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Tissue-Specific Chk1 Activation
Determines Apoptosis by Regulating
the Balance of p53 and p21

Marijn T.M. van Jaarsveld,’ Difan Deng," Erik A.C. Wiemer,? and Zhike Zi':3*

SUMMARY

The DNA damage response (DDR) protects cells against genomic instability. Surprisingly, little is
known about the differences in DDR across tissues, which may affect cancer evolutionary trajectories
and chemotherapy response. Using mathematical modeling and quantitative experiments, we found
that the DDR is regulated differently in human breast and lung primary cells. Equal levels of cisplatin-
DNA lesions caused stronger Chk1 activation in lung cells, leading to resistance. In contrast, breast
cells were more resistant and showed more Chk2 activation in response to doxorubicin. Further ana-
lyses indicate that Chk1 activity played a regulatory role in p53 phosphorylation, whereas Chk2 activ-
ity was essential for p53 activation and p21 expression. We propose a novel “friction model,” in which
the balance of p53 and p21 levels contributes to the apoptotic response in different tissues. Our re-
sults suggest that modulating the balance of p53 and p21 dynamics could optimize the response to
chemotherapy.

INTRODUCTION

The DNA damage response (DDR) is an intricate signaling network that governs genomic integrity and pro-
tects against carcinogenesis. The core DDR network is formed by ATR and Chk1, ATM and Chk2, p53, and
p21. ATR/Chk1 signaling is activated mostly by stresses involving single-strand DNA damage, whereas
ATM and Chk2 are activated in response to double-strand breaks (DSBs) (Reinhardt and Schumacher,
2012; Smith et al., 2010; Weber and Ryan, 2015). Both ATR/Chk1 and ATM/Chk2 can activate p53, a master
regulator of the DDR, which regulates cellular responses such as cell cycle arrests, repair and survival, or cell
death. An important determinant of outcome is the p53 target protein p21, which can inhibit cell cycle pro-
gression and negatively regulate p53-mediated apoptosis (Abbas and Dutta, 2009).

Proper regulation of the DDR is important, because dysregulation is associated with aging and cancer
(Hoeijmakers, 2009). Tumors frequently contain mutations in DDR genes and are characterized by an aber-
rant response to DNA damage. Strikingly, cancers originating in distinct tissues have diverse mutational
signatures (Alexandrov et al., 2013; Kandoth et al., 2013; Zehir et al., 2017), suggesting that they have
different DNA repair defects (Chae et al., 2016; Forestier et al., 2012; Garner and Eastman, 2011). Differ-
ences in DDR are also thought to result in specific sensitivities for DNA-damaging chemotherapy (Chae
et al., 2016; Forestier et al., 2012; Liu et al., 2017; Sousa et al., 2015; Stewart-Ornstein and Lahav, 2017),
which differ per cancer type. For instance, non-small-cell lung cancer responds relatively well to the
DNA adduct and strand cross-linking agent cisplatin (Eastman, 1987; Gettinger and Lynch, 2011; Non-small
Cell Lung Cancer Collaborative Group, 1995; Laskin and Sandler, 2005; Paoletti et al., 2011; Rosenberg
et al., 1969). In contrast, the DNA-DSB-inducing drug doxorubicin is more effective in treating breast can-
cer (Arcamone et al., 1969; Crown, 1998; von Minckwitz, 2007).

It is unclear whether the differences in DDR in cancer types arise during tumor evolution, or whether they
reflect variations present in the original tissue. It is conceivable that healthy cells have differences in the
DDR network. For instance, skin cells exposed to sunlight might express a higher amount of genes involved
in the repair of UV-induced DNA lesions than other tissues. In addition, mutations in DDR genes affect can-
cer development across tissues differently. For example, germline mutations in BRCA1/2 and Chk2
enhance cancer risk in specific tissues such as breast, whereas the added risk for tumors occurring in other
tissues like lung is small (Levy-Lahad and Friedman, 2007; Michailidou et al., 2017; Nevanlinna and Bartek,
2006). Furthermore, the response to DNA damage is different across stem cell types. In particular intestinal
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in terminal differentiation (Blanpain et al., 2011; Vitale et al., 2017). A systematic comparison of the DDR
across tissues is lacking. Understanding what differences in DDR network arise during tumor evolution
and which ones are already present will provide more insight into tissue-specific cancer risk. In addition,
this knowledge could lead to more effective targeting of tumor cells for therapy.

To address how the DDR is regulated across tissues, we used non-immortalized primary epithelial cells
from multiple breast and lung donors. We focused on breast and lung cells for three reasons: (1) breast
and lung tissues frequently give rise to tumors; (2) certain DDR gene mutations predispose for breast can-
cer, butnot for lung cancer; and (3) breast and lung tumors have different sensitivities for genotoxic chemo-
therapy. By combining modeling and experimental approaches, we show that these cell types have
different apoptotic sensitivities for genotoxic chemotherapy. We demonstrate that the difference in sensi-
tivity originates at the earliest level of DNA damage detection: in the tissue-specific regulation of the ATR-
Chk1 and ATM-Chk2 network. Our modeling and experimental analyses suggest that differential activation
of Chk1 and Chk2 regulates the balance of p53 and p21 dynamics and contributes to chemotherapy re-
sponses to DNA damage in breast and lung cells. This study sheds light on the tissue-specific DDR and pro-
vides clues on how to optimize chemotherapy response.

RESULTS

An Equal Amount of Cisplatin-DNA Lesions Induces More Apoptosis in Primary Breast Than
Lung Cells

The DDR pathway is a complex signaling network, which is activated upon many forms of damage and gives rise
to multiple different outputs. We have focused on one DNA-damaging agent and one cellular outcome
(apoptosis). To study the differences of the DDR in different cell types, we used primary breast and lung cells.
We started with the platinum-containing drug cisplatin because it is a widely used chemotherapeutic that causes
DNA adducts and inter- and intrastrand cross-links and is known to induce apoptosis (Eastman, 1987; Hu et al.,
2016; Rosenberg et al., 1969), which can be readily quantified using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) cell viability assay. Briefly, cells were seeded at 50% density, followed by 48 h of cisplatin
exposure. This setup allowed us to measure cell death (Figure 1A). Breast cells (ICso~ 15-20 uM) were consistently
more sensitive than lung cells (ICso~40 uM; p = 1 x 10~%; Figure 1B). A different sensitivity for apoptosis was
confirmed by the appearance of apoptotic morphology as visualized by DAPI staining (Figures 1C and 1D).

To control for differential cisplatin uptake, we looked directly at the relation between platinum bound to
the DNA (Pt_DNA) and cellular outcome. Breast cells contained higher levels of Pt_DNA at similar cisplatin
doses (Figure S1A), and even when corrected for the amount of Pt_DNA, breast cells were consistently
more sensitive for cisplatin (Figure 1E). In summary, breast cells induce apoptosis at a lower amount of
DNA damage than lung cells.

Cisplatin Treatment Activates Chk1 Signaling More Strongly in Lung Cells, Resulting in
Increased Resistance

To understand how an equal dose of DNA damage results in differential cell viability, we initially focused on
p53 dynamics, as it is an important determinant of apoptosis. Intriguingly, p53 levels alone could not
explain the differential apoptotic sensitivity. When breast and lung cells were treated with 20 and 30 uM
cisplatin, DNA-bound cisplatin and total p53 levels were very similar (Figures S1B and S1C). To understand
the mechanism behind their differential cisplatin sensitivity, we used protein microarrays to assess tempo-
ral changes of the proteome and phosphoproteome (covering 366 unique UniProt IDs) in breast and lung
cells. We analyzed the proteome at three time points: an early stage (6 h; p53 increase becomes apparent),
an intermediate stage (12 h), and a late stage (24 h), in which signs of apoptosis can be observed. We thus
generated an unbiased profile of the post-DNA damage proteome in healthy breast and lung cells. Among
the proteins that were differentially expressed, 17 BioCarta pathways were significantly enriched (p < 0.1;
Figures 2A, 2B, and S2; Tables S1, 52, and S3). After antibody validation (Table S2), we focused on five
differentially regulated signaling modules: PTEN/Akt signaling, ERK, p38, JNK signaling, and DNA dam-
age checkpoint activation. As shown in Figures 2C and S3, differential activation (as measured by phos-
phorylation on key residues) was observed for proteins in the mitogen-activated protein kinase (MAPK)
signaling pathway. For example, p38 MAPK was activated to a higher degree in primary breast cells.
Furthermore, differences in DNA damage checkpoint activity were observed (Figures 2C and S3E). Active
ATR (p-S428) was present at higher levels in lung cells than breast cells. Accordingly, its downstream target
Chk1 was activated (S345) to a greater extent in lung cells.
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Figure 1. Primary Breast Cells Are More Sensitive to Cisplatin-Induced DNA Lesions Than Primary Lung Cells
(A) Overview of adapted MTT assay to measure cell death. Briefly, cells were seeded at 50% density and treated with high
doses of cisplatin for 24 or 48 h. Treatment under these conditions results in cell death (e.g., compare the wells treated
with 60 uM cisplatin at 24 and 48 h).

(B) Breast cells are more sensitive to cisplatin than lung cells. Human primary epithelial cells from six donors were treated
with a range of cisplatin concentrations. After 48 h, the cell viability was determined by MTT assay. The concentration at
which 50% loss of viability occurred (ICso) was calculated (n = 3-6). A t-test was used to compare ICsg values between
breast and lung cells.

(C) Treatment with cisplatin results in apoptosis. Nuclear morphology of breast and lung cells was visualized by DAPI stain
after 24-h exposure to 80 uM cisplatin (representative experiment, n = 4).

(D) Breast cells more frequently display apoptotic morphology (DAPI stain) after 24 h of cisplatin treatment than lung cells
(representative experiment, n = 4). A two-way ANOVA with Bonferroni post-hoc test was carried out to compare
differences (*p < 0.05, ***p < 0.001).

(E) Breast cells are more sensitive to equal amounts of cisplatin-induced DNA lesions at 48 h. The amount of DNA-bound
platinum was determined after 48 h of cisplatin treatment (Figure S1A) and plotted against the cellular viability (MTT
assay) at 48 h (representative experiment, n = 3). Regression analysis was used to test if the slope and intercept were
different. Error bars represent the SD (n = 3).
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Figure 2. Proteomic and Functional Analysis Reveals an Increased Chk1 Activity in Lung Cells that Contributes to
Cisplatin Resistance

(A) Identification of genes involved in differential cisplatin response. Breast and lung cells were treated with a cisplatin
dose that caused an equal amount of DNA damage (20 uM and 30 uM, respectively). A protein array (366 unique UniProt
IDs covered by both pan-specific and phospho-specific antibodies) was carried out to assess proteomic changes at 6, 12,
and 24 h. Gene set enrichment was performed on differentially expressed proteins to identify differentially regulated
pathways. After validation of the array results using both antibodies present on the array and antibodies from different
manufacturers, inhibitors were used to screen for genes that modified the cisplatin response. For details see Transparent
Methods and Figure S2.

(B) Overview of BioCarta pathways enriched for differentially expressed genes (DAVID pathway analysis). For details, see
Table S2.

(C) Overview of the most differentially activated pathways after cisplatin treatment. After array antibody validation (Table
S2), activity of differentially regulated pathways was determined using quantitative western blot (Figure S3). The colors
indicate whether protein activity (e.g., highest phosphorylation levels) is the highest in lung (red) or breast (blue) cells.
(D) Inhibition of Chk1 activity differentially affects cisplatin sensitivity. Cells were treated for 1 h with the Chk1 inhibitor
PF477736 (1 uM) or an equivalent amount of DMSO, after which cisplatin was added. Viability was determined after 48 h.
Error bars represent the SD (n = 7). A two-way ANOVA with Bonferroni post-hoc test was carried out to test if differences
were significant (**p < 0.01).

To investigate if the differentially regulated pathways affect cisplatin-induced apoptosis, we negatively
regulated essential proteins in each pathway using specific inhibitors that produce fewer side effects
than small interfering RNAs. Inhibitors for phosphatidylinositol 3-kinase, JNK, p38 kinase, and MEK did
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not significantly alter the cisplatin response (Figure S4). We next focused on ATR, Chk1, and Chk2 using
specific inhibitors (VE822 for ATR, PF477736 for Chk1, Chk2 inhibitor Il for Chk2) (Figure S5A). Strikingly,
Chk1 inhibition sensitized primary lung cells to cisplatin (p < 0.001), but it had no effect on breast cells (Fig-
ure 2D). Similar effects of Chk1 inhibition were observed in primary cells obtained from different donors
(Table S4), and ATR inhibition sensitized lung cells too (Figures S5B and S5C). We also found that cell
viability responses in lung cells were affected to a lesser extent by Chk2 inhibition than by Chk1 inhibition
(Figure S5D). Taken together, these results indicate that the higher activity of Chk1 in lung cells contributes
to cisplatin resistance of lung cells.

Cell-Type-Specific DNA Damage Signaling Dynamics after Cisplatin Treatment

The identification of Chk1 as a modifier of the apoptotic sensitivity for cisplatin was unexpected because its
downstream target p53 accumulates to similar levels in breast and lung cells (Figure S1C). We therefore
decided to compare the activity of the Chk1-Chk2-p53 signaling network in breast and lung cells more
closely. We quantitatively measured the total levels and activities of Chk1, Chk2, p53, and p21 (Figure 3A).
After an equal amount of cisplatin-induced DNA damage, Chk1 activity, as measured by phosphorylation
of sites S345, S317, and $296, increased to a much higher level in the lung cells (Figure 3A, p < 0.01, Fig-
ure Sé). In contrast, Chk2 activation (T68, S516) was only moderately increased in both cell types. Although
total p53levels were similar in breast and lung cells, p53 was phosphorylated (S15/520) to a larger extent in
lung cells (Figure 3A, p < 0.01, Figure Sé), correlating with higher Chk1 activation. In addition, p21 levels
increased in lung cells but not in breast cells. Together, these results show that primary breast and lung
cells display different dynamics of Chk1 activation, p53 phosphorylation, and p21 protein expression after
cisplatin treatment.

A Quantitative Model Predicts Differential Roles of Chk1 and Chk2 in the Regulation of p53
Phosphorylation

To better understand the relation between the dynamics of the DDR proteins and the chemotherapy
response (apoptosis), we developed an integrated mathematical model based on our current data
and previous studies (Barr et al., 2017; Batchelor et al., 2008, 2011; Ma et al., 2005; Stewart-Ornstein
and Lahav, 2017; Zhang et al., 2011). This new model consists of coupled ordinary differential equations,
and it focuses on the key interactions between Chk1, Chk2, p53, and p21 (Figure S7). In the model, we
used the same model structure and reaction kinetics for breast and lung cells. Most parameters have
the same values, except that some parameters are set with cell-type-specific values to distinguish
different cisplatin-DNA binding dynamics, differential activation, and degradation of proteins observed
in breast and lung cells (list of parameter values is given in Tables S5-S7). A detailed description of the
model development, model simulation, and parameter estimation is provided in the Supplemental
Information.

The mathematical model was fitted to the experimental datasets that captured the temporal profiles of
cisplatin-DNA binding dynamics; total levels of Chk1, Chk2, p53, and p21; the activation of Chk1, Chk2,
and p53; as well as cell viability responses in breast and lung cells. In total, 98 average values (from 564
measured data points) were used to estimate the kinetic parameters of the model for cisplatin treatment.
As shown in Figures 3B and S8, the model simulations quantitatively fit the signaling dynamics of Chk1,
Chk2, p53, and p21 proteins and DNA-bound cisplatin.

Intriguingly, the model suggested that the contribution of Chk1 and Chk2 to the regulation of p53 and p21
dynamics is different. As shown in Figure S9, the modeling analyses indicate that Chk2 activities in breast
and lung cells are relatively high and give rise to a saturated p53 phosphorylation rate. On the other hand,
in breast cells Chk1 activity is too low to induce p53 phosphorylation, whereas its level in lung cells is rela-
tively high and induces additional p53 phosphorylation on top of Chk2's activity. We next studied what hap-
pens to downstream p53 and p21 responses after in silico inhibition of Chk1 and Chk2 activities (details are
in Supplemental Information). The model predicted that Chk1 inhibition has almost no effect on p53 and
p21 dynamics in breast cells, where Chk1 phosphorylation is low (Figure 4A). In contrast, in lung cells a
strong effect of Chk1 inhibition on p53 and p21 dynamics is expected (Figure 4B). Interestingly, it is also
predicted that Chk2 inhibition will strongly decrease the levels of total p53, p53 phosphorylation, and
p21 in both breast and lung cells (Figures 4A and 4B). These results thus indicate that the contributions
of Chk1 and Chk2 in regulating p53 and p21 dynamics are different.
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Figure 3. Cisplatin Treatment Results in Different DNA Damage Signaling Dynamics in Breast and Lung Cells

(A) Relative change of Chk1, Chk2, p53, and p21 dynamics after cisplatin treatment in breast and lung cells. Protein levels were analyzed using quantitative
western blot and normalized by the number cells loaded in each sample. For every blot the highest expression value was set to 1, after which the average
value was calculated for five to eight blots. Depicted is the average value normalized to the maximum value per graph. Error bars represent the SEM. Two-
way ANOVAs were used to test if a protein was differentially expressed in breast versus lung cells. See also Figure Sé.

(B) Comparison of model simulations to the experimental data of DNA damage signaling dynamics. To compare with the corresponding experimental data,
the model simulation data were scaled as relative values (normalized to the maximal values in breast and lung cells) and depicted as blue lines. Data from
individual blots are depicted as “+.” The average values are shown as red circles. Note that some data points with the same values appear overlapped in this
scatterplot.

To experimentally validate the model predictions, we treated breast and lung cells with inhibitors for Chk1
and Chk2, or an equivalent amount of DMSO, followed by cisplatin treatment. As predicted by the model,
Chk1 inhibition did not have a significant effect on downstream targets in breast cells (Figures 4C and S10).
Inlung cells, however, Chk1 inhibition significantly altered p53 and p21 dynamics. Total p53 levels were un-
affected, whereas p53 phosphorylation was diminished and p21 was not upregulated after cisplatin treat-
ment (Figures 4D and S11). In line with model predictions, Chk2 inhibition resulted in the loss of p21 expres-
sion in both breast and lung cells. In addition, total and phospho-p53 levels remained low when Chk2
activity was inhibited (Figures 4C and 4D). Together, our model analyses and experimental data suggest
that Chk1 activity plays a regulatory role in p53 activation, whereas Chk2 is essential for p53 activation
and expression.

Breast Cells Are More Resistant to DNA Double-Strand Breaks Than Lung Cells

Chk1 is strongly activated by single-strand DNA damage, whereas Chk2 is mostly activated by DNA DSBs
(Bartek and Lukas, 2003; Smith et al., 2010). We therefore wondered what happens if we treat primary breast
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Figure 4. Inhibitor Studies Reveal Different Roles for Chk1 and Chk2 in Breast and Lung Cells

(A and B) Model predictions for the inhibition of Chk1 and Chk2 in breast (A) and lung cells (B).

(Cand D) Inhibition of Chk1 and Chk2 alter p53 and p21 dynamics. Primary breast (C) and lung cells (D) were pretreated for
1 h with inhibitors against Chk1 (PF477736; 1 uM) and Chk2 (Inhibitor II, 10 uM) or an equivalent amount of DMSO,
followed by cisplatin treatment. Depicted is the average relative expression (n = 3-7) for each condition normalized to the
maximum value. Error bars represent the SEM. Two-way ANOVAs were used to test if a protein was differentially
expressed between treatments.

See also Figures S10 and S11.

and lung cells with the DSB-inducing drug doxorubicin. Doxorubicin induces DNA adducts and also causes
DNA DSBs by inhibiting topoisomerase Il activity (Arcamone et al., 1969; Yang et al., 2014). When cell
viability response data were plotted against the level of intracellular doxorubicin at 48 h (Figure S12), breast
cells were more resistant than lung cells (Figure 5A). Surprisingly, this is opposite to the effect of cisplatin,
which induces more apoptosis in breast cells, and suggests that the sensitivities of breast and lung cells to
genotoxic stress depend on the nature of DNA damage.

To compare how DNA damage signaling is differently regulated after doxorubicin treatment, we quantita-

tively measured the dynamics of DNA-damaging signaling proteins. Interestingly, doxorubicin treatment
led to strong activation of both ATM (51981) and Chk2 (Té68 and S516) in both cell types (Figures 5B and
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Figure 5. Breast Cells Are More Resistant to Doxorubicin Than Lung Cells
(A) Cell viability response to equal intracellular amounts of doxorubicin. After 48 h of doxorubicin treatment, intracellular doxorubicin fluorescence was
determined by fluorescence-activated cell sorting (Figure S12). The intracellular doxorubicin levels (arbitrary units) were plotted against the cellular viability
(as determined by MTT assay) (n = 3). Error bars represent the SD. Regression analysis was used to test if the slope and intercept were different.
(B) Relative change of Chk1, Chk2, p53, and p21 dynamics after doxorubicin treatment in breast and lung cells. Depicted is the average relative expression
per treatment (n = 4-6) normalized to the maximum value per graph. Error bars represent the SEM. Two-way ANOVAs were used to test if a protein was

differentially expressed in breast versus lung cells. See also Figure 513.
(C) Comparison of model simulations to the experimental data in response to doxorubicin treatment. To compare with the corresponding experimental

data, the model simulation data were scaled as relative values (normalized to the maximal values in breast and lung cells) and depicted as blue lines. Data
from individual blots are depicted as “+.” The average values are shown as red circles. Note that some data points with the same values appear overlapped in

this scatterplot.
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S13), although breast cells showed higher levels of active Chk2. In addition, lung cells showed a significant
higher level of ATR and Chk1 activation (5345, S317, $296) than breast cells. The induction of total and
phospho-p53 was higher in lung cells, whereas p21 levels showed a weak increase in both breast and
lung cells.

To understand the DDR to doxorubicin treatment, we slightly modified the values of the model parameters
that are specific for cisplatin treatment. These parameters were estimated with 94 average values from 412
measured data points for doxorubicin treatment (parameters values are listed in Table S7). As shown in Fig-
ures 5C and S14, the models for doxorubicin treatment fitted well to the temporal profiles of different DNA-
damage-signaling proteins in both breast and lung cells. Similar to the cisplatin model, the doxorubicin
model predicted that Chk2 activity is required for p53 phosphorylation and accumulation, as well as p21
induction in both breast and lung cells (Figures ST5A and S15B). Chk1 activity contributed to p53 phosphor-
ylation, p53 accumulation, and p21 induction in lung cells. However, it has only a minor contribution in
breast cells. The model predictions were confirmed by experiments with Chk1 and Chk2 inhibitors (Figures
S15C, S15D, S16, and S17).

A "Friction Model” Suggests that the Balance of p53 and p21 Dynamics Contributes to
Chemotherapy Responses

The different apoptotic sensitivities to cisplatin and doxorubicin are counterintuitive. Therefore, it is inter-
esting to investigate how the same DNA-damaging core network can lead to a different apoptotic sensi-
tivity depending on the cell type and the nature of chemotherapeutic agents. Previous studies have indi-
cated that a threshold mechanism mediates p53 cell fate decision to induce apoptosis (Kracikova et al.,
2013; Paek et al., 2016). In this work, we proposed a novel “friction model” to describe the cell apoptosis
response using a coarse-grained approach, in which a hypothetical threshold mechanism is used to trigger
apoptosis. The model assumes that cells undergo apoptosis when the total p53 level is higher than a certain
threshold, 6. Instead of using a fixed threshold, we assume that the threshold 6 is proportional to the p21
expression level as p21 can act as a negative regulator for apoptosis (Abbas and Dutta, 2009; Roninson,
2002). The dynamic threshold is analogous to the friction force exerted by a surface that resists the motion
of an object, which is proportional to its mass. To move cells to apoptosis, the driving force (caused by p53)
should be larger than the friction force (induced by p21). As shown in Figure S18, this simplified friction
model was able to reproduce the different cell viability responses in breast and lung cells after cisplatin
or doxorubicin treatment.

Additional modeling analyses indicated that the balance between p53 and p21 dynamics could explain the
differential sensitivities to diverse chemotherapeutic agents. In case of cisplatin treatment, both breast and
lung cells have a similar accumulation of p53 protein (similar driving forces), whereas p21 expression is
induced more in lung cells. Therefore the overall friction force is larger in lung cells, which makes lung cells
more resistant to apoptosis after cisplatin treatment (Figures 6A and 6B). Indeed, an inhibitor of p21 tran-
scription could sensitize lung cells to cisplatin treatment (p < 0.001; Figure S19). On the other hand, after
doxorubicin treatment the p53 level in lung cells is higher, whereas p21 dynamics is similar. Hence, the
driving force is lower in breast cells, explaining why breast cells are more resistant (Figures 6C and 6D).
In summary, the model suggests that the balance of p53 and p21 dynamics contributes to the decision
to undergo apoptosis after DNA damage.

DISCUSSION

We report here that primary non-transformed breast and lung cells have different sensitivities for DNA-
damaging agents. Breast cells are more sensitive to the DNA adduct and cross-linking agent cisplatin,
whereas lung cells are more sensitive to the DNA adduct and DSB-inducing agent doxorubicin. These dif-
ferences in sensitivity can be explained by the differential activation of Chk1, which is phosphorylated to a
greater extent in lung cells. In contrast, in breast cells, Chk2 is activated to a higher extent after doxorubicin
treatment. The differential activities of Chk1 and Chk2 affect p53 and p21 dynamics and hence contribute
to drug sensitivity. Although differences in p53 and p21 dynamics and downstream pathways have been
described in tissue-specific stem cells before (Blanpain et al., 2011; Insinga et al.,, 2013; Vitale et al,,
2017), they were considered to be stem cell properties that change after differentiation (Insinga et al.,
2013). Our study shows for the first time that healthy epithelial cell types have a different DDR. Moreover,
our observation that differences in DDR can already be observed at the level of DNA damage detection is
novel.
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Figure 6. Mathematical Modeling Shows that the Balance of p53 and p21 Levels Determines Cell Viability after
DNA Damage

(A-D) Model simulations for the dynamics of cell viability, apoptosis rate, p53, p21, and threshold for apoptosis in
response to cisplatin (A and B) or doxorubicin (C and D) in breast and lung cells.

An intriguing question is why breast and lung cells show different Chk1 and Chk2 activities. The ATR-Chk1
pathway is most strongly activated by single-strand DNA damage, whereas the ATM-Chk2 pathway plays a
role in DSB repair. As cell types experience different kinds of DNA damage, it may be advantageous to
tailor DDR protein dynamics to the form of DNA damage that occurs most frequently. For instance, the
high oxygen levels in lung likely result in increased numbers of free radicals, which can damage the
DNA by causing DNA adducts and other forms of single-strand damage (Cadet and Wagner, 2013;
Pham-Huy et al., 2008). This may explain why Chk1 is activated to a higher extent in lung cells than breast
cells. In contrast, in breast, metabolic by-products of estrogen signaling (Yasuda et al., 2017) are known to
give rise to DSBs (Savage et al., 2014), indicating that breast cells may need enhanced ATM-Chk2 signaling.
The causes of the differences in Chk1 and Chk2 activities in breast and lung cells are unknown. This will be
the subject of future study.

We observed that primary breast cells are more sensitive to cisplatin, and lung cells, to doxorubicin treat-
ment. Paradoxically, first-line chemotherapeutic regimens for breast and lung cancer are mostly based on
doxorubicin or cisplatin, respectively (Crown, 1998; Laskin and Sandler, 2005; Paoletti et al., 2011; von Min-
ckwitz, 2007). It is likely that during tumorigenesis breast and lung cancer cells become more sensitive to
doxorubicin and cisplatin, respectively, as breast cancer cell lines respond well to doxorubicin and non-
small-cell lung cancer cell lines are generally sensitive to cisplatin (Alley et al., 1988; Shoemaker, 2006).
The goal of cancer therapy is to destroy cancer cells while sparing healthy cells. The difference in sensitivity
between normal and transformed cells would provide a window to selectively kill cancer cells. It would be
interesting to investigate if and how the sensitivity for DNA damage changes during tumorigenesis.
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Figure 7. A Friction Model of Cell Apoptosis Response to DNA Damage Signaling

(A) A simple scheme for Chk1, Chk2, p53, and p21 protein interactions.

(B) A cartoon of the “friction model.” A cyan-to-orange gradient indicates the balance between survival (cyan region) and
apoptosis (orange region). Cellular outcome to DNA damage is determined by the balance of the driving force (caused by
p53) and the friction force (induced by p21). To move cells to the apoptotic state, the driving force should be larger than
the friction force. The size of arrows depicts the relative strength of the driving and friction forces in breast and lung cells in
response to cisplatin or doxorubicin treatment. p-Chk1 and p-Chk2 contribute to p53 phosphorylation, and both p-p53
and Chk2 can induce p21 transcription. However, whether p21 expression increases also depends on the nature of the
stress.

Chk1 inhibitors have recently attracted attention as sensitizers for chemotherapy as Chk1 is frequently over-
expressed in tumors (Zhang and Hunter, 2014). Our model confirms that Chk1 overexpression could lead to
increased cisplatin resistance and hence provides a rationale for co-treatment of Chk1 inhibitors with
cisplatin. Indeed, Chk1 inhibition has been found to decrease cisplatin resistance in cancer cell lines
(Gadhikar et al., 2013; Liet al., 2016; Thompson et al., 2012). However, the observation that Chk1 inhibition
did not sensitize breast cells to cisplatin may indicate that only tumors with overactive Chk1 may respond to
Chk1 inhibition, and hence calls for careful patient stratification in clinical trials.

Both ATR-Chk1 and ATM-Chk2 signaling are known to regulate p53 stabilization and phosphorylation.
Our model predicts that Chk1 and Chk2 affect p53 dynamics differently. Chk2 activity is required for p53
phosphorylation, whereas Chk1 activity is not essential, but contributes to p53 phosphorylation (Fig-
ure 7A). As a consequence of its higher activity in lung cells, Chk1 contributes to p53 phosphorylation
in lung cells but not in breast cells. As expected, a Chk1 inhibitor reduced p53 phosphorylation levels
only in lung cells. Although Chk1 has been demonstrated to be able to phosphorylate p53 on S15 and
S20 (Shieh et al., 2000), some studies reported that Chk1 inhibition did not diminish p53 phosphorylation
(Tian et al., 2002; Wu et al., 2013). Our data indicate that this may be a cell-type or DNA-damage-spe-
cific effect.

We propose a “friction model” to explain the differences in apoptotic sensitivity for cisplatin and doxo-
rubicin in breast and lung cells. The induction of apoptosis is a complex process that may involve cas-
pase-dependent or caspase-independent pathways and is regulated by pro- and anti-survival proteins.
We did not incorporate these effects in our model because we found that a simplified version of
apoptosis induction, based on the balance between p53 and p21 dynamics, was sufficient to explain
the apoptotic response. Moreover, additional processes will increase the complexity of the model,
and studying these detailed regulations is not the focus of this work. Our new friction model incorporates
the idea of a dynamic p53 threshold for apoptosis induction (Paek et al., 2016), but defines it as a function
of p21 levels. After cisplatin treatment, p53 dynamics are similar in breast and lung cells causing a similar
apoptotic stimulus (Figure 7B). The difference in cisplatin resistance can be explained because in lung
cells increased amounts of p53 phosphorylation (as result of increased Chk1 activity) give rise to p21 in-
duction, resulting in an increased apoptotic threshold. In contrast, after doxorubicin treatment p21 dy-
namics are similar in breast and lung cells. In this case, increased p53 phosphorylation in lung cells leads
to stabilization of p53, which translates into a higher apoptotic stimulus and enhanced sensitivity to
doxorubicin (Figure 7B). A possible role for p21 as a friction force is supported by data for the p21 in-
hibitor UC2288. Although the mechanism of action of this inhibitor is incompletely understood, we
observed down-regulation of p21 after treatment. We cannot exclude, however, that the role of p21 is
cellular context dependent. In addition, it is likely that other proteins could contribute to the friction
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force as well, such as the inhibitors of apoptosis (IAP) family proteins (Deveraux and Reed, 1999; Paek
et al., 2016).

In summary, our study provides new insights into the apoptotic sensitivity for DNA-damaging agents. It will
be interesting to investigate how modulating Chk1 levels and the balance between p53 and p21 may
improve the effectiveness of chemotherapy.

Limitations of the Study

In this study we made use of primary epithelial cells to investigate the DDR in healthy cells. Although this
study provided novel insights into how Chk1, Chk2, p53, and p21 collectively affect the apoptotic response
to DNA-damaging chemotherapy in different tissues, subsequent studies are necessary to investigate the
implication for cancer cells and cancer treatment. In addition, in this study, we described a friction model to
explain the difference in apoptotic sensitivity between breast and lung cells for two different anti-cancer
drugs. This friction model is based on the balance of p53 and p21. It is likely, however, that other anti-
apoptotic proteins (such as the IAP family of proteins) could contribute to the friction force as well. Further-
more, in our mathematical model, different p53 negative regulators are lumped as one abstract variable
"negative feedback regulator”, which makes it difficult to study the contributions of specific negative reg-
ulators. As different p53 negative regulators may affect p53 expression and activity in different ways, their
exact roles and contributions need to be further studied.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, 19 figures, and 7 tables and can be found with
this article online at https://doi.org/10.1016/}.isci.2019.01.001.
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Figure S1: Treatment of breast and lung cells with 20 pM or 30 pM cisplatin induces an equal
amount of Pt-DNA lesions and similar p53 kinetics, Related to Figure 1.

(A) Amount of DNA damage (pg Platinum/ng DNA) after cisplatin treatment in breast cells and lung cells
(n=2). Regression analysis was used to assess if there were differences in slope and intercept.

(B) Accumulation of DNA damage (pg platinum/ng DNA) over time after treatment of primary breast
cells with 20 uM cisplatin and primary lung cells with 30 pM cisplatin (n=2). Regression analysis was
used to assess if differences in slope and intercept were significant (n.s. = not significant)

(C) Time course of p53 dynamics in lung and breast cells after cisplatin treatment. Breast cells were
treated with 20 uM cisplatin, and lung cells with 30 uM cisplatin. Protein levels were corrected for cell
number (n=8). A two way ANOVA with Bonferroni post-hoc test was carried out to assess if differences
were significant.
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Figure S2: Proteomic profiling of the cisplatin response in primary breast and lung cells, Related to
Figure 2. Breast and lung cells were treated with a cisplatin dose that causes an equal amount of damage
(20 uM and 30 pM respectively). Proteins were isolated after 6h, 12h and 24h and prepared for analysis
on protein array KAM-900P (Kinexus Bioinformatics). After image quantification and quantile
normalization (raw data is in Table S1), proteins were identified as differentially expressed if they
displayed a Z-score ratio >1.2 and a fold-change >1.5. Gene set enrichment analysis (David) of
differentially expressed proteins in breast vs. lung cells revealed 17 Biocarta pathways to be significantly
enriched (Figure 2A; Table S2). For differentially expressed proteins, antibody specificity was assessed by
western blot. In case of a positive result, the pathway activity was measured by quantitative western blot
(Figure 2C; Figure S3). To assess if differences were functionally related to cisplatin resistance, we made
use of inhibitors (Figure 2D, Figure S4).
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Figure S3: Validation of differentially expressed pathways by quantitative western blot, Related to
Figure 2. After determining specificity of antibodies of the array (a star indicates a differentially
expressed protein), quantitative western blot was performed to measure activity of differentially expressed
pathways (Table S2). Expression of (phospho) proteins was normalized to -actin. The graphs depict the
result of a representative experiment (n=4). The blue bar represents the protein expression in breast cells,
the red bar the protein expression in lung cells. (A) Ras/ERK signaling. (B) p38 MAPK signaling. (C)
JNK signaling. (D) PTEN/Akt signaling. (E) DNA damage checkpoint.
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Figure S4: Inhibition of differentially expressed pathways, Related to Figure 2. Primary breast and
lung cells were treated for 1 hour with an IC25 dose of inhibitor after which cisplatin was added after 48
hours, viability was determined. (A) PI3K (LY294002, 5 or 25 uM), (C) JNK kinase (SP600125, 15 or 30
uM), (D) p38 MAPK (SB203580, 20 uM) or (E) MEK (U0126, 20 uM). Error bars represent SD (n=3).

Two way ANOVA’s with Bonferroni post-hoc tests were carried out to assess if differences were
significant.
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Figure S5: Effect inhibitors Chk1/Chk2 pathway, Related to Figure 2.

(A) Expression levels of active Chkl and Chk2 after inhibitor treatment. Primary lung cells were treated
with DMSO, Chkl inhibitor (PF477736; 1 uM), Chk2 inhibitor (Chk2 inhibitor II; 10 pM) or ATR
inhibitor (1 uM VES822) for 1 hour, after which 30 uM cisplatin was added to the medium, and lysates
were made at the indicated time points. Since inhibitors act downstream of initial phosphorylation sites
pChk1 S345 and pChk2 T68, blots were probed for pChkl S296 (autophosphorylation site of Chkl) and
pChk2 S516 (autophosphorylation site of Chk2), as markers of Chkl and Chk?2 activity.



(B) An ATR inhibitor enhances cisplatin sensitivity in primary lung cells, but not in primary breast cells.
Breast and lung cells were treated with 1 uM VE822 (aka VX970) for 1 hour, followed by cisplatin
treatment. After 48 hours, viability was determined. Depicted are the average values of three biological
replicates. Error bars represent the standard deviation. A two-way ANOVA with Bonferroni post-hoc test
was carried out to assess if differences were significant. (**=p<0.01; ***=p<0.001).

(C) Validation of effect Chk1 inhibition in primary breast and lung cells from different donors. Cells were
treated for 1 hour with 1 uM PF477736 after which cisplatin was added, and after 48h viability was
determined. Depicted is a representative experiment (N=3), error bars represent the SD. A two way
ANOVA with Bonferroni post-hoc test was carried out to assess if differences were significant
(***=p<0.001).

(D) Effect of Chk1/Chk2 inhibition in primary breast and lung cells. Cells were treated for 1 hour with 1
uM PF477736 or 10 uM Chk2 inhibitor II after which cisplatin was added, and after 48h viability was
determined. Depicted is the average expression (N=4), error bars represent the SD. Two way ANOVAs
with Bonferroni post-hoc tests were carried out to assess if differences were significant. The comparison
of Chkli vs. DMSO and Chk2i vs. DMSO vyielded the same results (**=p<0.01).
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Figure S6: Time course profiles of DNA damage signaling proteins after cisplatin treatment,

Related to Figure 3.

Primary breast and lung cells were treated with 20 uM or 30 uM cisplatin respectively for the indicated
times. Quantitative western blot was performed for 12 (phospho) proteins (N=5-8). Error bars represent
the SEM. Two way ANOV As with Bonferroni post-hoc tests were carried out to assess if differences were
significant (*=p<0.05,**=p<0.01, ***=p<0.001). Blots were incubated with antibodies of different
molecular weight (or from different species) on subsequent days. Protein levels were analyzed using
quantitative western blot. The protein signal was first normalized by the number cells loaded in each

sample and then the level relative to the mean of maximal signal was calculated.
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Figure S7: Model scheme showing the key regulations in the DNA damage signaling network in
response to cisplatin and doxorubicin, Related to Figure 3. This diagram shows the main interactions
in the model. Other reactions (e.g. protein production and degradation) are described in the supporting text
in details. Blue lines indicate positive regulation and red lines indicate negative regulations.
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Figure S8: Comparison of model simulations to DNA bound cisplatin data, Related to Figure 3.

(A) The time course profiling of DNA bound cisplatin (Pt DNA) in HMEPC breast (20 uM Pt) and
HSAEpC lung cells (30 uM Pt). The blue line indicates the simulation results. Data from individual
experiments are depicted as ‘+’. The average per condition is depicted as red circle.

(B) The level of Pt DNA in breast and lung cells at 48 hour after the treatment with different doses of
cisplatin. The relative levels of experimental data from 2 replicates are shown to compare with
corresponding model simulations. The blue line indicates the simulation results. Data from individual
experiments are depicted as ‘+’. The average per condition is depicted as red circle.
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Figure S9: Model simulation analysis for the contributions of Chkl and Chk2 activities to the
dynamics of p53 phosphorylation in breast (A) and lung cells (B), Related to Figure 4. Modeling
analyses show that differential Chk1 activities result in different p53 phosphorylation rates in breast and
lung cells in response to cisplatin treatment.
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Figure S10: Effect of Chk1/Chk2 inhibitors on Chk1/Chk2 pathway activation in breast cells after
cisplatin treatment, Related to Figure 4.

Primary breast cells were treated with DMSO, 1 uM PF477736 or 10 uM Chk2 inhibitor II for 1 hour,
after which 20 uM cisplatin was added. Protein were isolated at indicated times, and quantitative western
blot was performed (n=3-7). Error bars represent the SEM. Two way ANOVAs with Bonferroni post-hoc
tests were carried out to assess if differences were significant (*=p<0.05, **=p<0.01, ***=p<0.001). Blots
were incubated with antibodies of different molecular weight (or from different species) on subsequent
days. The protein signal was first normalized by the number cells loaded in each sample and then the level
relative to the mean of maximal signal was calculated.
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Figure S11: Effect of Chk1/Chk2 inhibitors on Chk1l/Chk2 pathway activation in lung cells after
cisplatin treatment, Related to Figure 4.

Primary lung cells were treated with DMSO, 1 uM PF477736 or 10 pM Chk2 inhibitor II for 1 hour, after
which 30 pM cisplatin was added. Protein were isolated at indicated times, and quantitative western blot
was performed (n=5-7). Error bars represent the SEM. Two way ANOVA’s with Bonferroni post-hoc tests
were carried out to assess if differences were significant (*=p<0.05, **=p<0.01, ***=p<0.001). Blots
were incubated with antibodies of different molecular weight (or from different species) on subsequent
days. The protein signal was first normalized by the number cells loaded in each sample and then the level
relative to the mean of maximal signal was calculated.
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Figure S12: Intracellular doxorubicin level in primary breast and lung cells after 48 hours of
doxorubicin treatment, Related to Figure 5.

Intracellular fluorescence of doxorubicin treated cells after treatment with indicated doses. After 48 hours
of doxorubicin treatment, cells were trypsinized, washed with PBS and analyzed by FACS (DsRed-
dtTomato filter (583/22-25). Depicted is the fold change intensity relative to untreated cells (n=3 primary
breast, n=2 primary lung). Error bars represent the SD. Regression analysis was used to assess if
differences in slope and intercept were significant.
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Figure S13: Activity of Chk1/Chk2 pathway after doxorubicin treatment, Related to Figure 5.

Primary breast and lung cells were treated with 0.2 uM or 1 pM doxorubicin respectively for the indicated
times. Quantitative western blot was performed (N=4-6). Error bars represent the SEM. Two way
ANOVA’s with Bonferroni post-hoc tests were carried out to assess if differences were significant
(*=p<0.05, **=p<0.01, ***=p<0.001). Blots were incubated with antibodies of different molecular weight
(or from different species) on subsequent days. The protein signal was first normalized by the number
cells loaded in each sample and then the level relative to the mean of maximal signal was calculated.
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Figure S14: Comparison of model simulations to intracellular doxorubicin data, Related to Figure 5.

(A) The time course profiling of intracellular doxorubicin (Dox cell) in breast (0.2 uM Dox) and lung
cells (1 uM Dox). The blue line indicates the simulation results. Data from individual experiments are
depicted as ‘“+’. The average per condition is depicted as red circle.

(B) The level of intracellular doxorubicin (Dox_cell) in breast and lung cells at 48 hour after the treatment
with different doses of doxorubicin. The relative levels of experimental data from 2-3 replicates are shown
together with corresponding model simulations. The blue line indicates the simulation results. Data from
individual experiments are depicted as ‘+’. The average per condition is depicted as red circle.
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Figure S15: The effects of Chkl and Chk2 inhibition on p53 and p21 dynamics in response to
doxorubicin treatment in primary breast and lung cells, Related to Figure S.

(A-B): Model predictions for the inhibition of Chkl and Chk2 activities in breast (A) and lung cells (B).
(C-D): Inhibition of Chkl and Chk2 alter p53 and p21 dynamics. Primary breast (C) and lung cells (D)
were pretreated for 1 hour with inhibitors against Chk1 (PF477736; 1 uM) and Chk2 (Inhibitor II, 10 uM),
followed by doxorubicin treatment. Depicted is the average relative expression (n=3-5) for each condition
normalized to the maximum value. Error bars represent the SEM. Two-way ANOVAs were used to test if
a protein was differentially expressed between treatments.
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Figure S16: Activity of Chk1/Chk2 pathway in breast cells after doxorubicin treatment, Related to

Figure 5.

Primary breast cells were treated with DMSO, 1 uM PF477736 or 10 uM Chk2 inhibitor II for 1 hour,
after which 0.2 uM doxorubicin was added. Quantitative western blot was performed (n=3-4). Error bars
represent the SEM. Two way ANOVAs with Bonferroni post-hoc tests were carried out to assess if
differences were significant (*=p<0.05,**=p<0.01, ***=p<0.001). Blots were incubated with antibodies
of different molecular weight (or from different species) on subsequent days. The protein signal was first
normalized by the number cells loaded in each sample and then the level relative to the mean of maximal

signal was calculated.
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Figure S17: Activity of Chk1/Chk2 pathway in lung cells after doxorubicin treatment, Related to

Figure 5.

Primary lung cells were treated with DMSO, 1 uM PF477736 or 10 pM Chk2 inhibitor II for 1 hour, after
which 1 pM doxorubicin was added. Quantitative western blot was performed (n=4-5). Error bars
represent the SEM. Two way ANOVA’s with Bonferroni post-hoc tests were carried out to assess if
differences were significant (*=p<0.05, **=p<0.01, ***=p<0.001). Blots were incubated with antibodies
of different molecular weight (or from different species) on subsequent days. The protein signal was first
normalized by the number cells loaded in each sample and then the level relative to the mean of maximal

signal was calculated.
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Figure S18: Model simulations for cell viability dose responses at 48 hour in breast and lung cells
treated with different doses of cisplatin and doxorubicin, Related to Figure 5. Experimental data from
3-7 replicates are shown together with corresponding model simulations. The blue line indicates the
simulation results. Data from individual experiments are depicted as ‘+’. The average per condition is
depicted as red circle.
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Figure S19: Effect of p21 inhibition on cisplatin response of primary breast and lung cells, Related
to Figure 6.

(A) Cells were treated with cisplatin for 24 hours. After 12 hours, 5 pM UC2288 (p21 inhibitor) or an
equivalent amount of DMSO was added. At 24 hour, the viability was determined. N=3, error bars
represent the SD.

(B) Expression of p21 is inhibited at 24 hour in primary breast and lung cells when 5 uM UC2288 (p21
inhibitor) is added after 12 hours of cisplatin treatment.



Supplemental Tables

Table S1: Raw array data, Related to Figure 2.

Kinexus KAM-900P arrays were hybridized with control treatment (Oh) and cisplatin-treated (6, 12 or
24h) breast or lung cells. Raw data shows the expression value for each antibody (present in duplicate)

after scanning and Imagene spot quantification for all samples. See the corresponding Excel file.

Table S2: Array antibody validation for proteins from enriched Biocarta pathways, Related to
Figure 2.

After pathway enrichment analysis of differentially expressed genes (Figure S2), antibodies recognizing
key proteins from the Biocarta pathways were validated on western blot. The results from the western blot

are included in the table. See the corresponding Excel file.

Table S3: Experimental conditions western blot, Related to Figure 2.

The table indicates the experimental conditions for the antibodies used for western blot. After blotting,
proteins were blocked for an hour, followed by overnight first antibody incubation. See the corresponding

Excel file.



Table S4: Overview of characteristics of primary cells from different donors, Related to Figure 1.

HMEpC #1 HMEpC #2 HMEpC #3 HSAEpC #1 HSAEpC #2 HSAEpC #3
Gender Female Female Female Female Male Female
Age 30 41 31 48 50 65
Smoking
Unknown Smoker Never Smoker Smoker Never smoker Never smoker
status
Obtained . -
f Invitrogen Cell Systems Promocell Merck Millipore Promocell Promocell
rom:
Merck Millipore
Cult 11 Syst L
u .ure Promocell Breast Cell Systems Promocell Breast . .ung, Promocell Lung Promocell Lung
medium Breast Lifeline Lung
(Cell Systems)
Lot
0 1462342 02904 7071104 NRG1000141 6072701.19 7110901.10
number
Population
doubling 64 60 56 42 45 54
time (H)

Note: The table contains information about the donors of the primary cells as well as the medium used to grow cells,
the lot number and the population doubling time, which was determined in our experimental setting. Unless indicated
otherwise HMEpC#1 (Primary breast cells #1) and HSAEpC #1 (Primary lung cells #1) were used for experiments.



Tables S5: The ratio of DNA damage response protein abundance in HMEpC breast cells compared
to those in HSAEpC lung cells, Related to Figure 3 and Figure 5.

Total Chkl | Total Chk2 | Chk2pTé68 Total p53 p21

A f breast-to-
verage of breast-to 9.97E-01 9.96E-01 | 227E+00 | 122E+00 | 1.53E+00

lung ratio

Standard error of the
mean (SEM)

1.26E-01 1.33E-01 4.37E-01 1.72E-01 2.95E-01

Number of replicates 7 7 7 7 7

Note: HMEpC breast and HSAEpC lung cells were cultured under normal condition without cisplatin or doxorubicin
treatment. Breast and lung cell lysates were prepared on different days (7 replicates). These samples were loaded in
the same gel. Each loading sample contained proteins from an equal number of cells. We then performed
immunoblotting experiments with the corresponding antibodies and estimated the relative abundance of these
proteins, which was normalized by the number of cells in breast and lung cell lysate samples.



Tables S6: Initial conditions of the model, Related to Figure 3 and Figure 5.

Initial condition value in

Initial condition value in

Variable HMEpC breast cells HSAEpC lung cells

Chkl 1 1
ChkIpS345 0 0

Chk2 5.62E-01 0.796E-01

Chk2pT68 4.38E-01 2.04E-01
p53 1.53E+00 1
p33pSi5 0 0
p21 1.42E+00 1
NFR 2E-01 1
Viability 1 1
Other variables 0 0




Tables S7: List of model parameters (time unit: hour), Related to Figure 3 and Figure 5.

Parameter value for cisplatin Parameter value for
treatment doxorubicin treatment
Parameter Description
HMEpC HSAEpC HMEpC HSAEpC
breast lung breast lung
K iTnpgé”Type Cisplatin uptake rate constant 3.37E-03 2.17E-03 -
Pt_cell Degradation rate constant for intracellular )
Kaeg cisplatin (Pt_cell) 3.97E-04
Association rate constant for the binding
Pt i -
Kass of cisplatin to DNA 7:41E-03
DNA_Pt Saturating degradation rate constant for ) _
Kaeg DNA-bound cisplatin (Pt DNA) 3.87E-02
Pt DNA concentration for half-maximal
Jona.re Pt DNA degradation rate 9.7TIE-02 -
Pt Saturating rate constant for Pt DNA
Kaam induced DNA damage 4.98E-01 -
pt Pt DNA concentration for half-maximal 1.01E-02 _
dam DNA damage rate '
ng,;’m_” Repair rate constant for Pt induced DNA 435E-01 _
damage
, Dox Import rate constant for linear diffusion
Kimplceiirype uptake of doxorubicin - 6.35E-03
. Dox Saturating import rate constant for carrier- _ : }
Kimp2ceiirype mediated uptake of doxorubicin 1.03E-02 4.26E-03
Doxorubicin concentration for half-
Jpox maximal rate of carrier-mediated uptake - 1.76E+00
doxorubicin
Dox_cell Saturating degradation rate constant for _ } }
Kaeg ceurype for intracellular doxorubicin (Dox_cell) 119E-01 5-60E-01
Dox_cell concentration for half-maximal
Jpox cen Dox_cell degradation rate - 2.81E+00
Dox Saturating rate constant for Dox_cell
Kaam induced DNA damage - 4.02E-01
Dox Dox_cell concentration for half-maximal _ )
dam DNA damage rate 3.73E-02
Dam_Dox Repair rate constant for Dox induced
Krep DNA damage - 1.92E-03
Kzfrhf t Chk1 protein production rate constant 4.00E-02
K5 Chk]1 protein degradation rate constant 4.00E-02
Chk1,StressType DNA damage induced Chk1 : ) )
Kphocelirype phosphorylation rate constant 1.92E-01 3.32E-01 5.86E-01 1.59E+00
chnghla Chk1 dephosphorylation rate constant 1.33E-01
K;:;Zz””m Chk1pS345 degradation rate constant 4.81E-01 7.68E-02 4.81E-01 7.68E-02
Saturating rate constant for ubiquitin-
K;:gklp’m dependent Chk1pS345 degradation after 7.57E-01 -
cisplatin treatment
Chkip Dam_Pt level for half-maximal ubiquitin- 935E-01 _
pt dependent Chk1pS345 degradation rate '
Saturating rate constant for ubiquitin-
K;:;lp‘mx dependent Chk1pS345 degradation after - 6.63E-01
doxorubicin treatment
Dam_Dox level for half-maximal
Chitp ubiquitin-dependent Chk1pS345 - 4.06E+00
degradation rate
Kzfrhf 2 Chk?2 protein production rate constant 7.57E-02 9.03E-02 7.57E-02 9.03E-02
K§hk2 Chk?2 protein degradation rate constant 7.98E-02

deg




Chk2p Chk2pT68 protein degradation rate
Kieg ceurype constant 7.04E-02 1.44E-01 7.04E-02 1.44E-01
Chk2 Rate constant for basal Chk2
Kphot,ceurype phosphorylation 6.20E-01 2.24E-01 6.20E-01 2.24E-01
Chie2,Pt Chk2 phosphorylation rate constant
Konoaceurype induced by cisplatin 1.99E+00 1.47E+00 - -
Chk2,Dox Chk2 phosphorylation rate constant
p - - + +
Konoacetrype induced by doxorubicin 1.99E+02 2.33E+01
chng,fo Chk2 dephosphorylation rate constant 7.27E-01
Saturating rate constant for ubiquitin-
K ;:; 2Pt dependent Chk2pT68 degradation after 1.99E-01 -
cisplatin treatment
Chk2p Dam_Pt level for half-maximal ubiquitin- 738E-01 _
pt dependent Chk2pT68 degradation rate '
Saturating rate constant for ubiquitin-
K; : ; apbox dependent Chk2pT68 degradation after - 1.87E-01
doxorubicin treatment
Dam_Dox level for half-maximal
chizp ubiquitin-dependent Chk2pT68 - 1.70E-01
degradation rate
55;’63””1,9 p53 protein production rate constant 1.53E+00 3.91E+00 1.53E+00 3.91E+00
53 NFR independent pS3 degradation rate
Kiegr D e & 2.74E-01
53 NEFR dependent pS3 degradation rate
Kieg> D ot 3.64E+00
K::;f NFR 1ndepenf:trét CpOSIi;t):nltS degradation 599502
K::gs;; NFR dependent ;;ii};tsalni degradation rate 1.01E-02
p53 Saturating rate constant for active Chk1 :
Koo induced p53 phosphorylation 3.96E-01
p53 Chk1pS345 concentration for half- 3 19E-01
1 maximal p53 phosphorylation rate ’
P53 Saturating rate constant for active Chk2 :
Kooz induced p53 phosphorylation 1.26E-01
p53 Chk2pT68 concentration for half- 5 00E-02
2 maximal p53 phosphorylation rate R
K : 85; o p53 dephosphorylation rate constant 6.25E-02
K;’;Vrfﬁ,cunype p53-independent NFR production rate 2 06E-02 4.87E-02 3 06E-02 4.87E-02
constant
KNFR Saturating rate constant for p53- :
praz dependent NFR production 2.50E-02
NFR p53pS15 concentration for half-maximal
Jpssp p53-dependent NFR production 1.58E+00
K,ive';ﬁ NFR degradation rate constant 1.38E-03
Kéve';Rz Chk1pS345 dependent NFR degradation 1 76E-02
rate constant
K éve';g Chk2pT68 dependent NFR degradation 2 32E-01
rate constant
K;TZ d11 p21 basal production rate constant 1.91E-02
p21 Rate constant for Chk2pT68 dependent
Ky az ceurype p21 production 1.30E-01 2.59E-01 1.30E-01 2.59E-01
p21,Pt Saturating rate constant for pS3pS15 _
Kpras dependent p21 production, with cisplatin 6.73E+00
Saturating rate constant for p53pS15
K;’:;éuox dependent p21 production, with -- 6.37E-01
doxorubicin
p21 p53pS15 concentration for half-maximal
J p53p p53-dependent p21 production 3.92+00
Kpzycettove p21 basal degradation rate constant 5.35E-02 7.21E-02 5.35E-02 7.21E-02




Saturating rate constant for proteasomal

K 5 : 91 o degradation of p21 after cisplatin 3.25E+00 -
treatment
p21 Dam_Pt level for half-maximal _
Pt proteasomal degradation rate of p21 2.11E+00
Saturating rate constant for proteasomal
Ky ez gl box degradation of p21 after doxorubicin - 1.20E+00
treatment
Dam_Dox level for half-maximal
p21 L - +
Dbox proteasomal degradation rate of p21 8.27E+00
CellType Cell birth rate constant (characterized by ; ) } )
Ky iven doubling time) 1.08E-02 1.65E-02 1.08E-02 1.65E-02
StressType p53-threshold dependent cell death ) )
Kacatn (apoptosis) rate constant 9.21E-02 3.30E-02
Scaling factor of p21-dependent apoptosis
u threshold (similar to the friction 3.62E+00
coefficient)
Time delay for active p53 regulated 5

protein production




Transparent Methods
Cell culture and reagents

Human Mammary Epithelial progenitor Cells (HMEpC) and Small Airway Epithelial progenitor
Cells (HSAEpC) were obtained from Promocell, Thermofisher Scientific, Cell technologies and
Merck Millipore (Table S4). HMEpC cells can give rise to both luminal and basal epithelial cells,
and as such are related to the predecessors of luminal- and basal-type breast cancer (Dimri et al.,
2005). HSAEpPC cells are isolated from the distal portion of the respiratory tract and comprise
cells from bronchioli and alveoli. These cells are the closest culturable representatives of
predecessors of lung adenocarcinomas. All primary cell cultures retain their characteristics for 16
population doublings. Cells were cultured in the company’s culture media, grown until
population doubling 5, then frozen and aliquoted. For every experiment, a cryovial was thawed,
and the experiment was performed in population doubling 10-12 (van Jaarsveld et al., 2014). Key

observations were repeated with cells from different donors.

Cisplatin (1 mg/mL Platosin solution) and doxorubicin (2 mg/mL solution) were obtained from
Accord and Teva Germany, respectively. Inhibitors were obtained from Adipogen (p38 MAPK
inhibitor SB203580), Cayman chemicals (JNK inhibitor SP-600125, Chk2 inhibitor II, ATR
inhibitor VE822), Cell Signaling Technologies (MEK inhibitor U0126, PI3K inhibitor
LY294002), Merck Millipore (p21 inhibitor UC2288) and Sigma-Aldrich (Chkl inhibitor PF-
477736).

MTT assay

At the indicated times, 20 yL (96-wells plates) or 50 L (24-wells plates) of 5 mg/mL MTT in
PBS was added to the plates, and plates were incubated at 37 °C for 4 hours. Then, the medium
was discarded and 200 uL (96-wells plates) or 500 uL (24-wells plates) DMSO was added. The
absorbance was measured at 560 nm. For the cisplatin dose response experiments with inhibitors,
cell viability data were normalized to the O uM cisplatin treatment (in the case of DMSO: DMSO
+ 0 uM cisplatin; in the case of inhibitor: inhibitor + 0 xM cisplatin).

Protein array

Cells were washed 2x in PBS and lysed in Kinexus lysis buffer (20 mM MOPS, pH 7, 2 mM
EGTA, 5 mM EDTA, 30 mM NaF, 60 mM beta-glycerophosphate, pH 7.2, 20 mM sodium
pyrophosphate, 1 mM Na3VO4, 1% Triton X-100, I mM DTT, 1 mM PMSF and Complete
protease inhibitors (Roche) at a concentration >2 ug/ul). The lysates were sheared with a
syringe/26G needle, and spun down at 16.000 x g for 30 min at 4 °C. The supernatants were
stored at -80 °C, and shipped on dry ice to the Kinexus Bioinformatics Corporation (Vancouver,

Canada), where the lysates were processed and profiled on a KAM-900P protein array (contains



265 pan-specific and 613 phospho-specific antibodies). On each array, a control sample (Oh) was
cohybridized with a cisplatin-treated sample (6, 12 or 24h) (Table S1). The raw data was
normalized using quantile normalization, and obvious outliers were removed. Z-score ratios were
calculated for (i) the expression changes of treated vs untreated samples for both HMEpC and
HSAEpPC (Z score time point — Z score Oh / stdev Z scores over all time points) and (ii) the
differential expression of HMEpC vs. HSAEpC for each time point (Z score HMEpC — Z score
HSAEpC/ stdev HMEpC-HSAEpC Z-scores over all time points). Candidates that had a Z-score
ratio over 1.2 and a fold change over 1.5 were considered differentially expressed. Pathway
analysis was performed using DAVID pathway analysis tool (version 6.7) (Dennis et al., 2003;
Huang da et al., 2009) (Table S2).

Western blot

Proteins were isolated with RIPA protein lysis buffer (Cell Signaling Technology), and 20 pg of
protein was analyzed on SDS-PAGE gel (~94000 HMEpC cells, ~115000 HSAEpC cells).
Proteins with a MW under 200 kDa were analyzed on 12% Tris-Glycine gels, which were
transferred onto a 0.45 uM nitrocellulose membrane by dry blotting. Proteins with a MW above
200 kDa were analyzed on Criterion 3-8% Tris-Acetate gels (BioRad), which were run with
Tricine Running buffer (BioRad) and were transferred onto a 0.2 M nitrocellulose membrane by

wet blotting. For an overview of detection of specific proteins, see Table S3.
Platinum measurements

DNA was isolated at the indicated time points, and stored at -20 until analysis. To measure
platinum bound to the DNA, 1% HNO3 was added to the DNA. The platinum content in DNA
lysates (peak at 265.9 nm) was determined using Atomic Absorption Spectrometry. (Burger et al.,
2010)

Immunofluorescence

Cells were plated on cover slips in 24-wells plates (HSAEpC: 40,000 cells/well; HMEpC 20,000
cells/well). At indicated times, samples were washed 1x with PBS, followed by 10 min
incubation in 4% Paraformaldehyde solution/PBS pH 7.2. Afterwards, coverslips were washed 2x
with PBS, followed by blocking in 3% BSA/PBS-Tween-20 for 30 min. Overnight incubation
with primary antibody (yH2AX; 1:500 in blocking buffer; Abcam #Ab22551) took place at 4 °C.
Afterwards, samples were washed 3x with PBST, followed by secondary antibody incubation
(Goat-anti-Mouse Alexa 555; Cell Signaling #4409S; 1:600 in PBST) for 1 hour. After washing
3x in PBST and 1x in PBS, samples were mounted in Prolong Gold + DAPI (Cell Signaling,
89615S), and after 24 hours of drying, sealed with nail polish.



FACS

To determine the intracellular fluorescence of doxorubicin, cells were trypsinized, washed 2x
with PBS, after which they were kept on ice and analyzed by FACS within one hour (dose
response curve) or fixated in 2% PFA/PBS for 30 min at 4 °C, washed 2x with ice-cold PBS,
stored at 4 °C and measured within 4 days (time course experiment). The median fluorescence
intensity of doxorubicin was measured using the 561 laser and DsRed-dt Tomato filter (583/22-
25).

Statistical analysis

Two-way ANOVA was used to determine whether cell type and/or treatment time had a
significant effect in Figures 1D, 2D, 3A, 4C-D, 5B. In case of a positive result, Bonferroni post-
hoc tests were conducted to compare the level for each cell type for each time point. To compare
the difference in ICy, value between primary breast and lung cells (Figure 1B) a t-test was carried
out. Linear regression analysis was performed to compare slope and intercept of breast and lung
curves in Figure 1E, SA. All tests are two-tailed. Significant differences are indicated in the

figures.
Mathematical Modeling

The DNA damage response network was modeled with a system of ordinary differential
equations (ODEs). The optimization of model parameters was performed with the parallel
parameter estimation tool SBML-PET-MPI (Zi, 2011). Model simulations were performed with a
customized tool SBML-SAT (Zi et al., 2008) in Matlab. Additional details are provided in the
Supplemental Text.



Supplemental Text

Mathematical modeling of the DNA damage response to cisplatin and doxorubicin

We developed an integrated mathematical model for the DNA damage response to cisplatin (Pt) and
doxorubicin (Dox) treatments based our data and previous studies (Barr et al., 2017; Batchelor et al.,
2011; Batchelor et al., 2008; Ma et al., 2005; Stewart-Ornstein and Lahav, 2017; Zhang et al., 2011). In
this new model, we considered the following interaction modules: (1) the module for Pt uptake and Pt
induced DNA damage (Dam_Pt) to account for the upstream signaling processes of Pt treatment; (2) the
module for Dox uptake and Dox induced DNA damage (Dam_Dox) to account for the upstream signaling
processes of Dox treatment; (3) the regulations of p21 by p53 and Chk2 activities; (4) a dynamic p53
threshold mechanism for the trigger of apoptosis to account for the cell viability response. In the models
for human primary breast (HMEpC) and lung (HSAEpC) cells, we used the same model structure and the
same reaction kinetics. Most parameter values are the same for the models of breast and Iung cells, except
that some kinetic parameters were set with different values to distinguish the observed different cellular
uptake rates of cisplatin and doxorubicin, differential activation and degradation of proteins, and others
specified in Table S7. The scheme of the model is presented in Figure S7. The dynamics of the involved
signaling molecules are described as a set of ordinary differential equations (ODEs). The modeling

rationale and reaction kinetics for different signaling steps are described below.

Modeling the cellular uptake dynamics of cisplatin and doxorubicin

We used a simple kinetic model to describe the cellular uptake dynamics of cisplatin based on a model
developed by Kareh & Secomby (El-Kareh and Secomb, 2003). The model includes the kinetics of
intracellular cisplatin (Pt _cell) and DNA-bound cisplatin (Pt DNA) with the following differential

equations:
d[Pt_cell]
— = KhE, courype [Pt] — KEE[Pt_cell] — Ko o2" [Pt _cell] El
d[Pt_DNA] [Pt_DNA]
- - - = KPt Pt ll _ KDNA,Pt
dt assIPtcelll = Kaeg = T P DNA] E2

If we take a 6-well plate experimental setup with 2x10° cells in 4 mL medium and assume the estimated
human epithelial cell size is ~2x10"% L, the ratio of medium to cell volume will be about 10000.
Therefore, only a very small fraction of cisplatin will be transported into cells. Indeed, Centerwall et al.
has shown that the concentration of cisplatin in the medium remains almost constant (Centerwall et al.,

2006). In this model, we assume the concentration of cisplatin ([P¢]) in the medium is constant over time.

We used two different parameters Kil:,’ip’B and Kﬁ,’im to specify the different cisplatin update rates

observed in HMEpC breast and HSAEpC lung cells (Figure S1C). The kinetic parameters in equations E1-
E2 were optimized with the experimental data sets for P# DNA in both breast and lung cells. As is shown

in Figure S8, this simple model can fit different kinds of Pt DNA data very well.



Previous studies have shown that doxorubicin may enter cells with a combination of linear diffusive and
carrier-mediated uptake mechanisms (El-Kareh and Secomb, 2005; Nagasawa et al., 1996). We modeled
the cellular dynamics of intracellular doxorubicin (Dox cell) with the following differential equation
based on the cellular pharmacokinetic model proposed by EI-Kareh & Secomb (El-Kareh and Secomb,
2005):

d[Dox_cell] — KP9% [Dox] + Kinp2,ceurype[D0Ox] 3 ngczc,ceu [Dox_cell] B3
dt fmpl ]Dox + [DOX] ]Doxfcell + [Dox_cell]

The concentration of doxorubicin in the medium ([Dox]) is assumed to be constant over time, which is the
dose of doxorubicin applied to the cells. The kinetic parameters in equations E3 were optimized with the
experimental data for intracellular doxorubicin (Dox_cell) dynamics in breast and lung cells. As shown in

Figure S14, this model can reproduce different kinds of Dox_cell data very well.

Modeling DNA damage and DNA repair induced by cisplatin and doxorubicin

Cisplatin induced DNA damage (Dam_Pt) is modeled by taking into account the DNA damage triggered
by DNA-bound cisplatin (Pt_DNA) and the repair of DNA-Pt lesions.

d[Dam_Pt] .. [DNA_Pt] g Pam_Pt

= Dam_Pt E4
dt damjgém + [DNA_Pt] rep [ — ]

Similarly, doxorubicin induced DNA damage (Dam_Dox) is modeled with a forward reaction triggered by
intracellular doxorubicin (Dox_cell) and a backward reaction for DNA repair.

d[Dam_Dox] [Dox_cell]
7=KDOX——KDam*D0x Dam Dox ES5
dt dam Dox 4 Inoy cell] P [Dam_Dox]

m

Modeling the dynamics of Chk1 and Chk2

Previous work has shown that after Chkl and Chk2 activation, Chkl and Chk2 are down regulated by
DNA damage stresses involving ubiquitination (Bohgaki et al., 2013; Garcia-Limones et al., 2016; Kass et
al., 2007; Zhang et al., 2009; Zhang et al., 2005). Therefore, we used the following differential equations
to model the dynamics of Chk1, Chk1pS345, Chk2 and Chk2T68.

d[Chic1]
T = Kord" — Kieg ' [ChK1]
—HPOK e [Dam_Pt][Chk1] E6
—H(Dox)K o coriryme [Dam_Dox][Chk1]

+K G, [Chk1pS345]



d[Chk1pS345]
— = H(POK o cairype[Dam_Pt][Chk1]

+H(Dox)K o coir . [Dam_Dox][Chk1]

—K M [Chk1pS345) — Koo' (B 1irype [ChK1pS345]

E7
_gChiap.pt [Dam_Pt]?

deg (]}f?klpﬁ + [Dam_Pt]3

[Chk1pS345]

_ g Chietp,pox [Dam_Dox]?

[Chk1pS345]
deg 0521;111)3 + [Dam_Dox]3 P

The H(x) function is a Heaviside generalized function (H(x) = 1,if x > 0; H(x) = 0,if x < 0), which

helps the model to specify different reaction kinetics for cisplatin and doxorubicin treatments, meaning:

H(Pt) = 1, for cisplatin treatment (Pt > 0); Otherwise, H(Pt) = 0 (Pt < 0); ES
H(Dox) = 1, for doxorubicin treatment (Dox > 0); Otherwise, H(Dox) = 0 (Dox < 0); E9
We observed that there is obvious basal phosphorylation of Chk2 at the T68 site in both breast and lung

cells even without cisplatin or doxorubicin treatment. Therefore, we considered the basal Chk2pT68 level,

which resulted in the following equations:

d[Chk2]
dt = K;ﬂ;éellType - che%cz [Cth] - Kzfi}zltlflz,CellType + Kgf%(i%o [Chksz68]
—HPOK 11 pe[Dam_Pt][Chk2] E10
—H(Dox)K o eairype [Dam_Dox][Chk2]
d[Chk2pT68]
T K;fffffcfzurype [Chk2]

+H(POK s b irype[Dam_Pt][Chk2]

+H(Dox)H(Dox)K vy oarirype[Dam_Dox][Chk2]

hk
—KSM2 [Chk2pT68] — Ko ot yyrype[ChK2PT68] 1l
Dam_Pt]?
—K gy Chkzz[, -Pdl [Chk2pT68]
Upe )3+ [Dam_Pt]3
Dam_Dox]?
—K g #PPox [Dam_Dox] [Chk2pT68]

Ugg};z;;)3 + [Dam_Dox]3

Modeling the dynamics of p53

In the model, we used a negative feedback regulator variable (NFR) to implicitly represent the lumped
effect of negative feedback regulations (e.g. Mdm2/MdmX and others) on p53 (Love and Grossman,
2012). The variable pS3pS15 represents the active form of p53. We also considered the regulation of NFR
by upstream Chk1pS345 and Chk2pT68 signaling, which can phosphorylate MDMX (Chen et al., 2005;
Jin et al., 2006; LeBron et al., 2006), resembling the effect of ATR and ATM activity on MDM2 in
Batchelor-MSB-2011 model. Please note however, that these negative regulators have different



mode of actions and that their exact role and contribution needs to be addressed in further studies.

We used the following equation to describe the dynamics of p53 proteins:

d[p53]
o = Kvd = Kliegh [P53] = Kieg, INFRI[pS3] + Kl [p53pS15]
Kl pay [CRK1pS345]3 KPS3, [Chk2pT68]? E12
PS3)3 4 [Chk1pS34513  (J2°°P)3 + [Chk2pT68]3
dlp53pS15] _ K¥rs [Chk1ps345]° KDno, [Chk2pT68]?
dt UPFP)3 4 [Chk1pS345]3  (JP°°P)3 + [Chk2pT68]3 s
—KSP[p53pS15] — KEoo? [NFR][pS3pS15]-Khem,, [p53pS15]
d[NFR
[dt - KNFRCEUTYVe _ g NFR[NER) — KNER [Chic1pS345] — KAER [Chk2pT68]
o gnee [p53pS1S(E D El4
Pra2 (J3ER)? + [pS3pS15(t — D

The variable p53pS15(t — ) represents the delayed accumulation of p53pS15 with time 7. The delay of

p53pS15 was modeled with a series of intermediate states using the linear chain tricks.

dlz1] 2 ([p53pS15] - [z1])

dr - E15

dlz2] 2 ([z1] - [z2])

dt - El6

After combining equations E15-E16, the p53pS15(t — t) delay variable can be replaced by the z2
variable. We set the delay time T = 2 hours, the same value used in a recent p53 kinetic model reported by

Stewart-Ornstein & Lahav (Stewart-Ornstein and Lahav, 2017).

Modeling the dynamics of p21

Previous reports have shown that Chk2 positively regulates p21 expression in p53-dependent and p53-
independent ways (Aliouat-Denis et al., 2005; Loughery et al., 2014; Macleod et al., 1995), although the
p53-independent effects are less well documented and mainly based on overexpression studies. In
addition, p21 is also down-regulated through proteasomal degradation after DNA damage stress
stimulations (Abbas and Dutta, 2009; Bloom et al., 2003; Jin et al., 2003). Therefore, the dynamic of p21

protein is described with the following differential equation:

d[p21] 21 21 21,Pt 21,D
dc Kgnn + Kzz:'rdZ,CellType + (H(Pt)K;eré + H(Dox)Ké'mé )

_ 2P [Chk2pT68]
Ubesp)?® + [22]3 P
E17

[Dam_Pt]?
(]ﬁfl)s + [Dam_Pt]3

[Dam_Dox]?

(]1”21)3 + [Dam_Dox]3

Dox

_KP2[p21] — KP2LP

_ p21,Dox
deg deg 1-K

deg

[p21]



Modeling the cell viability response

To take into account cell viability response to cisplatin or doxorubicin treatment, we modeled the cell

population size with the following cell birth and death model:

d[viableCells] cellT .
—— = e L [viableCells] E18

— (H(POKZLE i + HDox)KD2%,) ([p53s] — 0)H ([p53s] — 6))[viableCells]

[p53s] = [p53] + [p53pS15] E19
o viableCells(t)
Vzabzllty(t) = W E20
CellType . . . .
The parameter K, .., is characterized by the doubling time of each cell type
log(2 S
(Klfierltl,fy pPe = L). The measured doubling time is about 64 hours and 42 hours for breast and

- doubling time
lung cells, respectively. The function Viability(t) quantifies the ratio of viable cell number at time ¢ after

cisplatin or doxorubicin treatment compared to the control sample under normal growth.

Previous studies have indicated that a threshold mechanism mediates p53 cell fate decision to induce
apoptosis (Kracikova et al., 2013; Paek et al., 2016). In this work, we proposed a novel “friction model” to
describe cell apoptosis response with a coarse-grained model, in which a hypothetical threshold
mechanism is used for the trigger of apoptosis. We assume that the cells undergo apoptosis (cell death)
when total p53 level is higher than a certain threshold, 8. Instead of using a fixed threshold, we assume
that the threshold & is proportional to the level of p21 expression because p21 has been reported as an
important negative regulator for apoptosis (Abbas and Dutta, 2009; Roninson, 2002) and our data show
p21 inhibition reduces viability. This dynamic threshold is analogous to the friction force exerted by a
surface that resists the motion of an object. The friction force is proportional to the weight (mass) of the
object. In order to move cells to apoptosis, the driving force (induced by p53) should be larger than the
friction force (induced by p21). We modeled the threshold (8) of p53 level for apoptosis with the

following equation:

0 = u[p21] E21

Steady state analysis of the model before DNA damage stress stimulation

Before cisplatin or doxorubicin treatment, the model for the DNA damage response system is in steady
dlx;]

state, at which
dt

= 0 (x; is a ODE variable in the differential equations), corresponding to a set of

algebraic equations. By solving these algebraic equations, we obtained the following initial steady state

solutions:

[Pt_cell]ss =0 E22



[DNA_Pt];F =0 E23

[Dam_Pt]y® =0 24
[Dox_cell]s’ =0 £
[Dam_Dox]§* =0 26
Chi
T
[Chk1] =~ .
deg
[Chk1pS345]5 = 0 s
Chk2
ss KzfrhﬁellType (Kdeg,CleType + ch(?zfi%o)
[Chk2]§ = K Chikz g Chk2p KChk2 jChk2_ | g Chk2p i E29
deg Kaeg,ceurype T Kdeg™ Kdepno + Kaeg ceurypeKphot.ceurype
[Chk2pT68]3 = Kzgpt%ellTypeKzfr’fglz.CeuType
P 0 ™ gChkz g Chk2p + KChk2rChka | jrChk2p Chiz E30
deg "‘deg,CeliType deg “‘depho deg,CellType *phol,CellType
[NFR]SS _ Kzﬁ'ljil.?CellType .
O KN + Kalgh[Chk2pT 6815
Kp53
d,CellType
[p5315° = = .
Kiegr * KiegoINFRIE
[p53pS15]5° =0 3
KP* 4KP% [Chk2pT68]5S
[p21]s = —2réi T prdzCelitype 0 .
Kdeg,CellType

[viableCells]3® = 1, viableCells indicates the relative number of viable cells normalized to the initial cell

E35
number before DNA damage treatment

Initial conditions of the model

The initial conditions of the model have a relative concentration unit. We set the total level of Chkl,
Chk2, p53 and p21 to be 1 for lung cells. Therefore, the concentrations for these proteins in breast cells
represent their relative levels to the corresponding proteins in lung cells. We compared the relative amount
of Chkl, Chk2, p53 and p21 proteins in breast and lung cells with quantitative immunoblotting
experiments. Table S5 shows the ratios of protein abundance per cell in HMEpC breast cells compared to
those in HSAEpC lung cells. The experimental data shows that both breast and lung cells have similar
abundance of Chkl and Chk2 proteins. In the model, we set [Chk1]{ =1 and
Chk2s = [Chk2]§° + [Chk2pT68]5° = 1 for both breast and lung cells. As the basal levels of Chk1pS345 and
p53pS15 are very low, we assumed that [Chk1pS345]%° =0 and [p53pS15]5° = 0. The detailed initial

concentrations of the model are listed in Table S6.



Parameter estimation

Parameter estimation was performed with a parallel parameter estimation tool SBML-PET-MPI (Zi,
2011). To optimize model parameters, we applied a global optimization algorithm using a stochastic
ranking evolution strategy (Runarsson and Yao, 2000) to minimize the sum of squares of differences
between model simulations and the corresponding experimental datasets. The average values of
experimental data were used for parameter estimation. The model was calibrated with time course and
dose response data for most of the signaling molecules mentioned in the model. During parameter
estimation, the model simulations have been simultaneously fit to about 192 average data points based on
976 experimental measurements from HMEpC breast and HSAEpC lung cells with cisplatin or
doxorubicin treatment. In the model optimization process, we evaluated millions of parameter sets by
running the parameter estimation tool on a computer cluster until a stable optimum was reached. The

values of model parameters are listed in Table S7.

The detailed comparison of model simulations and corresponding experimental data sets are presented in
Figure 3-5 and Figure S8, S14, S18. Overall, the model is able to quantitatively reproduce the dynamics of
DNA-bound cisplatin (Pt DNA), intracellular doxorubicin (Dox cell), Chkl, ChkipS345, Chk2,
Chk2pT68, p53, p53pS15, p21 and cell viability data in both HMEpC and HSAEpC cells with cisplatin or
doxorubicin treatment. Model simulations are qualitatively consistent with experimental data sets when
Chk1 and Chk2 inhibitors are added (Figure 4, S15).

Model predictions for the inhibition of Chkl and Chk2 activities

To study the role of Chkl and Chk2 activities in the regulation of downstream p53 and p21 responses, we
performed model predictions for the inhibition of Chkl and Chk2 activities. To simulate the effect of
inhibiting Chk1 and Chk?2 activity, we modified the ODEs for the following affected proteins:

d[p53]
0 = KPo — KE2s [p53] — KEooy INFRI[pS3] + KEon o [p53pS15]
3
K23 ([Chk1pS345](1 — Chk1i)) K23, ([Chk2pT68](1 — Chk2i))? E36
P53)3 4 ([Chk1ps345](1 — Chi1i))®  U5°%)® + ([Chk2pT68](1 — Chk2i))3
)3 A\ 3
d[p53ps1S] _ Kpe, ([Chk1pS345](1 — Chk1i)) K¥es, ([Chk2pT68](1 — Chk2i))
dt U753 + ([Chk1pS345](1 — Chk1D))®  (JF5%)3 + ([Chk2pT68](1 — Chk2i))’ 37
—KE>3P[p53pS15] — K55 b [INFR[p53pS15] — Kooy, [P53pS15]
d[NFR] [z2]3
= KNFR | gNFR _____17%]
dt prat T Tpraz (NERY3 4 [22]3 E38
—Kgogs INFR] — K5 [Chk1pS345](1 — Chk1i) — Ko s [Chk2pT68] (1 — Chk2i))
d[p21] p21 p21
dt = Kprdl - Kdeg [p21]
E39

[z2]
+ (K;’sz,cempe + (HPOKa3™ + HDox)Kyy gy ™)~ | [Chk2pT68] (1 — Chk2i)
Upssp)® + [z2]



[Dam_Dox]3

(]1721)3 + [Dam_Dox]3

Dox

 p2Lpt [Dam_pPt]®

d p
° (]ﬁflf + [Dam_Pt]3

_ Kle,Dox

deg [p21]

where z2 represents for p53pS15(t — 1)

Chk1li = 0, for no inhibition of Chk1 activity;

Chk1li = 0.9, for simulation with 90% inhibition of Chk1 activity; E40

Chk2i = 0, for no inhibition of Chk2 activity ;

Chk2i = 0.9, for simulation with 90% inhibition of Chk2 activity; E4l
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