesis (43, 44). In our analysis, PHLDA1
knockdown accelerated HRG-mediated differentiation of MCF-7
cells, as manifested by accumulation of lipid droplets (Fig. 7), in
a manner similar to that previously suggested for 3T3-L1 cells
(45). Therefore, the role of PHLDAI in cell differentiation
seemed to be inhibitory.

From a systems biology point of view, as a transcriptionally-
inducible negative feedback regulator, PHLDA1 has functions
in common with other inducible feedback inhibitors, such as
MIG6, SOCS4, and SOCS5, in EGER signaling. For example,
MIGS6 is transcriptionally induced by EGFR activation and
directly and specifically binds to the active form of the EGFR
kinase domain (46). However, because PHLDA1 inhibits ErbB
receptor oligomer formation, the inhibitory mechanisms of
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MIG6 and PHLDAL1 to attenuate the pathway are distinct from
each other. These studies indicate that multilayered negative
feedback mechanisms cooperate to ensure the suppression of
ErbB receptor activity. In general, a negative feedback mecha-
nism can increase the signal-to-noise ratio in system output by
decreasing cell-to-cell variation (47). Our results showed that
PHLDA1 also functions to suppress cell-to-cell variability of
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phospho-ErbB2 (Fig. 3E). In this study, we demonstrate that
whereas ErbB2 phosphorylation is a crucial step in pathway
activation, measuring its average value in a population of cells is
not sufficient for predicting regulatory mechanisms of path-
ways. Our mathematical analysis together with quantitative
single-cell analysis proved to be a useful combination for iden-
tifying the novel function of this novel signal regulator.
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Experimental procedures
Cell culture, treatment, and fractionation

Cultivation of the MCEF-7 cell line and stimulation with
growth factors were performed as described previously (48).
For inhibitor assays, U0126, Akt inhibitor VIII (Merck Milli-
pore, Billerica, MA), and cycloheximide (Nacalai Tesque,
Kyoto, Japan) were added 20 min prior to HRG stimulation. For
preparation of total cell lysate, cells were lysed with Bio-Plex
lysis buffer (Bio-Rad) after cell treatment and were centrifuged
at 12,000 X g for 15 min. The supernatant was used as the total
cell lysate fraction. For preparation of the plasma membrane
fraction and the corresponding cytosol fraction, a protocol ear-
lier described by Dunn and Connor (49) was used.

Gene silencing with siRNA

Reverse transfection was performed by using Hiperfect re-
agent (Qiagen, Hilden, Germany) according to the manufactu-
rer’s instructions. Trypsinized MCEF-7 cells were resuspended
in antibiotic-free medium and then mixed with a suspension of
Opti-MEM (Thermo Fisher Scientific, Grand Island, NY) con-
taining 10 nM siRNA and Hiperfect reagent in 100-mm dishes
(for membrane fractionation and co-IP), 12-well plates (for
Western blotting), or 96-well plates (for immunostaining).
SMARTpool ON-TARGETplus siRNA targeting PHLDAI
(L-012389-00) and c-FOS (L-003265-00), and ON-TARGET-
plus Non-targeting Pool (D-001810-10) were purchased from
Dharmacon (GE Healthcare).

Gene overexpression

MCE-7 cells were seeded at 3 X 10° cells per 100-mm dish.
After overnight incubation, cells were transfected with 5 ug of
expression vector using Lipofectamine LTX and Plus Reagent
(Thermo Fisher Scientific) in Opti-MEM according to the man-
ufacturer’s protocol. After 48 h, cells were starved for 16 h in
serum-free Dulbecco’s modified Eagle’s medium, then stimu-
lated with 10 nm HRG for the designated periods, harvested,
and then lysed for assays.

Western blot analysis

Protein phosphorylation and total proteins were analyzed as
described previously (48). Antibodies specific for the following
proteins were purchased: ErbB3 (sc-285), ErbB4: (sc-283), and
PHLDAL1 (sc-23866) from Santa Cruz Biotechnology (Santa
Cruz, CA); phospho-Akt (Ser-473, no. 9271), phospho-Akt
(Thr-308, no. 2965), pan-Akt (40D4, no. 2920), phospho-EGFR
(Tyr-1068, no. 2234), phospho-ErbB2 (Tyr-1221/1222, no.
2249), phospho-ErbB3 (Tyr-1289, no. 4791), phospho-ErbB4
(Tyr-1284, no. 4757), phospho-ERK1/2 (Thr-202/Tyr-204, no.
4370), ErbB2 (no. 2165), and ERK1/2, (no. 9102) from Cell
Signaling Technology (Beverly, MA); al sodium potassium
ATPase (ab7671) and a-tubulin (ab15246) from Abcam (Cam-
bridge, MA); and EGFR (20-ES04) from Fitzgerald (North
Acton, MA). Blots show representative results from one of at
least three independent experiments. After Western blotting,
protein band intensities were quantified using Image]J software.
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gRT-PCR

c¢DNA synthesis was done by using ReverTra Ace® (TOYOBO,
Osaka, Japan). Equivalent volumes of cDNA were used for all
PCRs, which were performed using KOD SYBR® qPCR Mix
(TOYOBO) in the Thermal Cycler Dice Real Time System
TP800 (Takara Bio, Otsu, Japan). The standard curve method
was used to determine relative quantification of mRNA abun-
dance with technical triplicates. For normalization of the qRT-
PCR data, GAPDH expression was used as a control. Primers
designed for PHLDA1 (PPH10228B) and PHLDA3 (PPH15380B)
were purchased from Qiagen. The other primers designed
for quantitative real-time RT-PCR analysis were as follows:
PHLDA2, 5'-aatcacttggccagtttget-3’ and 5'-gactggatgagggtgtc-
ctg-3'; ¢c-FOS, 5'-ctaccactcacccgcagact-3' and 5'-aggtccgtg-
cagaagtcct-3'; and GAPDH, 5'-caaagttgtcatggatgacc-3' and
5'-ccatggagaaggctgggg-3'.

Co-immunoprecipitation and LC/MS analysis

MCE-7 cells were washed on ice with ice-cold PBS twice and
then collected in a lysis buffer containing 150 mm NaCl, 50 mm
Tris-HCI (pH 7.5), 2 mm EDTA, 1% Nonidet P-40, supple-
mented with Complete protease inhibitor mixture and Phos-
STOP phosphatase inhibitor mixture (Roche Diagnostics,
Basel, Switzerland). Lysates were incubated for 15 min on ice
and then centrifuged at 12,000 X g for 15 min at 4 °C. Superna-
tants containing the proteins were transferred into new micro
tubes, and then 10 ul of beads and antibody were added to each
tube. Protein G-agarose (Thermo Fisher Scientific) and
PHLDA1 antibody (sc-23866, Santa Cruz Biotechnology) were
used for LC/MS analysis to detect PHLDA1-binding part-
ners, and ErbB3 antibody (sc-73964, Santa Cruz Biotechnol-
ogy) was used for detecting interaction between ErbB3 and
ErbB2. The supernatant was incubated for 1 h (for LC/MS) at
4 °C. After incubation, the beads were washed three times with
a detergent-free lysis buffer and then subjected to further
experimental analysis. LC/MS analysis was performed as
described previously (50).

Proximity ligation assay

MCE-7 cells were seeded in 96-well plates, and the following
day, cells were exposed to serum-free medium for 16 h. Then
the cells were stimulated with HRG for 5 min, fixed with ice-
cold MeOH for 5 min, and blocked blocking buffer (10% fetal
bovine serum in Blocking ONE (Nacalai Tesque)). After block-
ing, cells were incubated with a combination of primary anti-
bodies (against phospho-ErbB2 (06-229, Millipore) and ErbB3
(sc-81455, Santa Cruz Biotechnology)). Subsequent hybridiza-
tion and ligation of PLA probes, amplification, and detection
were performed using the manufacturer’s instruction (Sigma).
Fluorescence images were obtained using InCell Analyzer 2000
(GE Healthcare), and quantification of puncta was done using
Developer toolbox software (GE Healthcare).

Immunostaining and imaging cytometry

MCE-7 cells were seeded at a density of 1 X 10* cells/well in
96-well plates for fluorescent imaging. The following day, cul-
ture medium was replaced with serum-free medium. After 16 h,
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cells were stimulated with HRG for the indicated period, fixed
with 4% paraformaldehyde in PBS, and permeabilized with 0.1%
Triton X-100in PBS for 5 min. After washing with PBS, the cells
were incubated in blocking buffer for 1 h and then stained with
primary antibody at 4 °C. The next day, the cells were stained
with fluorescent-labeled secondary antibodies (Dylight488-
anti-mouse IgG and Dylight550-anti-rabbit-IgG, Thermo
Fisher Scientific), and then stained with DAPI for detecting
nuclei. Fluorescence images were obtained using InCell Ana-
lyzer 2000 (GE Healthcare), and image analysis was done using
Developer tool software. The signal intensity of the protein
expression at each time point was normalized to the average
intensity of the value at time O (the average intensity at time 0
was set as 1). The signal intensity of each phosphorylated pro-
tein was normalized in the same way, and then the normalized
intensity at time 0 was subtracted from that at each time point
(the average intensity at time 0 was set as 0). Error bars denote
the S.D. of signal intensities in a cell population.

Mean expression level per cell

For each time point (¢), the mean expression level per cell (M)
of phospho-ErbB2 and PHLDAL1 is calculated from the normal-
ized signal intensity of the protein of interest using Equation 1.

M(t) = EE":’

(Eq. 1)

1

Here, n, is the number of cells with the protein expression level
e; within i-th bin. We used 50 bins to perform the calculations,
using the corresponding histograms of the numbers of cells
with the expression intensity within each bin. The supporting
information shows that the influence of the bin size on the
calculated values vanishes if the number of bins is over 20 (Fig.
S10A). Using M(¢), Spearman’s rank correlation coefficient
between phospho-ErbB2 and PHLDA1 was calculated. Note
that to compare our experimental data with simulation results,
the data at time 0 were removed. This is because basal expres-
sion of phospho-ErbB2 is not considered in our mathematical
model.

Mathematical modeling

We developed two types of mathematical models, the simple
and the expanded models. The simple model was developed to
simulate the regulation between ErbB and PHLDAI, and the
expanded model was developed to simulate the entire ErbB-
signaling pathway. The biochemical reactions in both models
were described by ordinary differential equations (Tables S1
and S6), and the simulations were conducted using XPPAUT
(51). The kinetic parameters in the simple model were con-
strained to satisfy detailed valance. In addition, the kinetic
parameters in the expanded model, which reproduce the exper-
imental data (Fig. 3B), were obtained by the evolutionary algo-
rithm AGLSDC (52). In this study, cell-to-cell variability was
defined as the difference in the signaling protein abundance
between the individual cells, which was represented by sam-
pling from log-normal distributed protein concentrations with
various CV. Detailed descriptions and the simulation method
are described in the supporting Methods.
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Single-molecule imaging

The protocol for single-molecule imaging using TMR-la-
beled HRG has been described previously (35). In brief, MCF-7
cells were seeded onto glass coverslips. Overnight before the
experiments, the culture medium was replaced with Dulbecco’s
modified Eagle’s medium without fetal bovine serum and phe-
nol red. Before the experimental observations, the culture
medium was replaced with HBSS, and the coverslip was
mounted on a metal culture chamber (Thermo Fisher Scien-
tific), and the cells were observed with an oblique illumination
microscope based on a Nikon TE2000 inverted fluorescence
microscope. On the microscope, HBSS in the chamber was
discarded, and then 600 ul of a 6 nm TMR-HRG solution
was added. These operations were done at room tempera-
ture. Images of single TMR-HRG molecules on the cell sur-
faces were acquired using an EM-CCD camera (ImageEM;
Hamamatsu Photonics, Hamamatsu, Japan) and were ana-
lyzed using in-house software.

Oil Red O staining

We slightly modified the previously published method (39)
as follows: 0.4 X 10° cells/well were seeded in standard 24-well
plates. Culture medium was replaced with serum-free medium
24 h prior to stimulation, and cells were stimulated with 10 nm
HRG. HRG-containing medium was changed after 2 days. Cells
were grown in the constant presence of stimuli for 5 days and
then fixed with 4% paraformaldehyde for 1 h. Then cells were
washed once with PBS, once with 60% isopropyl alcohol for 5
min, dried completely, and then stained with Oil Red O solution
(Sigma) for 10 min. Stained cells were washed with water three
times and then stained with a DAPI solution. Fluorescence
images were obtained using InCell Analyzer 2000 (GE Health-
care), and image analysis was done to calculate total signal
intensities of lipid particles per cell using Developer tool soft-
ware (GE Healthcare).
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