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I M M U N O L O G Y

Heightened apoptotic priming of vascular cells across 
tissues and life span predisposes them to cancer 
therapy–induced toxicities
Johan K. E. Spetz1,2,3, Mary H. C. Florido1,2,3,4,5, Cameron S. Fraser1,2,3, Xingping Qin1,2,3, 
Jonathan Choiniere1,2,3, Stacey J. Yu1,2,3, Rumani Singh1,2,3, Max Friesen4,5†, Lee L. Rubin4,5, 
Joe-Elie Salem6,7, Javid J. Moslehi8, Kristopher A. Sarosiek1,2,3,9*

Although major organ toxicities frequently arise in patients treated with cytotoxic or targeted cancer therapies, 
the mechanisms that drive them are poorly understood. Here, we report that vascular endothelial cells (ECs) are 
more highly primed for apoptosis than parenchymal cells across many adult tissues. Consequently, ECs readily undergo 
apoptosis in response to many commonly used anticancer agents including cytotoxic and targeted drugs and are 
more sensitive to ionizing radiation and BH3 mimetics than parenchymal cells in vivo. Further, using differentiated 
isogenic human induced pluripotent stem cell models of ECs and vascular smooth muscle cells (VSMCs), we 
find that these vascular cells exhibit distinct drug toxicity patterns, which are linked to divergent therapy–
induced vascular toxicities in patients. Collectively, our results demonstrate that vascular cells are highly sensitive 
to apoptosis-inducing stress across life span and may represent a “weakest link” vulnerability in multiple tissues 
for development of toxicities.

INTRODUCTION
Cancers are typically treated with agents that induce cell death in 
malignant cells but can also damage normal cells and healthy tis-
sues, frequently resulting in wide-ranging toxicities that can limit 
the use of potentially curative therapies (1, 2). Even patients cured 
of their neoplasms face long-term morbidities that reduce quality of 
life and overall survival, including but not limited to impairments 
in neural, renal, hepatic, respiratory, musculoskeletal, and cardio-
vascular (CV) function (3). However, despite the clear importance 
of maximizing quality of life for cancer survivors, the mechanisms 
driving these toxicities are poorly understood (4, 5).

Most anticancer therapies used clinically, including cytotoxic 
chemotherapies, ionizing radiation (IR), and targeted therapies, 
preferentially induce an apoptotic cell death in cancer cells by dam-
aging ubiquitous cellular components or disrupting essential signaling 
pathways (6). The reliance of normal cells on these same compo-
nents and pathways suggests that induction of apoptosis may also 
be responsible for healthy tissue toxicities caused by these agents 
(6, 7). The intrinsic (mitochondrial) apoptosis pathway is triggered 
when a proapoptotic, pore-forming protein in the BCL-2 family (BAX 

or BAK) is activated by a BH3-only activator protein (e.g., BIM 
or BID) to trigger mitochondrial outer membrane permeabilization 
(MOMP) and consequent release of cytochrome c from mitochon-
dria to activate caspases for cell dismantling (8). However, prosur-
vival proteins in this family (predominantly BCL-2, BCL-XL, and 
MCL-1) can bind and block the activity of either the pore-forming 
proteins or BH3-only activators. The abundance of prosurvival and 
proapoptotic proteins varies between different cell types and differ-
entiation stages and determines cell fate in response to apoptotic sig-
nals induced by damage or stress. This apoptotic sensitivity is referred 
to as “apoptotic priming” and can be measured via BH3 profiling, a 
functional assay that quantifies cytochrome c release in response to 
titrated doses of proapoptotic BH3 peptides in permeabilized cells 
(9). Because the commitment to intrinsic apoptosis is based on the 
interactions between more than 20 prosurvival and proapoptotic 
BCL-2 family proteins, a functional measurement of overall apop-
totic sensitivity is required to accurately determine the cellular pre-
disposition to apoptosis. Apoptotic priming is a critical determinant 
of cell fate in response to chemotherapy or radiation in both cancer 
cells (7, 10–13) and healthy tissues (14).

Previous studies have revealed that cells comprising most of 
many somatic tissues including the brain, heart, liver, and kidneys 
are primed for apoptosis in early life but become apoptosis refractory 
by adulthood, while cells of hematopoietic origin remain similarly 
primed for apoptosis throughout life (14). This apoptotic resistance 
in adult somatic tissues suggests that the toxicities induced by cancer 
therapies are mediated either by nonapoptotic forms of cell death or 
by the induction of apoptosis in other critical supportive cell types 
(15). Vascular smooth muscle cells (VSMCs) and endothelial cells 
(ECs) are the major constituents of blood vessels and, when func-
tional, control the flow of nutrients and waste products into and out 
of a tissue. Because of the critical role of the blood vasculature, its 
disruption can cause impairment of tissue function even if paren-
chymal cells are fully intact (4). Furthermore, CV toxicities are a ma-
jor complication of cancer treatment and are the leading noncancer 
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cause of death in cancer survivors (3), offsetting the therapeutic ben-
efits to tumor control. The contribution of cancer treatment–induced 
dysfunction and death of cardiomyocytes in the development of 
cardiac toxicities has been well established (5, 15–18). However, the 
study of therapy-induced vascular dysfunction has been challenging 
because of the heterogeneous clinical presentation of symptoms in 
terms of severity and timing, as well as the lack of rigorous in vitro 
models that accurately recapitulate patient experiences (5).

Here, we sought to elucidate how apoptosis is regulated in ECs 
and VSMCs to evaluate their vulnerability to apoptosis-inducing 
cancer therapeutics and potential roles in therapy-induced vascular 
toxicity. Notably, we find that these cell types maintain a high level 
of apoptotic priming throughout life span and, consequently, undergo 
apoptosis in response to commonly used chemotherapies, IR, novel 
BH3 mimetics, and targeted agents in a divergent manner. These 
differences in sensitivity are associated with specific drug-induced 
vascular toxicities in patients, while their heightened priming rela-
tive to parenchymal cells may drive toxicities more broadly.

RESULTS
Vascular ECs are primed for apoptosis throughout life, even 
in otherwise refractory tissues
To uncover potential cellular vulnerabilities to apoptosis-inducing 
anticancer therapies within healthy tissues, we used BH3 profiling 
to measure apoptotic priming at the single-cell level across major 
tissues from birth to adulthood. We collected tissue from key organs 
that experience cancer therapy–induced toxicities including liver, 
lung, heart, and kidney from mice in different stages of postnatal 
development [postnatal days 0 to 85 (P0 to P85); Fig. 1A and fig. S1A]. 
We dissociated the tissues and stained cells for CD31 (PECAM-1) 
to label ECs, CD45 to label peripheral blood mononuclear cells 
(PBMCs), and markers of parenchymal cell types in each tissue 
[EPCAM for epithelial cells in kidney and lung, cardiac troponin 
(cTnT) for cardiomyocytes in heart, and GLUT2 for hepatocytes in 
liver]. We then measured priming in each cell by detecting the 
release of mitochondrial cytochrome c (indicating initiation of 
apoptosis) in response to proapoptotic BH3 peptide treatments.

In agreement with our previous reports (14), we found that un-
labeled cells that constitute most of the cells within each tissue (CD45 
and CD31 negative) release cytochrome c in response to treatment 
with even low concentrations of proapoptotic BIM BH3 peptide 
[which can inhibit all of the prosurvival BCL-2 family proteins and 
directly activate BAX and/or, to a lesser degree, BAK (10)] in early 
life, indicating that they are primed for apoptosis (Fig. 1B). This 
priming was lost in most tissues as the mouse transitioned to adult-
hood. When analyzing labeled parenchymal cells, we found that these 
closely mimicked the priming levels of the unlabeled cells, indicat-
ing that the parenchymal cells make up the bulk of our previously 
reported apoptotic priming measurements (14). Among these, 
hepatocytes, cardiomyocytes, and kidney epithelial cells were far less 
primed in adult animals and nearly completely insensitive to even 
high concentrations of BIM and BID BH3 peptides (100 M; Fig. 1B 
and fig. S1B, with the exception of 100 M BID in liver). Similar 
resistance to proapoptotic BH3 peptides was evident in adult liver 
cells by directly assessing cytochrome c release from mitochondria 
by Western blotting (fig. S1C). In addition, in accordance with pre-
vious findings (19), CD45+ PBMCs were consistently primed for 
apoptosis across life span. Unexpectedly, we also detected that the 

mitochondria of CD45−/CD31+ ECs maintained a high level of 
priming across the studied ages (Fig. 1B), with only a mild decrease 
being evident when comparing ECs in adult versus young mice 
(fig. S1, E and F). The priming in ECs is more similar to PBMCs 
than parenchymal cells. These results indicate that while most cells in 
adult liver, kidney, heart, and (to some extent) lung lose their apoptotic 
sensitivity, ECs retain a similar level of apoptotic priming through-
out life, independent of the priming of cells in surrounding tissues. 
Further, using a normalized area under the curve (AUC) calcula-
tion for the BH3 peptide treatment responses, we found that apart 
from PBMCs, ECs were the most primed cells of those we investi-
gated (Fig. 1C and fig. S1D).

ECs undergo apoptosis in response to cytotoxic 
treatment in vivo
We reasoned that the relatively high apoptotic priming of ECs may 
predispose them to being vulnerable to traditional cancer therapeu-
tics such as IR, as has been established previously for cancer cells as 
well as cells from developing tissues (7, 14). In patients, radiation 
therapy can cause a wide range of healthy tissue toxicities including 
vascular diseases (4). We therefore sought to test whether ECs un-
derwent apoptosis in response to IR in vivo at rates consistent with 
their level of apoptotic priming, especially relative to the lower prim-
ing of parenchymal cells. We treated P70 mice with 8-Gy whole-
body -irradiation and measured apoptosis induction using both 
flow cytometry on isolated cells and immunofluorescence micros-
copy on tissue sections (Fig. 1D). Using annexin V (AxV) staining, 
we found that CD45+ PBMCs and CD31+ ECs underwent apoptosis 
after irradiation in a time-dependent manner, as predicted by BH3 
profiling (Fig. 1, E to H). We also confirmed these results by mea-
suring caspase-3/7 activity and plasma membrane integrity (fig. S2). 
We next sought to measure the extent of apoptosis induction by IR 
in intact tissues by performing tissue immunofluorescence micros-
copy using anti-CD31 and anti–cleaved caspase-3 (Cl-Casp3) on liver, 
kidney, heart, and lung tissue collected 12 hours after 24-Gy irradiation 
(Fig. 2, A to D). Quantification of the number of CD31−/Cl-Casp3+ 
and CD31+/Cl-Casp3+ cells revealed that 24-Gy -irradiation re-
sulted in a significantly higher number of Cl-Casp3+ cells in CD31+ 
ECs in all four tissues, while for CD31− cells there was only a signif-
icant increase of Cl-Casp3+ cells in the lung (Fig. 2, E to H). These 
results demonstrate that ECs are more sensitive to -irradiation than 
parenchymal cells in many adult tissues. The death of vascular ECs 
in response to cancer therapeutics such as IR may constitute the initi-
ating factor in the development of long-term tissue dysfunction.

Vascular ECs express high levels of proapoptotic BCL-2 
family member genes
To characterize which BCL-2 family proteins maintain heightened 
EC apoptotic priming in adult mice, we analyzed single-cell gene 
expression data from the Tabula Muris database (20) and compared 
the expression of genes involved in intrinsic apoptosis in ECs and 
parenchymal cells from adult mouse kidney, liver, lung, and heart 
(Fig. 2I). We found that although there were some differences in 
apoptosis gene expression between ECs from different tissues, the 
key pore-forming proapoptotic proteins BAX and BAK (encoded by 
Bax and Bak1, respectively) were expressed at higher levels than in 
parenchymal cells. Notably, heart VSMCs had a more similar gene 
expression pattern to ECs than to cardiomyocytes, indicating that VSMCs 
are expected to regulate apoptosis similarly to ECs in vivo. These 
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Fig. 1. Vascular ECs are primed for apoptosis throughout life, even in otherwise refractory tissues. (A) Schematic of tissue BH3 profiling. Cells were isolated from 
heart, liver, lung, and kidney tissue from postnatal mice of different ages. Cells were stained with markers for ECs (CD31), PBMCs (CD45), and parenchymal cells (cTnT, 
GLUT2, or EPCAM) and BH3-profiled. Cytochrome c–negative cells were identified in nucleated cells (DAPI+) using a cytochrome c antibody. (B) Summary BH3 profiling 
data for parenchymal, CD45+, and CD31+ cells for three different concentrations of BIM BH3 peptide across tissues during postnatal development. Each data point indi-
cates data from one tissue specimen. (C) Normalized BIM AUC profiles comparing priming of CD45+ and CD31+ cells from all tissues studied with parenchymal cells from 
each tissue. Each data point indicates data from one tissue specimen. Alamethicin is positive control; PUMA2A is negative control. Significance: ns, not significant, 
****P < 0.0001. (D) Schematic of in vivo cytotoxic treatments. P70 mice were irradiated with 24-Gy whole-body -radiation, and liver, kidney, heart, and lung tissues were 
collected. Cells were isolated from tissue samples after 6, 12, 18, and 24 hours and stained with CD31, CD45, and parenchymal markers, and AxV positivity was measured 
by flow cytometry. Separate tissue samples were processed for immunofluorescence microscopy (described in Fig. 2). (E to H) Summary AxV positivity data from paren-
chymal, CD45+, and CD45−/CD31+ cells from mice of different ages; n = 3 animals per treatment condition. Significance: ns, not significant, **P < 0.01.
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Fig. 2. Vascular ECs undergo apoptosis in response to in vivo cytotoxic treatment and express high levels of proapoptotic BCL-2 family member genes. (A to 
D) Representative images of immunofluorescence staining for CD31 and Cl-Casp3 in (A) liver, (B) kidney, (C) heart, and (D) lung from P70 mice 12 hours after either sham 
treatment or 24-Gy whole-body -irradiation. Filled arrowheads indicate examples of cells that are positive for both CD31 and Cl-Casp3; empty arrowheads indicate cells 
that are positive for only Cl-Casp3. n = 3 animals per treatment condition. (E to H) Quantification of number of Cl-Casp3+ cells in CD31+ or CD31− cells per 20× field of view 
from immunofluorescence images of sham or 24 Gy–irradiated (E) liver, (F) kidney, (G) heart, and (H) lung. n = 15 (3 animals per treatment condition, 5 images per animal). 
(I and J) Single-cell RNA-seq data for genes involved in mitochondrial apoptosis in ECs, VSMCs, and parenchymal cells of adult mouse heart, liver, lung, and kidney. 
Expression data mined from (I) the Tabula Muris database (20) and (J) Hupe et al. (22).
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expression patterns were confirmed in an additional independent 
gene expression dataset (fig. S3A) (21). Correlational analysis com-
paring logBIM AUC measurements (from Fig. 1C) with expression 
levels of apoptosis genes (from Fig. 2I) demonstrated that higher 
cellular priming levels were most strongly correlated with higher 
expression of Apaf1 (R2  =  0.906; P  <  0.0001), Bax (R2  =  0.823; 
P < 0.0001), Xiap (R2 = 0.641; P < 0.0001), and Mcl1 (R2 = 0.525; 
P < 0.0001) (fig. S3B). This is in agreement with our previous work 
showing that genes in the apoptosis pathway are frequently co- 
regulated: Cells with a primed apoptosis pathway such as those 
found in the hematopoietic system and parenchymal cells in young 
tissues typically express higher levels of proapoptotic and prosurvival 
proteins as well as higher levels of proteins involved in post-MOMP 
apoptosis execution such as APAF-1 and caspases (14).

Furthermore, by examining another published gene expression 
dataset using embryonic (E14.5) mouse tissues (22), we again found 
that Bax and Bak1, among other proapoptotic genes, were expressed 
in peripheral ECs of different origin and again at higher levels than 
in the remaining cells of those tissues (Fig. 2J). By comparing 
gene expression patterns of apoptosis-related genes across differ-
ent tissues in both adult and embryonic mice, we see that while 
cells from the same tissue cluster together, all ECs cluster separately 
from the other cell types (except heart VSMCs), regardless of tissue of 
origin. This indicates that the intrinsic apoptosis pathway is similarly 
regulated in ECs and VSMCs across peripheral tissues and distinctly 
from the parenchymal cells of the tissues they support.

The two major cell types of the vasculature, ECs and VSMCs, 
are primed for apoptosis in vitro
To further understand apoptotic regulation in the cells of the human 
blood vessel wall, we differentiated human induced pluripotent 
stem cells (hiPSCs) into vascular ECs and VSMCs using well-established 
protocols (23) and BH3-profiled them. We confirmed cellular identity 
of the differentiated cells via immunofluorescence staining for EC 
marker CD31 and VSMC marker -smooth muscle actin (SMA) 
(Fig. 3A). We also cultured primary human coronary artery endo-
thelial cells (HCAECs) as a primary human cell control, human pri-
mary foreskin fibroblasts (FFs) for comparison with a nonvascular 
cell type, and HeLa cells for comparison with a commonly used can-
cer cell line. BH3 profiling revealed that while hiPSC-ECs were less 
primed for apoptosis than the parental hiPSCs, they were more 
primed than HCAECs and hiPSC-VSMCs (Fig. 3B). Nevertheless, 
the BH3 profiling results suggest that all these cells would be highly 
responsive to apoptosis-inducing stress and damage. FFs were largely 
insensitive to all BH3 peptide treatments, except the highest con-
centration of BIM BH3, indicating that they are unprimed. Last, 
vascular cells exhibited similar levels of priming to the HeLa cervical 
cancer cell line, which is known to undergo apoptosis in response to 
many cancer therapeutics (10).

We next sought to compare the regulation of apoptosis-related 
genes between hiPSC-derived cells and their tissue-isolated coun-
terparts using RNA sequencing (RNA-seq) (Fig.  3C). We found 
that, in line with the mouse tissue data (Fig. 2, I and J, and fig. S3), 
hiPSC-ECs and hiPSC-VSMCs express relatively high levels of BAX 
and BAK1, especially compared with cells differentiated into a non-
vascular lineage such as hiPSC-WAT (white adipose tissue) cells. 
Further, the lower levels of BAX and BAK1 expression in hiPSC- 
WAT cells were consistent with their lower apoptotic priming com-
pared with hiPSC-ECs (fig. S4A). In addition, in line with our BH3 

profiling results, which showed the undifferentiated hiPSCs as be-
ing the most primed of the cell types, we saw that hiPSCs expressed 
the highest levels of both BAX and BAK1, as well as other proapop-
totic BCL2 family members including BBC3 (encoding PUMA), 
HRK, and PMAIP1 (encoding Noxa). These differences were con-
firmed at the protein level: We found that hiPSCs and hiPSC-ECs 
express high levels of BAX and BAK, which were both found to be 
lower in hiPSC-WAT cells (Fig. 3D). Expression levels of signature 
genes for ECs and VSMCs across the hiPSC-derived cells confirmed 
the differentiation into each respective lineage (fig. S4B), as did the 
detection of vascular endothelial cadherin only in hiPSC-ECs at the 
protein level (Fig. 3D).

ECs and VSMCs in vitro undergo apoptosis in response 
to standard chemotherapeutics and IR
Because we have previously found that apoptotic priming is a deter-
minant of cancer cell sensitivity to cytotoxic stress (7, 10–13), we 
hypothesized that ECs and VSMCs would be broadly sensitive to 
anticancer agents. To evaluate this, we treated HCAECs, hiPSC- 
derived vascular ECs and VSMCs, FFs, and HeLa cells with a panel 
of anticancer agents including IR and standard classes of cytotoxic 
chemotherapies. After a 48-hour treatment, we stained cells with 
AxV and propidium iodide (PI) to quantify live (AxV−/PI−), early 
apoptotic (AxV+/PI−), late apoptotic (AxV+/PI+), and degraded 
(AxV−/PI+) cells (Fig. 3I). For dose reference in comparison with 
clinical use, we searched the literature for maximum plasma concentra-
tion (Cmax) in patients (table S1) and indicated in the figure which 
in vitro drug concentration is at a comparable level (blue arrowheads).

In agreement with BH3 profiling results, hiPSCs were highly 
sensitive to most drugs used. The two EC cultures and VSMCs un-
derwent apoptosis in response to many compounds tested. In gen-
eral, hiPSCs, hiPSC-ECs, and hiPSC-VSMCs were considerably 
more sensitive than the FFs to most drugs, and sensitivity profiles 
were predicted by BH3 profiling (i.e., hiPSCs being the most sen-
sitive, followed by hiPSC-ECs, HeLa cells, HCAECs, VSMCs, and, 
finally, FFs, which were the least sensitive cell type), especially for 
the less selective agents [e.g., IR, cisplatin, carboplatin, ara-C (cytar-
abine), and staurosporine]. Although hiPSC-ECs and HCAECs are 
both human ECs, HCAECs were significantly less sensitive to more 
than half of agents tested (32 of 51 drugs, 63%) (fig. S4C), which is 
consistent with their lower level of priming and again demonstrates 
that while ECs regulate apoptosis similarly across tissues, they should 
not be considered identical. Few drugs induced apoptosis in FFs 
and, then, only at high doses. In addition, consistent with their low-
er apoptotic sensitivity as measured by BH3 profiling, we found that 
hiPSC-WAT cells were resistant to a representative panel of these 
anticancer agents (fig. S4D). Although hiPSC-ECs were more sensi-
tive in general than hiPSC-VSMCs, several drugs exhibited divergent 
efficacy between the two cell types that could not be explained by 
differences in apoptotic priming. Doxorubicin, mitoxantrone, and 
topotecan (which all inhibit topoisomerases), for example, showed 
higher apoptosis induction in hiPSC-VSMCs than in either of the 
EC cell types, indicating a mechanism of apoptosis induction from 
these drugs upstream of BCL-2 family proteins that is more active 
in VSMCs than in ECs. Furthermore, while alkylating agents and 
DNA synthesis inhibitors exhibited lower or comparable killing of 
both ECs and VSMCs compared with HeLa cells, ECs were signifi-
cantly more sensitive than VSMCs. Note that across nearly all drug 
treatments tested, we detected large populations of AxV+/PI− cells, 
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CD31 and VSMC marker SMA in cells differentiated from hiPSCs, counterstained for F-actin (phalloidin) and nuclei (DAPI). (B) BH3 profiling of hiPSC-derived, primary 
human, and HeLa cells; n = 3 to 4 biological replicates. (C) RNA-seq data for genes involved in mitochondrial apoptosis in hiPSCs, hiPSC-ECs, hiPSC-VSMCs, and hiPSC- 
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indicating that phosphatidylserine exposure (an early indicator of 
apoptosis induction) occurred before membrane disruption—this 
confirms that these cell types are dying via canonical, caspase-mediated 
apoptosis in response to these agents. Similar patterns of sensitivity 
were observed at 24 and 72 hours (fig. S4, E and F).

To determine whether in vitro apoptosis induction of ECs or VSMCs 
was associated with vascular toxicities in patients, we performed a 
disproportionality analysis using the international pharmacovigilance 
database, VigiBase (24, 25). Using individual case safety reports, we 
compared clinical overreporting of the adverse drug reaction (ADR) 
Myocardial ischemia [classified with the Medical Dictionary for 
Regulatory Activities (MedDRA)] versus the full database of events 
worldwide. We used the information component (IC; a Bayesian 
estimator, which compares disproportionality of observed versus ex-
pected ADR-drug count) and reporting odds ratio (ROR; a frequentist 
disproportionality estimator) (25, 26) to determine which ADRs were 
significantly overreported. To relate these metrics to our in vitro 
results, we divided the Cmax of each of drug by the EC25 (25% maxi-
mal effective concentration or concentration that induces apoptosis 
in 25% of cells) for hiPSC-ECs and hiPSC-VSMCs. A Cmax/EC25 
ratio above 1.0 indicates that the dose used clinically induces apoptosis 
in >25% of vascular cells (EC or VSMC) in vitro, suggesting that those 
vascular cells would also undergo apoptosis in patients that are treated 
with that particular agent. This analysis demonstrated that drugs that 
induce apoptosis in ECs and/or VSMCs in vitro (Cmax/EC25 > 1) are 
associated with the overreporting of Myocardial ischemia events in 
patients (Fig. 3, E to H, and table S1). Thus, in vitro EC or VSMC 
sensitivity to certain agents may portend toxicities in the clinic and 
provide insight into their cellular drivers.

ECs and VSMCs in vitro are dependent on prosurvival BCL-2 
family members BCL-XL and MCL-1 for survival
Having established that vascular cells are sensitive to proapoptotic 
stimuli in the form of BH3-only activator peptides or apoptosis- 
inducing drugs, we next sought to assess whether ECs and VSMCs are 
dependent on prosurvival proteins to buffer endogenous proapop-
totic proteins. To do this, we measured cytochrome c release in re-
sponse to sensitizer BH3 peptides, which can only induce MOMP 
by inhibiting the activity of specific prosurvival BCL-2 family pro-
teins and freeing any actively bound proapoptotic BH3-only activa-
tor proteins (e.g., BIM or BID). iPSCs, hiPSC-derived ECs, VSMCs, 
and primary HCAECs were sensitive to treatment with the PUMA 
peptide (Fig. 4A), which inhibits all prosurvival proteins, indicating 
that they are broadly dependent on these proteins for survival [note 
that, unlike PUMA protein, the PUMA BH3 peptide is unable to 
directly activate BAX and BAK (9)]. We then measured responses 
to the BAD BH3 (inhibits BCL-2, BCL-XL, and BCL-w), HRK BH3 
(inhibits BCL-XL), and MS1 (inhibits MCL-1) peptides. We saw 
similar moderate levels of cytochrome c loss in responses to all three 
peptides in hiPSC-derived ECs, VSMCs, and primary HCAECs, sug-
gesting that they are somewhat dependent on each of the prosurvival 
proteins inhibited by these peptides. These results point to a de-
pendence on BCL-2, BCL-XL, and MCL-1 to sequester proapoptotic 
BH3-only activator proteins for survival in ECs and VSMCs and a 
potential vulnerability to apoptotic cell death should these proteins 
be inhibited or degraded, especially concurrently.

A novel class of anticancer drugs called BH3 mimetics has been 
recently developed to directly target prosurvival BCL-2 family pro-
teins to induce apoptosis in cancer cells that are dependent on them. 
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Spetz et al., Sci. Adv. 8, eabn6579 (2022)     9 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 19

Several different BH3 mimetics have been developed with selectivity 
for specific prosurvival proteins, e.g., ABT-199 (venetoclax, inhibiting 
BCL-2), ABT-263 (navitoclax, inhibiting BCL-2, BCL-XL, and BCL-w), 
A-1331852 (inhibiting BCL-XL), and S63845 (inhibiting MCL-1). 
The recent U.S. Food and Drug Administration (FDA) approval 
and successful use of ABT-199 in several hematologic malignancies 
have increased the interest in further development of BH3 mimetics. 
However, our limited clinical experience with these agents, especially 
when used in combinations, make it critical to identify potential 
toxicities that may arise from their use.

To test whether BH3 mimetics have cytotoxic effects on ECs and 
VSMCs, we measured induction of apoptosis in hiPSC-ECs, hiPSC- 
VSMCs, and HCAECs treated with BH3 mimetics as single agents 
and in combination for 24 hours (Fig. 4B). We found that, in line 
with the prediction from BH3 profiling, inhibition of BCL-2, BCL-XL , 
or MCL-1 alone induced mild but detectable levels of apoptosis in 
hiPSCs, hiPSC-ECs, hiPSC-VSMCs, and HCAECs. In line with pre-
vious reports (27), HeLa cells were only sensitive to S63845 among 
single-agent treatments. Notably, combining the BH3 mimetics 
greatly enhanced apoptosis induction in vascular cells, especially when 
combining BCL-XL and MCL-1 inhibition. A similar pattern of sen-
sitivity was observed at 48 and 72 hours (fig. S5). These results indi-
cate that targeting MCL-1 alone or in combination with BCL-XL is 
likely to result in substantial vascular toxicities, as would be targeting 
prosurvival proteins while also treating with other apoptosis-inducing, 
vascular toxic agents identified here.

EC and VSMC responses to BH3 mimetics reveal 
vulnerabilities in vivo, especially to combinations of MCL-1 
and BCL-XL inhibition
To compare our in vitro BH3 profiling results with sensitizer BH3 
peptides with in vivo vascular ECs, we performed BH3 profiling 
on isolated cells from P0 to P85 mouse liver, kidney, heart, and lung 
(Fig. 5, A to D). Similar to in vitro results, ECs from all four tissues 
were sensitive to PUMA BH3 peptide treatment and somewhat sen-
sitive to BAD BH3, HRK BH3, and MS1 peptides, indicating a po-
tential vulnerability of ECs to BH3 mimetics.

To investigate whether BH3 mimetics induce apoptosis in ECs 
in vivo, we treated P70 mice with A-1331852, S63845, and a combi-
nation of both drugs and monitored the animals for adverse reactions. 
We closely monitored the mice for signs of discomfort or distress 
and euthanized the animals after 3 hours when combination-treated 
mice exhibited reduced activity levels. We then performed tissue 
immunofluorescence microscopy for anti-CD31 and anti–Cl-Casp3 
on liver, kidney, heart, and lung (Fig. 5, E to H). Quantification of 
Cl-Casp3+ cells among CD31+ and CD31− cells revealed a significant 
increase in the number of Cl-Casp3+ cells in CD31+ ECs in all four 
tissues in mice treated with combined BCL-XL and MCL-1 inhibi-
tors, signifying rapidly induced apoptosis in these cells (Fig. 5, I to L). 
BCL-XL inhibition alone did not result in any increase of Cl-Casp3+ 
ECs, while MCL-1 inhibition alone resulted in significant EC Cl-Casp3+ 
increase in kidney, heart, and lung, although at a lower level than seen 
with the combination treatment. These results indicate that treat-
ment with MCL-1 inhibitors may contribute to the development of 
vascular toxicities, while combination treatment with BCL-XL and 
MCL-1 inhibitors for cancer treatment may not be tolerable be-
cause of acute vascular toxicities. Among CD31− cells, only the lung 
showed a significant increase in number of Cl-Casp3+ cells and only 
for the combined A-1331852 and S63845 treatment.

ECs and VSMCs have different toxicity profiles in response 
to targeted agents
Although targeted anticancer agents can be highly effective in the 
clinic, many are associated with a myriad of vascular toxicities, often 
becoming apparent later in clinical testing or even after regulatory 
approval, highlighting the need for earlier detection of potential toxic-
ities in vitro, especially in human cells (28). To determine whether 
targeted agents are toxic to vascular cells, we first measured apoptosis 
after 48 hours of treatment with a panel of targeted agents. Examining 
responses to these agents at Cmax doses, we found that while many 
were not toxic to vascular cells and thus not expected to cause toxicity 
in vivo (Fig. 6A), certain agents were toxic at Cmax doses including 
midostaurin and 17-DMAG (17-Dimethylaminoethylamino-17- 
demethoxygeldanamycin)—these agents have been previously linked 
to CV ADRs in patients (29, 30).

We next compared apoptosis induction by proteasome inhibi-
tors that are commonly used to treat hematologic malignancies. We 
found that carfilzomib was the most toxic proteasome inhibitor to 
vascular cells, followed by bortezomib and then ixazomib (Fig. 6B). 
To investigate how our results may align with clinical experiences, 
we again performed a disproportionality analysis for commonly re-
ported cancer therapy–associated ADRs using the following MedDRA 
preferred terms: Blood pressure (BP) increased, Hypertension, 
Myocardial ischemia, and Myocardial infarction (Fig. 6, C and D). 
Our results show that ixazomib was not associated with any 
overrepresentation of these ADRs, while bortezomib was associated 
with only myocardial ischemia. In agreement with our in vitro 
sensitivity data, carfilzomib was most strongly associated with 
multiple ADRs including hypertension, myocardial ischemia, myo-
cardial infarction, and BP increased. Notably, the relative rates of 
these ADRs were aligned with each agent’s relative toxicity to ECs 
and VSMCs in vitro.

One of the most successful classes of targeted therapies are tyro-
sine kinase inhibitors (TKIs), which were initially developed to treat 
chronic myelogenous leukemia (CML) because it is driven by an 
oncogenic BCR-ABL1 kinase gene fusion. While imatinib (Gleevec), 
the first drug approved in CML, is relatively safe from a vascular 
standpoint, later-generation therapies such as nilotinib and ponatinib 
have been associated with vascular toxicities, with ponatinib having 
been transiently removed from the market because of these toxicities 
(31). To assess whether our system recapitulates the vascular toxicity 
profiles observed clinically with CML TKIs, we treated our cell pan-
el with imatinib, bosutinib, dasatinib, nilotinib, and ponatinib and 
measured induction of apoptosis after 48 hours (Fig. 7A). We found 
that imatinib, bosutinib, and dasatinib were only mildly toxic to vas-
cular cell types. However, nilotinib was highly toxic to VSMCs and 
ponatinib was highly toxic to both ECs and VSMCs.

To investigate whether the differential apoptosis induction be-
tween ECs and VSMCs by these TKIs is consistent with clinical 
outcomes, we queried VigiBase to find whether there is an over-
representation of the ADR BP increased among patients with CML 
TKI treatments, a known side effect of certain TKIs. We found that 
none of the CML TKIs had statistically significant IC (i.e., IC025 > 0) 
or ROR (i.e., ROR025 > 1) for increased BP except ponatinib (Fig. 7A). 
This suggests that apoptosis of ECs (potentially in combination with 
VSMC apoptosis) may contribute to increased BP in CML patients 
treated with ponatinib but not other BCR-ABL–targeting TKIs. One 
major difference between ponatinib and the other CML TKIs is its 
inhibitory effects on vascular endothelial growth factor receptors 
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Fig. 7. Clinical observations of drug-induced cardiovascular adverse events correspond to vascular cell type sensitivity to chemotherapeutics and targeted 
agents. (A and B) AxV/PI staining of hiPSC-derived, primary human, and HeLa cells 48 hours after treatment start in response to (A) BCR-ABL–targeting CML drugs and (B) 
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(VEGFRs) (32), and thus, we hypothesized that induction of 
apoptosis through inhibition of VEGFR could be what is causing the 
enhanced toxicity of ponatinib in hiPSC-ECs. To test this, we chose a 
number of approved TKIs that target VEGFR and other kinases 
and measured apoptosis induction in our panel of different cell 
types. These all showed higher induction of apoptosis in ECs compared 
with VSMCs and were all significantly associated with the ADR BP 
increased (Fig. 7B).

We then compared VigiBase data for BP increased, Hypertension, 
Myocardial ischemia, and Myocardial infarction for these TKIs and 
saw that drugs that potently kill ECs in vitro (Cmax/EC25 > 1) were in 
general associated with more vascular toxicities (Fig. 7, C and D). A 
similar pattern was not seen when plotting the VigiBase data against 
VSMC in vitro sensitivity (fig. S6, A and B), suggesting that EC 
apoptosis might play a substantial role in the development of these 
toxicities.

Clinical observations of drug-induced CV adverse events 
correspond to vascular cell type in vitro apoptosis induction
We next sought to determine whether the drugs associated with vascular 
toxicities in patients were more toxic to ECs or VSMCs in our in vitro 
assay. We therefore compared Cmax/EC25 for hiPSC-ECs with that 
of hiPSC-VSMCs for each of our drugs that had VigiBase information 
(table S1). We then compared the relative drug sensitivities directly 
between ECs and VSMCs for drugs that are significantly over-
represented for patients with increased BP, hypertension, myocar-
dial ischemia, or myocardial infarction. We found that for increased 
BP and hypertension, in particular, the drugs induced more apoptosis 
in ECs than in VSMCs (Fig. 7, E and F). Furthermore, most of the 
drugs with associated toxicities show a Cmax/EC25 value above 1 for 
either cell type, indicating that the cells are dying in vitro in re-
sponse to drugs at concentrations that are achieved in clinical use 
(Fig. 7, E to H).

Together, these observations implicate drug-induced EC apop-
tosis as a driver of multiple vascular toxicities, in particular, BP 
dysregulation, and likely other healthy tissue toxicities via vascular 
disruption. Further, they indicate that short-term apoptosis induc-
tion in hiPSC-derived vascular cells could be potentially used as a 
screening platform for long-term vascular toxicities of newly devel-
oped anticancer drugs.

Apoptotic priming and drug sensitivity in ECs is dependent 
on the mitochondrial apoptosis pathway
Last, we wanted to test the extent to which blocking mitochondrial 
apoptosis may protect vascular cells from anticancer agent–induced 
cell death. We therefore knocked down BAX and BAK1 separately or 
in combination in hiPSC-ECs and first confirmed apoptosis blockade 
via BH3 profiling (Fig. 7I). Our results show that knocking down 
either gene resulted in a blunting of apoptotic priming, which was 
further intensified with dual knockdown, to the point where the 
cells were not responsive to even the highest concentrations of BIM 
BH3 or BID BH3 peptide. Further, we found that BAX/BAK1 dual- 
knockdown hiPSC-ECs were significantly less sensitive to a rep-
resentative panel of cytotoxic and targeted drugs than untransfected 
hiPSC-ECs. Together, these results demonstrate the importance of 
the intrinsic pathway in mediating cell death in ECs in response to 
cancer therapeutics and suggest that blocking apoptosis in ECs while 
maintaining cancer cell death may reduce vascular toxicities in pa-
tients and thus improve outcomes.

DISCUSSION
Recent studies have established that apoptosis is dynamically regu-
lated in healthy tissues as part of homeostasis and plays a major role 
in explaining toxicities that arise as a consequence of cancer therapy 
(1, 2, 6, 14, 33–35). This is especially true in the pediatric setting, 
where young children are much more susceptible to radiotherapy- 
induced cognitive decline and doxorubicin-induced cardiotoxicity 
(16, 36). However, in many healthy tissues, most cells become more 
resistant to apoptosis during postnatal development and some com-
pletely lose their apoptotic machinery by adulthood, rendering them 
resistant to apoptosis-inducing cancer therapeutics (14–16). We were 
surprised to find that vascular ECs retain their apoptotic priming 
into adulthood, even in tissues where most of the surrounding cells 
are unprimed or completely refractory to apoptosis. Because of this 
higher apoptotic sensitivity, it is likely that vascular cells are in-
volved in initiating or driving not only vascular toxicities to cancer 
therapies but also toxicities in otherwise apoptosis refractory tissues. 
This could be mediated through a multitude of paths including loss 
of barrier function causing leakage and restriction of downstream 
blood flow leading to local oxygen deprivation, proinflammatory 
signaling at damaged sites leading to immune cell recruitment 
and chronic inflammation, or direct capillary destruction and local 
ischemia (4).

It is important to note that while BH3 profiling is an established 
method of measuring apoptotic priming in cancerous as well as 
healthy cells, it relies on measurements of cells in single-cell suspen-
sion, which could potentially alter the state of the apoptosis pathway 
(7, 9–14). In an effort to counteract this, we also measured Cl-Casp3 
activity in response to cytotoxic treatment in intact tissue sections 
using immunofluorescence staining. Further, BH3 profiling does 
not take into account the involvement of apoptosis regulators up-
stream or downstream of MOMP or modes of cell death other than 
intrinsic apoptosis, which can also affect cell fate (37–39).

While development of hiPSC-based screening platforms for the 
CV toxicity of cancer drugs has been reported previously, most re-
search has focused on hiPSC-derived cardiomyocytes and investi-
gation of cardiac toxicities (17, 18, 40–43). Using hiPSC-derived 
cells of the vasculature, we established a platform to measure the 
vascular toxic effects of various cancer therapeutics, including most 
standard chemotherapy drug families. It should be noted that the 
measurements performed here are performed in an in vitro setting 
and measures apoptosis induction, which can be considered a very 
short-term response relative to the clinical end points studied. Re-
sults from the in vitro platform should not be interpreted as directly 
causing the same levels of apoptosis in ECs and VSMCs in patients, 
or that apoptosis is the sole mechanism responsible for disease for-
mation and progression, but rather should be interpreted as the 
potential involvement of apoptosis as an initiating factor in disease 
development and a possible early indicator of later pathologies. We 
found that among the cancer therapy drugs, many seemed to induce 
cell death in the cells of the vasculature (ECs and/or VSMCs) at doses 
that are normally used in in vitro settings and are directly translatable 
to the clinic. This may offer insight into the mechanisms by which 
vascular toxicities arise in cancer patients and may be prevented by 
inhibiting apoptosis (4). We also found differential toxicity profiles 
between ECs and VSMCs to different cancer therapeutics. For ex-
ample, doxorubicin induced more apoptosis in VSMCs than in ECs 
(32, 44, 45). The cardiotoxic effects of doxorubicin and other anth-
racyclines in children are well known and are attributed to the death 
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of cardiomyocytes (3, 16). It is possible that the death of VSMCs 
also contributes to this toxicity and may also drive doxorubicin- 
induced vascular toxicities in adults. Conversely, we found that 
CML-targeting TKIs have clinical toxicities that align with their ef-
fects on ECs in vitro. In particular, TKIs such as ponatinib and nilo-
tinib are restricted in their use as second-line treatment options for 
CML on account of CV ADRs such as peripheral arterial disease, 
coronary artery disease, and acute myocardial infarction (32). Many 
studies have investigated the CV effects of proteasome inhibition, 
and while the current clinical recommendations are to follow the 
same general rules as for other cancer treatments with potential CV 
toxicity, there is emerging evidence advocating further cardio- 
oncological monitoring, especially considering carfilzomib treatment. 
Notably, our studies suggest that pharmacologic reduction of apoptotic 
sensitivity in vascular cells before administration of cancer therapies 
may ameliorate systemic vascular dysfunction and tissue-specific 
toxicities.

Our studies of in vitro EC and VSMC toxicity to cancer thera-
peutics also revealed a high sensitivity to BH3 mimetics, especially 
those inhibiting BCL-XL and MCL-1. While BCL-2 inhibitors have 
thus far had the most clinical success among the BH3 mimetics 
(mainly targeting hematological cancers including chronic lympho-
cytic and acute myelogenous leukemias) (46, 47), there are cur-
rently a multitude of clinical trials ongoing with BCL-XL and MCL-1 
inhibitors for treatment of various hematological and solid cancers 
(48, 49). Several preclinical studies are also advocating the combi-
nation of BH3 mimetics with different BCL-2 family targets to 
increase antitumor effects or combining these agents with other 
apoptosis-inducing therapies (14, 48). While some of these studies 
report tolerable in vivo toxicity experiments, most are only per-
formed on a short-term basis and do not take into account the long 
latency period frequently associated with CV toxicity (4). Our results 
show that both ECs and VSMCs are highly sensitive to BH3 mimetic 
combinations targeting several prosurvival BCL-2 family members, 
especially combined BCL-XL and MCL-1 inhibition and, to a lesser 
extent, MCL-1 inhibition alone. Furthermore, the higher priming 
we detected in ECs from young mice as compared to adult suggests 
that vascular cells may die in response to anticancer agents includ-
ing BH3 mimetics at higher rates than in adults. Whether this is 
counterbalanced by increased capacity for vascular regeneration 
and repair at younger ages is unknown. Last, the MCL-1 inhibitor 
S63845 has a sixfold higher affinity for human MCL-1 than for mouse 
MCL-1, indicating that potential on-target toxicities may be under-
estimated when using a mouse model (50). This may translate into 
potentially intractable long-term toxicities of the CV system and should 
be taken into account when designing clinical trials with novel BH3 
mimetics. On the basis of our studies, incorporation of enhanced 
monitoring for potential vascular toxicities is warranted.

MATERIALS AND METHODS
Animal care and use
Cohorts of mice were housed and bred in a colony in accordance 
with the policies and regulations set forth by the Harvard T.H. Chan 
School of Public Health (HSPH) Institutional Animal Care and Use 
Committee (IACUC), under protocol 5245. All animal experiments 
were approved by the IACUC under HSPH protocol #IS00001059-
3. C57BL/6J mice (wild type) (The Jackson Laboratory), were used 
for tissue collection. For whole-body irradiation experiments, mice 

were placed in an acrylic pie cage and irradiated with 24 Gy using 
a Cs-137 source (Mark 1 Irradiator, Shepherd & Associates) with a 
dose rate of 1.8 Gy/min. Animals were sacrificed at 6, 12, 18, or 24 
hours after irradiation, and tissues were collected for downstream 
analysis. For BH3 mimetic treatment, animals were intravenously 
injected with A-1331852 (25 mg/kg) or S63845 (25 mg/kg) or a 
combination of A-1331852 and S63845 (25 + 25 mg/kg).

Tissue processing
For BH3 profiling, AxV, plasma membrane integrity, and caspase-3/7 
activity measurements, tissue samples from mice of different ages 
(P0 to P85) were dissociated into single-cell suspensions using the 
Papain Dissociation System (Worthington Biochemical Corporation) 
with a modified protocol, as previously described (51). Briefly, 50 to 
100 g of tissue sample were roughly chopped and submerged in 500 l of 
Earle’s balanced salt solution (EBSS) with papain protease (20 U/ml) 
and 0.005% deoxyribonuclease (DNase) and incubated at 37°C with 
frequent agitation for 15 min. Samples were placed on ice and trit-
urated with cut 1-ml pipette tips and were left to settle for 2 to 5 min 
before the cloudy cell suspension was transferred to new tubes and 
centrifuged at 200g for 5 min at 4°C. The resulting pellet was re-
suspended in cold EBSS with 0.005% DNase, bovine serum albumin 
(BSA) (1 mg/ml), and ovomucoid protease inhibitor (1 mg/ml). This 
suspension was layered on top of a solution of cold EBSS with BSA 
(10 mg/ml) and ovomucoid protease inhibitor (10 mg/ml) to create 
a discontinuous density gradient and then centrifuged at 72g for 
6 min at room temperature. Supernatant was discarded, and the 
pellet was collected for subsequent staining and analysis.

Cell culture
For human iPSCs, tissue culture–treated dishes were coated for 1 hour 
at room temperature with Geltrex (Life Technologies) reconstituted 
in Dulbecco’s modified Eagle’s medium (DMEM) medium (Corning). 
Human DiPS 1016 SeVA iPSC stocks (Harvard Stem Cell Institute 
iPS Core Facility, Harvard University) were thawed in complete 
StemFlex medium (Life Technologies) containing 10 M Rho-associated, 
coiled coil–containing protein kinase (ROCK) inhibitor Y-27632 
(Calbiochem). After 24 hours, the medium was replaced with com-
plete StemFlex free of ROCK inhibitor. Cells were detached using 
Accutase (STEMCELL Technologies) and split 1:5 to 1:10 before 
reaching confluence; cells were cultured in complete StemFlex 
medium supplemented with ROCK inhibitor for the first 24 hours. 
All culture media were supplemented with penicillin-streptomycin 
(Life Technologies) and Plasmocin (InvivoGen) and changed every 
other day unless otherwise specified. Human FFs were collected from 
neonatal foreskin specimens provided by Brigham and Women’s 
Hospital and cultured in DMEM/F-12 with 10% fetal bovine serum 
(FBS) (Life Technologies) and 1% penicillin-streptomycin (Life Tech-
nologies). Primary HCAECs were purchased from Lonza (CC-2585) 
and cultured in Endothelial Cell Growth Medium-2 Bulletkit (EGM-2) 
medium from Lonza (CC-3162). HeLa cells were cultured in DMEM 
with 10% FBS (Life Technologies) and 1% penicillin-streptomycin 
(Life Technologies). All cell lines were routinely tested for mycoplasma 
contamination and were negative throughout this study.

Differentiation of hiPSCs
hiPSCs were differentiated as previously described (23). Briefly, 
hiPSC clones were split to 50% confluence and cultured overnight 
in StemFlex medium (Life Technologies) with 10 M ROCK inhibitor. 
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The next day (day 1), differentiation was initiated by replacing the 
medium with N2B27, which consists of equal parts of Neurobasal 
medium and DMEM/F-12 GlutaMAX (Life Technologies) sup-
plemented with B-27 without vitamin A (Life Technologies) and 
N-2 supplement (Life Technologies). For the first 3 days, 6 M 
CHIR-99021 (Cayman Chemicals) and BMP4 (25 ng/ml; R&D 
Systems) were added daily. To generate VSMCs, medium was replaced 
on day 4 by N2B27 supplemented with platelet-derived growth 
factor–BB (PDGF-BB; 10 ng/ml; PeproTech) and activin A (2 ng/ml; 
PeproTech). On day 6, cells were split with trypsin-EDTA (Corning) 
into dishes coated with human fibronectin (Sigma-Aldrich) and main-
tained in Medium 231 (Life Technologies) supplemented with Smooth 
Muscle Growth Supplement (Life Technologies). To generate ECs, 
the same protocol was followed for the first 3 days to achieve the 
mesodermal lineage, but on day 4, the medium was replaced with 
N2B27 supplemented with VEGF (200 ng/ml; PeproTech) and 2 M 
forskolin (Sigma-Aldrich). On day 6, cells were split and the differ-
entiated ECs were either magnetic-activated cell sorting (MACS)–
separated using CD144 MicroBeads (Miltenyi Biotec) or flow 
cytometry–sorted for CD144+ cells to isolate the population expressing 
VE-cadherin. Endothelial lineage cells were maintained in EGM-2 
Endothelial Cell Growth Medium (Lonza). All culture media were 
supplemented with penicillin-streptomycin (Life Technologies) and 
Plasmocin (InvivoGen) and changed every other day unless other-
wise specified. Differentiation of hiPSCs into adipocytes was per-
formed as published (52). Briefly, hiPSCs were passaged and grown 
in suspension culture to form embryoid bodies. After 1 week, the 
embryoid bodies were plated on tissue culture–treated plastic and 
grown in DMEM + 10% FBS. The outgrowing mesenchymal pro-
genitor cells (MPCs) were used from passage 4 to 8. For adipocyte 
differentiation, MPCs were infected with previously described len-
tivirus to express the transactivator rtTA and inducible expression 
of PPARg2. MPCs were passaged and grown to confluence and then 
exposed to doxycycline (700 ng/ml) for 2 weeks in the previously 
established A2 medium and then 1 week without doxycycline in A2 
medium and used for assays.

siRNA knockdown experiments
HiPSC-ECs were seeded onto human collagen–coated six-well plates 
to perform small interfering RNA (siRNA) knockdowns. We seeded 
cells at 200,000 cells per well of a six-well plate and waited for 2 days 
to perform the siRNA knockdown with Lipofectamine RNAiMAX 
from Invitrogen Thermo Fisher Scientific (catalog no. 13778030). 
Predesigned BAX (assay ID 202474) and BAK1 (assay ID 120199) 
siRNA were purchased from Thermo Fisher Scientific Ambion Tech-
nologies. Transfection of cells was performed according to the man-
ufacturer’s protocol. Briefly, we diluted 25 pmol of siRNA per well 
in Opti-MEM medium (Gibco Thermo Fisher Scientific, #31985070) 
and mixed this with 9 l of Lipofectamine diluted in Opti-MEM as 
per the manufacturer’s protocol. After a 5-min incubation, the Li-
pofectamine RNAiMAX with siRNA complex was added to the cells 
directly. EC medium (Lonza, EGM-2) was replaced 2 days after trans-
fection with siRNA, and cells were used for assays described here 
48 hours after transfection.

BH3 profiling
Cell pellets from tissue dissociation were resuspended in 100 l of 
fluorescence-activated cell sorting (FACS) stain buffer [2% FBS in 
phosphate-buffered saline (PBS)] with 1 l of anti-CD31–Brilliant 

Violet 786 (clone 390, BD Biosciences) and 1 l of anti-CD45–
allophycocyanin (APC)/Cy7 (clone 30-F11, BioLegend). Lung and 
kidney single-cell suspensions also received 1 l of anti–EPCAM–
Alexa Fluor 488 (clone G8.8, BioLegend), and liver single-cell sus-
pensions also received 1 l of anti–GLUT2–phycoerythrin (PE) (Bioss). 
Cells were stained on ice for 25 min away from light and then cen-
trifuged at 200g for 5 min at 4°C and subjected to flow cytometry–
based BH3 profiling as previously described (9). In vitro cultured 
cells were collected, centrifuged at 200g for 5 min, and directly sub-
jected to BH3 profiling. Briefly, cells were treated with activator or 
sensitizer BH3 peptides (New England Peptide) for 60 min at 28°C 
in Mannitol Experimental Buffer (MEB) [10 mM Hepes (pH 7.5), 
150 mM mannitol, 50 mM KCl, 0.02 mM EGTA, 0.02 mM EDTA, 
0.1% BSA, and 5 mM succinate] with 0.001% digitonin. Peptide 
sequences were as follows: BIM (Ac-MRPEIWIAQELRRIGDEFNA- 
NH2) ,  BID (Ac-EDIIRNIARHL AQVGDSMDRY-NH2) , 
PUMA (Ac-EQWAREIGAQLRRMADDLNA-NH2),  BAD 
(Ac-LWAAQRYGRELRRMSDEFEGSFKGL-NH2), HRK (Ac-WS-
SAAQLTAARLKALGDELHQ-NH2), and MS1 (Ac-RPEIW-
MTQGLRRLGDEINAYYAR-NH2). Alamethicin at 0.25 M and 
PUMA2A (a mutant inactive PUMA peptide, Ac-EQWAREIGA-
QARRMAADLNA-NH2) at 100 M were used as positive and neg-
ative controls, respectively. After peptide exposure, cells were fixed in 
2% paraformaldehyde for 15 min, followed by neutralization through 
the addition of neutralizing (N2) buffer [1.7 M tris base and 1.25 M 
glycine (pH 9.1)]. Cells were stained overnight with 4′,6-diamidino-2- 
phenylindole (DAPI) (1:1000t Abcam) and anti–cytochrome c–Alexa 
Fluor 647 (1:2000; clone 6H2.B4, BioLegend) in a saponin-based 
intracellular stain buffer (final concentration: 0.1% saponin and 
1% BSA). Cells isolated from heart were also stained with anti–cTnT-PE 
in the intracellular stain buffer (1:600; clone REA400, Miltenyi Biotec). 
Cytochrome c release in response to BH3 peptide treatment was mea-
sured on an Attune NxT flow cytometer (Thermo Fisher Scientific). 
Gating (see fig. S1A) was performed to select all singlet nucleated 
(DAPI+) events. Then, PBMCs were separated out using CD45 
staining. All remaining cell identity stains were analyzed on CD45− 
gated cells.

For BH3 profiling of hiPSC-WAT, a JC1-based assay was used 
and performed on hiPSC-ECs in parallel (14). Briefly, BH3 peptides 
in MEB were deposited into a black 384-well plate, one treatment 
per well, in triplicate for each independent experiment. Single cells 
of hiPSC-EC and hiPSC-WAT were resuspended in MEB with 
0.001% digitonin and mixed 1:1 with a dye solution containing dig-
itonin and JC1 in MEB. Cells were kept at room temperature for 
5 min to allow for cell permeabilization and dye equilibration. Cells 
were then added to each treatment well in the 384-well plate, and 
fluorescence at 590 nm was measured every 5 min at 32°C for a total 
of 120 min. Relative mitochondrial depolarization was defined as 
the magnitude of mitochondrial potential loss resulting from BH3 
peptide treatments compared with negative control PUMA2A and 
positive control alamethicin.

Cytochrome c measurements in isolated mitochondria
Liver tissue from a P86 mouse was dissociated using Dounce homog-
enization, and measurement of cytochrome c content in mitochon-
drial fractions was performed as previously described (53). Briefly, 
cells were quantified using the Vi-CELL XR Cell Viability Analyzer 
(Beckman Coulter), permeabilized with 0.025% digitonin in a mito-
chondrial resuspension buffer [100 mM sucrose (Sigma-Aldrich), 

https://www.thermofisher.com/order/catalog/product/31985070
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20 mM Hepes-KOH (pH 7.5; Gibco), 100 mM KCl (Sigma- Aldrich), 
2.5 mM MgCl2 (Sigma-Aldrich), 1× cOmplete protease inhibitors 
without EDTA (Roche, #04693132 001), and pepstatin A (8 g/ml; 
MedChem Express)] for 10 min on ice, then separated into 50-l 
aliquots containing 500,000 cells each, and treated with BH3 pep-
tides for 30 min at 30°C. Cells were then centrifuged at 13,000g for 
5 min at 4°C. Pellet was collected and analyzed by SDS–polyacrylamide 
gel electrophoresis and Western blot for anti–cytochrome c (Cell 
Signaling Technology, #12963).

Western blotting
Western blotting was performed as previously described (13). Briefly, 
the polyvinylidene difluoride membrane (Bio-Rad) was incubated 
with the primary antibody against glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (#2118, rabbit, 1:1000), MCL-1 (#94296, 
rabbit, 1:1000), BCL-XL (#2764, rabbit, 1:1000), BCL-2 (#2872, 
rabbit, 1:1000), BAX (#2772, rabbit, 1:1000), BIM (#2933, rabbit, 
1:1000), PUMA (#98672, rabbit, 1:1000), and BID (#11958 , rabbit, 1:1000) 
from Cell Signaling Technology, BAK (#06-536, rabbit, 1:1000) from 
Millipore Sigma, and VE-cadherin (#50-128-96, mouse, 1:1000) from 
Fisher Scientific. The primary antibodies were labeled with secondary 
antibody ECL anti-rabbit immunoglobulin G (NA9340V, 1:4000), 
and protein bands were imaged using the SuperSignal Enzyme- 
Linked Immunosorbent Femto Maximum Sensitivity Substrate 
(Thermo Fisher Scientific, 37075). The iBright 1500 (Invitrogen) 
system was used to obtain blot images from membranes.

Apoptosis measurements in cells isolated 
from irradiated tissue
Cell pellets from tissue dissociation were resuspended in 100 l of 
FACS stain buffer (2% FBS in PBS) with 1 l of anti–CD31–Brilliant 
Violet 786 (clone 390, BD Biosciences), 1 l of anti–CD45–APC/Cy7 
(clone 30-F11, BioLegend), 1 l of parenchymal cell marker [anti–
GLUT2-PE (Bioss), anti–EPCAM-PE (BioLegend), or anti–cTnT- 
PE (Miltenyi Biotec)], 0.02 l of Alexa Fluor 647–conjugated AxV, 
5 l Zombie Violet (BioLegend), and 0.1 l of CellEvent Caspase-3/7 
Green Detection Reagent (Thermo Fisher Scientific). Cells were 
stained on ice for 45 min away from the light and then centrifuged 
at 200g for 5 min at 4°C, and fluorescence in different cell types 
was analyzed on an Attune NxT flow cytometer (Thermo Fisher 
Scientific).

Immunocytochemistry and immunofluorescence microscopy
For immunocytochemistry of hiPSC-derived cells, cells were washed 
once with PBS and fixed in 4% paraformaldehyde for 10 min at 
room temperature. The cells were then blocked with 10% BSA with 
0.1% Triton X-100 in PBS. Cells were incubated with primary anti-
body overnight with 5% BSA in PBS at 4°C. Cells were washed three 
times with PBS the next day and incubated with secondary antibod-
ies and DAPI with 1% BSA in PBS for 1 hour at room temperature. 
Cells were then washed three times with PBS, and images were 
acquired using the Nikon Eclipse TI Immunofluorescence micro-
scope. The primary antibodies used were CD31 (R&D Systems, 
catalog no. AF806), DAPI (Thermo Fisher Scientific, catalog no. 
D21490), phalloidin (Thermo Fisher Scientific, catalog no. A12379), 
and SMA (Santa Cruz Biotechnology, catalog no. sc-130616).

For tissue samples from irradiated or BH3 mimetic–treated mice, 
tissue samples were fixed in Davidson’s fixative [two parts 37% for-
malin, three parts 100% ethanol (Decon Labs Inc.), one part acetic 

acid (Fisher Chemicals), and three parts water] overnight. Samples 
were then washed three times with 100% ethanol, incubated in a 1:1 
solution of 100% ethanol and Histo-Clear (Electron Microscopy 
Sciences) for 20 min at room temperature, followed by Histo-Clear for 
20 min at room temperature, a 1:1 solution of paraffin (McCormick 
Scientific) and Histo-Clear for 20  min at 60°C, paraffin for 3 × 
20 min at 60°C, and paraffin overnight at 60°C, and then embedded 
in paraffin blocks, and 5-m sections were produced on a Leica 
RM2025 microtome. Sections were rehydrated, antigen retrieval 
was performed with pH 6.4 sodium citrate buffer (Vector Laborato-
ries), and sections were placed in a 3% bleach solution [4 ml of 30% 
H2O2 (Sigma-Aldrich) and 0.8 ml of 1 M NaOH (Sigma-Aldrich) 
in 35.2 ml of PBS (Boston Bioproducts Inc.)], sandwiched between 
two 15,000 lux lights (AMZCOOL), and subjected to photobleach-
ing for 1 hour. Sections were permeabilized in 0.25% PBS-T (Triton 
X-100–based, BioVision) and blocked with blocking buffer [5% donkey 
serum (Sigma-Aldrich) in 0.1% PBS-T] for 30 min. Primary antibodies 
against CD31 (R&D Systems, catalog no. AF806) and Cl-Casp3 (Cell 
Signaling Technology, #9661) were used at 1:200 dilution in blocking 
buffer with an overnight incubation at 4°C. Fluorophore-conjugated, 
species-specific secondary antibodies (Invitrogen, A11055 and A31573) 
were incubated for 1 hour at room temperature at 1:200 dilution in 
blocking buffer. Sections were then incubated with DAPI and 
mounted with Vectashield (Vector Laboratories). Images were cap-
tured with a Zeiss Axio-Observer Z1 inverted fluorescent micro-
scope equipped with an Apotome.2 structured illumination optical 
sectioning device and an Axiocam 712 color camera. Three animals 
per treatment condition were used, and five 20× images were cap-
tured per animal (i.e., 15 images total per treatment condition). The 
images were deidentified and sorted in a randomized order, and the 
number of CD31−/Cl-Casp3+ and CD31+/Cl-Casp3+ cells per image 
was counted by a blinded operator.

In vitro drug treatments and AxV/PI viability assay
Cells were plated at 104 cells per well in 100 l of culture medium on 
flat-bottom 96-well plates (Denville) and treated with the following 
drugs at the concentrations specified: cisplatin, 100, 10, 1, and 0.1 M; 
carboplatin, 100, 10, 1, and 0.1 M; palifosfamide, 100, 10, 1, and 
0.1 M; procarbazine, 100, 10, 1, and 0.1 M; lomustine, 100, 10, 1, 
and 0.1 M; temozolamide, 100, 10, 1, and 0.1 M; bleomycin, 10, 1, 
0.1, and 0.01 M; mitoxantrone, 10, 1, 0.1, and 0.01 M; doxorubi-
cin, 10, 1, 0.1, and 0.01 M; etoposide, 10, 1, 0.1, and 0.01 M; topo-
tecan, 10, 1, 0.1, and 0.01 M; paclitaxel, 10, 1, 0.1, and 0.01 M; 
vincristine, 10, 1, 0.1, and 0.01 M; actinomycin, D (dactinomycin) 
1, 0.1, 0.01, and 0.001 M; bexarotene, 100, 10, 1, and 0.1 M; 5-FU 
(fluorouracil), 100, 10, 1, and 0.1 M; ara-C (cytarabine), 10, 1, 0.1, 
and 0.01 M; methotrexate, 100, 10, 1, and 0.1 M; pemetrexed, 
100, 10, 1, and 0.1 M; staurosporine, 1, 0.1, 0.01, and 0.001 M; 
imatinib, 10, 1, 0.1, and 0.01 M; bosutinib, 10, 1, 0.1, and 0.01 M; 
dasatinib, 10, 1, 0.1, and 0.01 M; regorafenib, 10, 1, 0.1, and 0.01 M; 
axitinib, 10, 1, 0.1, and 0.01 M; vandetanib, 10, 1, 0.1, and 0.01 M; 
cabozantinib, 10, 1, 0.1, and 0.01 M; sunitinib, 10, 1, 0.1, and 0.01 M; 
SAR131675, 10, 1, 0.1, and 0.01 M; ponatinib, 10, 1, 0.1, and 0.01 M; 
nilotinib, 10, 1, 0.1, and 0.01 M; midostaurin, 10, 1, 0.1, and 0.01 M; 
sorafenib, 10, 1, 0.1, and 0.01 M; trametinib, 10, 1, 0.1, and 0.01 M; 
bortezomib, 1, 0.1, 0.01, and 0.001 M; ixazomib, 1, 0.1, 0.01, and 
0.001 M; carfilzomib, 1, 0.1, 0.01, and 0.001 M; bevacizumab, 1, 
0.1, 0.01, and 0.001 M; trastuzumab, 1, 0.1, 0.01, and 0.001 M; 
17-DMAG (alvespimycin), 1, 0.1, 0.01, and 0.001 M; olaparib, 10, 
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1, 0.1, and 0.01 M; buparlisib, 1, 0.1, 0.01, and 0.001 M; JQ1, 10, 1, 
0.1, and 0.01 M; panobinostat, 10, 1, 0.1, and 0.01 M; lenalidomide, 
100, 10, 1, and 0.1 M; pomalidomide, 100, 10, 1, and 0.1 M; dexa-
methasone, 10, 1, 0.1, and 0.01 M; AZD8055, 10, 1, 0.1, and 0.01 M; 
ABT-199, 1, 0.1, and 0.01 M; ABT-263, 1, 0.1, and 0.01 M; A- 
1331852, 1, 0.1, and 0.01 M; and S63845, 1, 0.1, and 0.01 M. Combination 
BH3 mimetic treatment doses were 1 + 1, 0.1 + 0.1, or 0.01 + 0.01 M 
for all combinations used, and all combination treatments were per-
formed with simultaneous administration. Cmax levels for each 
drug (when applicable) were obtained from the literature (54–71). 
IR treatment at 4, 8, 12, and 16 Gy was performed using a Cs-137 
source (Mark 1 Irradiator, Shepherd & Associates) with a dose rate 
of 1.8 Gy/min. Dimethyl sulfoxide (1%) was used as negative treat-
ment control. After 24, 48, or 72 hours under standard tissue cul-
ture conditions, the medium was collected and moved to a fresh 
96-well V-bottom plate (Greiner BioOne). Twenty-five microliters 
of 0.0025% trypsin (Gibco) was added to each well on the original 
plate and allowed to incubate for 5 min, and then trypsinized cells 
were added back to the medium on the V-bottom plate and stained 
with viability markers AxV and PI using the following protocol. 
A staining solution was prepared with 10× annexin binding buffer 
[0.1 M Hepes (pH 7.4), 1.4 M NaCl, and 25 mM CaCl2 solution, 
sterile-filtered] and AxV/PI. Alexa Fluor 647–conjugated AxV and 
PI (Abcam) were added to solution at a dilution of 1:500. The stain-
ing solution was then added to the cells in solution at 1:10 dilution, 
and the cells were allowed to stain for 20 min on ice in the dark. 
AxV/PI positivity was then measured on an Attune NxT flow cytom-
eter equipped with an autosampler (Thermo Fisher Scientific).

Gene expression data collection and analysis
RNA was extracted from hiPSC-derived cells using the QIAcube 
and the RNeasy Plus Mini Kit (QIAGEN). RNA quality was as-
certained with the TapeStation (Agilent), and only samples with 
a RNA integrity number (RIN) > 9.0 were used for sequencing. 
Sequencing libraries were made with a PrepX DNA library kit 
(Takara Bio) using an Apollo system (Takara Bio). Quality control 
for the libraries was performed using the KAPA library quantification 
kit (Roche) and the TapeStation (Agilent). Sequencing libraries were 
barcoded, pooled, and sequenced on HiSeq 2500 (Illumina) with 
single-end 150–base pair reads. Sequencing output was demultiplexed, 
barcodes were removed and trimmed for quality, and FastQC was 
run on all files for quality control. Reads were aligned to human 
genome assembly GRCh38 using STAR (72). Gene expression data 
from this study were deposited in National Center for Biotechnol-
ogy Information’s (NCBI) Gene Expression Omnibus (GEO ac-
cession GSE188240).

For mined gene expression data, Smart-Seq2 RNA-seq librar-
ies of fluorescence-activated cell-sorted single cells in adult mice 
(https://doi.org/10.6084/m9.figshare.5821263.v3) and correspond-
ing cell annotations (https://github.com/czbiohub/tabula-muris) 
were obtained from the Tabula Muris database (20). EC gene ex-
pression from embryonic mice (GSE79306) (22) and an additional 
set of adult mice (GSE95401) (21) was processed using Genevestigator.

Bioinformatics processing and analysis were performed in the R 
statistical computing environment (http://r-project.org, version 4.1.0) 
using Seurat v3 (73). Cells with <500 detected genes and <50,000 
confidentially mapped reads were excluded from downstream anal-
ysis. Raw counts were converted to log counts per million by log 
normalization and subsequently scaled. The effects of confounding 

factors, including ribosomal RNA, total number of reads, and per-
centage of External RNA Controls Consortium controls, were re-
moved by linear regression. Heatmaps were created using the 
ComplexHeatmap package (74), and clusters were split into slices 
by k-means partitioning.

VigiBase analysis
A disproportionality analysis was performed as previously described 
(25). Briefly, VigiBase allows for case/noncase analysis (dispropor-
tionality analysis), which we used to study whether suspected drug- 
induced CV events were differentially reported with a specific drug 
compared with CV events reported in the entire database with all 
other drugs. Disproportionality analysis compares the proportion 
of selected specific ADRs reported for a single or a group of drugs 
(e.g., ponatinib) with the proportion of the same ADR for a control 
group of drugs (e.g., entire database). The denominator in these 
analyses is the overall ADR reported for each group of drugs. If the 
proportion of an ADR is greater in patients exposed to a group of 
drugs (cases) than in patients not exposed to this drug group (non-
cases), this suggests an association between the specific drug and 
the reaction and is a potential signal for safety. Disproportionality 
can be calculated by either the IC (a Bayesian statistic) or ROR (a 
Frequentist statistic) when using the entire database as comparator. 
Calculation of the IC using a Bayesian confidence propagation neural 
network was developed and validated by the Uppsala Monitoring 
Centre as a flexible, automated indicator value for disproportionate 
reporting (75). Probabilistic reasoning in intelligent systems (infor-
mation theory) has proven to be effective for the management of large 
datasets, is robust in handling incomplete data, and can be used with 
complex variables. The information theory tool is ideal for finding 
drug-ADR combinations with other variables that are highly associ-
ated compared with the generality of the stored data (75). Several 
examples of validation with the IC exist, showing the power of the 
technique to find signals sooner after drug approval than by a regu-
latory agency (e.g., an association between captopril and coughing) 
and to avoid false positives, whereby an association between a com-
mon drug and a common ADR occurs in the database only because 
the drug is widely used and the ADR is frequently reported (e.g., 
between atorvastatin and rash) (75, 76). Furthermore, we have re-
cently published several studies using VigiBase and disproportional 
reporting calculation to characterize and identify new drug-ADR–
associated signals, which were subsequently corroborated by pre-
clinical mechanistic studies or prospective cohorts (25, 77, 78).

The statistical formula is as follows

   IC =  log  2   [   (    N  observed   + 0.5 )   /  (    N  expected   + 0.5 )   ]     

where

    N  expected   =  [   (    N  drug   ×  N  reaction   )   /  N  total   ]     

Nexpected is the number of case reports expected for the drug-
ADR combination. This number is computed from Ndrug, Nreaction, 
and Ntotal. Nobserved is the actual number of case reports for the drug-
ADR combination. Ndrug is the number of case reports for the drug, 
regardless of ADR. Nreaction is the number of case reports for the 
ADR, regardless of drug. Ntotal is the total number of case reports in 
the database.

https://doi.org/10.6084/m9.figshare.5821263.v3
https://github.com/czbiohub/tabula-muris
http://r-project.org
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The IC is an estimate of disproportionality analyses. It is consid-
ered significant if its lower bound of the 95% credibility interval, 
IC025, is greater than zero.

The MedDRA v24.0 preferred terms queried as a function of 
selected anticancer drugs in this analysis were “Blood pressure in-
creased,” “Hypertension,” “Myocardial ischemia,” and “Myocardial 
infarction.” The VigiBase database used for analyses was dated 
8 August 2021. The VigiBase database is publicly available upon 
request to UMC (https://who-umc.org/vigibase/).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abn6579

View/request a protocol for this paper from Bio-protocol.
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