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SUMMARY

DNA-damaging compounds, commonly used as chemotherapeutic drugs, are known to trigger cells to
undergo programmed cell death such as apoptosis and necroptosis. However, the molecular mecha-
nism of DNA damage-induced cell death is not fully understood. Here, we report that RARY has a crit-
ical role in DNA damage-induced programmed cell death, specifically in necroptosis. The loss of RARY
abolishes the necroptosis induced by DNA damage. In addition, cells that lack RARy are less suscep-
tible to extrinsic apoptotic pathway activated by DNA-damaging agents whereas the intrinsic
apoptotic pathway is not affected. We demonstrate that RARY is essential for the formation of
RIPK1/RIPK3 death complex, known as Ripoptosome, in response to DNA damage. Furthermore,
we show that RARY plays a role in skin cancer development by using RARY1 knockout mice and human
squamous cell carcinoma biopsies. Hence, our study reveals that RARY is a critical component of DNA
damage-induced cell death.

INTRODUCTION

DNA-damaging agents are a widely used group of prominent drugs of cancer treatment (Bozko et al.,
2017). Among the commonly used DNA-damaging agents, which covalently modify DNA, for instance,
cisplatin and oxaliplatin cross-link DNA bases (Kelland, 2007), whereas other agents, such as inhibitors
of topoisomerases (camptothecin, etoposide, and doxorubicin) or antimetabolites (pyrimidine analog
5-fluorouracil), cause DNA damage by changing chromatin structure and topology or by interfering with
DNA replication (Longley et al., 2003; Nitiss, 2009; Pommier, 2006). It has been well documented that
DNA damage elicits diverse cellular responses such as DNA repair, cell-cycle arrest, and cell death (Mills
et al., 2018; O'Connor, 2015). Although the underlying molecular mechanisms of these cellular responses
have been extensively studied, many aspects of DNA damage responses are not fully understood (Cheung-
Ong et al., 2013).

Following DNA damage, a predominant outcome of affected cells is apoptosis (Roos and Kaina, 2006; Roos
et al., 2016). DNA-damaging agents induce apoptosis by blocking DNA replication, which leads to the
collapse of replication forks and double-strand breaks (DSBs). DSBs result in p53-dependent caspase acti-
vation and subsequent apoptosis. However, it is known that DNA damage could also trigger p53-indepen-
dent, death domain kinase, RIPK1 (receptor-interacting protein kinase 1)-mediated cell death (Biton and
Ashkenazi, 2011; Hur et al., 2003, 2006). Recent evidence suggests that DNA-damaging agents induce
not only apoptosis but also non-apoptotic death such as necroptosis and pyroptosis (Wang et al., 2017).
Particularly, although the mechanism of DNA damage-induced apoptosis has been well studied, the mo-
lecular regulation of other forms of DNA damage-induced cell death are still elusive (Norbury and Zhivo-
tovsky, 2004; Roos et al., 2016).

Necroptosis is a programmed, caspase-independent cell death that is morphologically similar to necrosis.
For tumor necrosis factor (TNF)-induced necroptosis, the receptor interacting protein kinases, RIPK1 and
RIPK3, and the mixed lineage kinase domain-like (MLKL) are the key mediators (Cho et al., 2009; He et al.,
2009; Sun etal., 2012; Zhang et al., 2009). It is known that, after being phosphorylated by RIPK3, MLKL trans-
locates to the plasma membrane and mediates the execution of necroptosis (Cai et al., 2014; Cai and Liu,
2014; Wang et al., 2014; Weinlich et al., 2017). It has been shown that DNA damage could induce necrop-
tosis and that RIPK1 and RIPK3 are essential for the process (Moriwaki et al., 2015; Pasparakis and Vande-
nabeele, 2015; Vandenabeele et al., 2010; Weinlich et al., 2017). However, although it has been shown that
RIPK1 mediates the formation of the cytosolic cell death complex, known as Ripoptosome (Tenev et al.,
2011), it is not clear how RIPK1 is engaged in response to DNA damage.
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Retinoic acid receptors (RARs), RARa, RARB, and RARY belong to the superfamily of nuclear hormone re-
ceptors and act as transcription factors after activation by retinoic acid (De Luca, 1991; Kastner et al., 1995).
RARs regulate the expression of a large number of genes that are critical for cell growth, differentiation, and
cell death (Lohnes et al., 1993; Marill et al., 2003). Although the localization of these RARs is predominantly
nuclear, cytoplasmic localizations of RARs have been reported in some types of cells, but the function of the
cytosolic RARs is unknown (Han et al., 2009). Our previous work demonstrated that cytoplasmic RARy was
essential for TNF-induced RIPK1-initiated apoptosis and necroptosis. RARY is released from the nucleus to
orchestrate the formation of the cytosolic death complexes and functions as a critical checkpoint of RIPK1-
initiated cell death.

RARY is the major RAR expressed in human and mouse epidermis, whereas very little expression of RARa
and no expression of RARB is seen in skin (Duong and Rochette-Egly, 2011). RARy has been shown to be a
tumor suppressor, as loss of RARy predisposed skin to tumors (Chen et al., 2004; Darwiche et al., 1995,
1996). In addition, there is evidence that UV radiation from the sun induces a dramatic decrease in RARy
by proteasomal degradation resulting in premature skin aging and skin cancer (Chen et al., 2004; Wang
et al., 1999). However, the role of RARY in skin cancer development is not well studied.

Here, we report that RARY has a critical role in DNA damage-induced necroptotic cell death. We show that
loss of RARYy abolishes the necroptosis induced by DNA-damaging agents. Furthermore, RARy-null MEFs
are less susceptible to apoptosis induced by DNA-damaging agents. We demonstrate that the involve-
ment of RARy in DNA damage-induced necroptosis and apoptosis is mediated through RIPK1 and that
RARY does not play a role in the intrinsic apoptosis triggered by DNA damage. This study reveals that
RARY is a critical component of DNA damage-induced cell death. Furthermore, we demonstrate that sig-
nificant decrease in RARy expression in the human squamous cell carcinoma (SCC) compared with normal
skin and the loss of RARY in keratinocytes leads to resistance to DNA-damaging drugs. Therefore, RARY
could be used as a chemotherapeutic marker for cancers.

RESULTS
DNA-Damaging Compounds Induce RIPK1-Dependent Necroptosis in MEFs

It has been reported that DNA-damaging agents could induce necroptosis and trigger both extrinsic and
intrinsic apoptotic pathways in certain types of cells (Fulda and Debatin, 2006; Jing et al., 2018; Koo et al.,
2015; Matt and Hofmann, 2016; Nowsheen and Yang, 2012). To study the mechanisms of DNA damage-
induced cell death, we first examined if these cell death pathways are activated in mouse embryonic fibro-
blasts (MEFs) in response to DNA damage by checking the commonly used markers for these pathways,
MLKL phosphorylation for necroptosis, Caspase-9 (Casp-9) for intrinsic apoptosis, and Caspase-8
(Casp-8) for extrinsic apoptosis (Hengartner, 2000; Li and Yuan, 2008; Pasparakis and Vandenabeele,
2015; Wang et al., 2014). MEF cells were treated with DNA-damaging agents, cisplatin or etoposide and
were collected to examine these proteins by immunoblotting at the indicated times (Figure 1A). As shown
in Figure 1A, all three cell death pathways are activated by cisplatin or etoposide. Interestingly, among
these three cell death pathways, necroptosis appears to be engaged first, followed by the activation of
extrinsic apoptosis. The engagement of intrinsic apoptosis is significantly slower compared with the other
two. These results suggest that DNA damage induced both necroptosis and apoptosis, with necroptosis
and extrinsic apoptosis preceding intrinsic apoptosis, in MEF cells.

As RIPK1 is known to be a key player in DNA damage-induced necroptosis and apoptosis (Biton and Ashke-
nazi, 2011; Hur et al., 2003, 2006), we then examined the involvement of RIPK1 in the phosphorylation of
MLKL and the activation of the extrinsic and intrinsic apoptotic pathways using wild-type (WT) (Ripk1*'*)
and RIPK1-null (Ripk1~/~) MEFs. Cells were treated with cisplatin or etoposide and were then collected
for western blot. As shown in Figure 1B, consistent with previous findings, RIPK1 is essential for cisplatin
or etoposide-induced MLKL phosphorylation. Interestingly, we found that whereas Casp-8 activation
was significantly impaired and delayed, activation of Casp-9 by these two drugs was not affected by the
deletion of RIPK1 (Figure 1B). These results suggest that the engagement of necroptosis and extrinsic
apoptosis were both mediated by RIPK1, which does not play any role in the intrinsic apoptotic pathway.
These conclusions were further supported by measuring DNA damage-induced cell death in these cells. As
shown in Figure 1C, loss of RIPK1 only partially blocked DNA damage-induced cell death because deletion
of RIPK1 has no effect on Casp-9 activation. Consistently, RIPK3 and MLKL deletion also partially blocked
DNA damage-induced cell death and the phosphorylation of MLKL (Figure S1).
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Figure 1. DNA-Damaging Compounds Induce Both RIPK1-Dependent Apoptotic and Necroptotic Cell Death
(A) MEF WT cells were treated with cisplatin (left panel) or etoposide (right panel) for the indicated time. Cell lysates were
analyzed by immunoblotting as indicated.

(B) Ripk1*/* and Ripk1~/~ cells were treated with cisplatin (left panel) or etoposide (right panel) for the indicated time. Cell
lysates were analyzed by immunoblotting as indicated.

(C) Ripk1™* and Ripk1~/~ cells were treated with cisplatin 50 uM (left panel) or etoposide 50 pM (right panel) for the
indicated time period, and cell death analysis was determined by propidium iodide staining and analyzed by flow
cytometry. See also Figure S1.

All blots above are representative of one of three experiments. Results shown are averages + SEM from three
independent experiments. **p < 0.01, ***p < 0.001.

RARY Plays a Role in DNA Damage-Induced Necroptosis and Extrinsic Apoptosis

Recently, we reported that the nuclear receptor, RARY, plays a key role in RIPK1-mediated tumor necro-
sis factor (TNF)-induced cell death (Xu et al.,, 2017a). As RIPK1 mediates DNA damage-induced necrop-
tosis and extrinsic apoptosis, we then tested the role of RARy in DNA damage-induced cell death. To do
so, the WT (Rary*”) and RARy-null (Rar'y’/’) MEFs (Figure S2A) were treated with cisplatin or etoposide
and collected for examining the phosphorylation of MLKL and the activation of Casp-8 and Casp-9. As
shown in Figures 2A and 2B, similar to that observed with RIPK1 deficiency, deletion of RARy led to
the abolishment of MLKL phosphorylation and the impaired activation of Casp-8, but had no effect
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Figure 2. RARY Is Required for DNA Damage-Induced Necroptosis and Extrinsic Apoptosis

(A and B) Rary */* and Rary =/~ cells were treated with cisplatin (left panels) or etoposide (right panels) for the indicated
time. Cell lysates were analyzed by immunoblotting as indicated. See also Figure S2.
(C) Rary */* and Rary /= cells were treated with cisplatin 50 uM (left panel) or etoposide 50 pM (right panel) for the
indicated time period, and cell death analysis was determined by propidium iodide staining and analyzed by flow

cytometry. See also Figure S3.

(D) Rary */*, Rary '~, and Rary =/~ + WT-RARYy cell lysates were analyzed by immunoblotting as indicated (upper panel). Rary %,
~ and Rary ~/~ + WT-RARy cells were treated with cisplatin 50 uM (lower left panel) or etoposide 50 pM (lower right panel)

Rary -

/+

for the indicated time period, and cell death analysis was determined by popidium iodide staining and analyzed by flow cytometry.
All blots above are representative of one of three experiments. Results shown are averages + SEM from three

independent experiments. **p < 0.01, ***p < 0.001.
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on Casp-9 activation in response to DNA damage. Consistent with the results of MLKL phosphorylation
and the activation of Casp-8 and Casp-9, loss of RARY partially protected cells against DNA damage-
induced cell death when compared with that observed in WT MEFs by cisplatin or etoposide (Figure 2C)
or other DNA-damaging agents (Figure S2B). To confirm that the resistance of Rary ™~ MEFs to DNA-
damaging agents is due to the loss of RARy, RARy was reintroduced back to Rary™'~ MEFs. The ectopic
expression of RARy restored the sensitivity of the cells to cisplatin or etoposide (Figure 2D). We also
examined the role of RARy in DNA damage-induced cell death in human HT29 cancer cells. As shown
in Figure S3, we found that DNA damage-induced cell death, the phosphorylation of MLKL, and the acti-
vation of Casp-8 are significantly decreased in RARy knockdown HT29 (RARy-short haprpin RNA
[shRNA]) cells compared with WT control-shRNA HT29 cells following cisplatin treatment, whereas
Casp-9 activation is not affected. These results are similar to what we observed in Rary™* and Rary™~
MEFs (Figures 2A-2C). We next tested if the partial protection against DNA damage-induced cell death
in RARy-null cells is due to the activation of caspases. To do so, we pre-treated Rary*’* and Rary ™/~
cells with the caspase inhibitor z-VAD-fmk (zVAD) and a Casp-9-specific inhibitor, zLEHD, because
zVAD does not block Casp-9 activation efficiently (Rodriguez-Enfedaque et al., 2012), followed by
cisplatin or etoposide treatment. As shown in Figure 3A, although zVAD treatment did increase the sur-
vival of RARy-null cells, the combined treatment of zVAD and zLEHD almost completely blocked cell
death triggered by cisplatin or etoposide in RARy™~ cells. However, these caspase inhibitors only
partially protected WT cells against cell death induced by cisplatin and etoposide (Figure 3A). The re-
maining DNA damage-induced cell death of the WT MEF cells with pre-treatment of both zVAD and
zLEHD is due to the activation of the necroptotic pathway because treating these WT cells with the spe-
cific RIPK1 inhibitor, necrostatin-1, completely blocked cell death induced by cisplatin or etoposide (Fig-
ures 3B and S4). In addition, as shown in Figures 3C and S4C, treatment with caspase inhibitors blocked
caspase activation, but had no effect on MLKL phosphorylation. Taken together, these results suggest
that RARY is essential for DNA damage-induced necroptosis and is involved in extrinsic, but not intrinsic,
apoptosis induced by DNA-damaging compounds.

It is known that DNA-damaging compounds could trigger the autocrine production of TNFa in cells
(Biton and Ashkenazi, 2011; Xu et al., 2015, 2017b). It has been suggested that the secreted TNFa. con-
tributes to DNA damage-induced necroptosis in mouse L929 cells (Xu et al., 2017b). Therefore, to
examine the effect of the secreted TNFa in DNA damage-induced necroptosis in MEFs, we examined
if TNFo is produced in response to DNA damage in Rary™* and Rary™~ MEFs. We found that
cisplatin or etoposide treatment leads to the production of TNFa at similar levels in Rary*™* and
Rary™~ MEFs (Figure SS5A). These results suggest that DNA damage induces the production of
TNFa in MEFs and RARy is not involved in the production of TNFa. To investigate the involvement
of autocrine TNFa in DNA damage-induced cell death, we then examined the cisplatin- or etopo-
side-induced cell death, MLKL phosphorylation and the activation of Casp-8 and Casp-9 in Tnfr1*™/*
and Tnfr1~/~ MEFs. As shown in Figures S5B and S5C, there is no difference in cell death, MLKL phos-
phorylation and the activation of Casp-8 and Casp-9 in Tnfr1*’* and Tnfr1~/~ MEFs. Therefore, these
results suggest that although DNA damage induces TNFa production, TNF signaling does not
contribute to DNA damage-induced cell death in MEFs.

RARY Is Required for RIPK1 to Initiate Necroptosis in Response to DNA Damage

To further investigate the involvement of RARY in DNA damage-induced necroptosis, we next examined
whether RARY is required for RIPK1 to initiate the formation of the necrosome complex (Ripoptosome)
in response to DNA damage. We previously reported that RARy is critical for RIPK1 to initiate the formation
of Ripoptosome triggered by TNF (Xu et al., 2017a). Specifically, we found that RARy and RIPK1 formed an
intermediate complex initially in response to induction of necroptosis by treatment with TSZ (TNF, Smac
mimetic, z-VAD-fmk) and that RARy was not present in the final necrosome complex when RIPK3 was re-
cruited (Xu et al., 2017a). Therefore, we first tested if RARy and RIPK1 form a complex in response to
DNA damage by immunoprecipitating RARy. As shown in Figure 4A, immunoprecipitating RARy efficiently
pulled RIPK1, but not RIPK3, following cisplatin treatment. To examine the recruitment of RIPK3 to the ne-
crosome by RIPK1, we performed immunoprecipitation experiments with an anti-Casp-8 antibody as we
and others have reported previously (Cho et al., 2009, Wang et al., 2008; Xu et al., 2017a). As shown in Fig-
ure 4B, immunoprecipitating caspase 8 from lysates of cisplatin-treated WT MEFs efficiently pulled down
both RIPKT and RIPK3. However, Casp-8 immunoprecipitation failed to pull down either of RIPK1 and RIPK3
from lysates of cisplatin-treated Rary ™ cells. However, as we found previously, RARy was not present in
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Figure 3. Caspase Inhibitors Block DNA Damage-Induced Cell Death in RARy-KO Cells
(A) Rary */* and Rary '~ cells were pre-treated for 30 min with or without z-VAD-fmk (zVAD), zLEHD, or combined
treatments as indicated followed by treatment with cisplatin 50 uM (left panel) or etoposide 50 uM (right panel) for 36 h.
Cell survival was determined by propidium iodide (Pl) staining and analyzed by flow cytometry.
(B) Rary */* and Rary ~/~ cells were pre-treated for 30 min with or without ZVAD, zLEHD, NEC1, or combined treatments as
indicated followed by treatment with cisplatin 50 uM (left panel) or etoposide 50 uM (right panel) for 36 h. Cell survival was
determined by Pl staining and analyzed by flow cytometry.
(C) Rary */* and Rary ~/~ cells were pre-treated for 30 min with or without combined z-VAD-fmk (zVAD) and

zLEHD followed by treatment with cisplatin (left panel) or etoposide (right panel) for 20 h. Cell lysates were

analyzed by immunoblotting as indicated. All blots above are representative of one of three experiments. See also
Figure S4. Results shown are averages + SEM from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001,
*xxkn < 0.0001.

the necrosome complex pulled down by immunoprecipitating Casp-8. Therefore, these results suggest

that RARY is essential for RIPK1 to initiate the formation of the necrosome induced by DNA-damaging

agents.
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Figure 4. Cytosolic RARY Is Required for RIPK1 to Initiate Necroptosis in Response to DNA Damage
(A) Rary */* cells were treated with cisplatin for the indicated time period. Cell lysates were collected and

immunoprecipitated with anti-RARy antibody. The immunoprecipitated complexes were immunoblotted with the
indicated antibodies.
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Figure 4. Continued

(B) Rary */* and Rary =/~ cells were treated with cisplatin for the indicated time period. Cell lysates were collected and immunoprecipitated with anti-caspase
8 antibody. The immunoprecipitated complexes were immunoblotted with the indicated antibodies. See also Figure S5.

(C) Confocal microscopy of WT MEFs transfected with GFP- RARy plasmid and treated with cisplatin, and images were captured in the indicated time period
(blue, DAPI; green, RARY). Images are representative of one of three experiments. Scale bar, 10 pm.

(D) Cellular fractionation of Rary */* cells treated with DMSO or cisplatin 50 uM for 6 h was performed. Total (T), cytosolic (C), and nuclear (N) fractions were
analyzed by immunoblotting with the indicated antibodies. All blots and images above are representative of one of three experiments.

In our earlier study, we demonstrated that RARy was released to the cytoplasm from the nucleus during
TSZ-induced necroptosis (Xu et al., 2017a). We then examined the cellular localization of RARy during
the process of DNA damage-induced necroptosis. First, we transfected WT MEFs cells with a green fluo-
rescent protein (GFP)-tagged RARYy plasmid and found that the GFP-RARY protein almost exclusively local-
ized in the nucleus in non-treated cells (Figure 4C). Interestingly, cisplatin treatment caused a dramatic
increase of GFP-RARY presence in the cytoplasm after 6-h treatment and this release of RARY to the cytosol
occurs parallel with the formation RARy and RIPK1 complex (Figure 4C). Furthermore, we confirmed the
release of the endogenous RARY from the nucleus by cell fractionation and western blot (Figure 4D). These
results indicated that RARy was released to the cytoplasm from the nucleus and facilitates RIPK1 to initiate
necroptosis in response to DNA damage.

Loss of RARy Blocks DNA Damage-Induced Necroptosis in Keratinocytes and Promotes
Carcinogen-Induced Papilloma

RARy was found to be highly expressed in keratinocytes and its expression is decreased in skin cancers
(Darwiche et al., 1995; Finzi et al., 1992; Xu et al., 2001). Early studies also suggested that RARs may play
arole in skin tumor development and that RARy may function as a tumor suppressor (Chen et al., 2004; Du-
ong and Rochette-Egly, 2011). To study the role of RARy-mediated cell death in skin cancer development,
we first checked RARy and RARa expression in human SCC samples and found that the expression of RARY,
but not RARa, is dramatically decreased in all cancer samples compared with normal adjacent tissues (Fig-
ure 5A). Our findings are consistent with previous reports and support that RARy may function as a tumor
suppressor in skin cancer development. However, the underlying mechanism of RARY’s role in skin tumor-
igenesis is largely unknown.

To explore the possible involvement of RARy-mediated necroptosis in tumorigenesis, we employed the
well-established initiation and promotion two-stage skin carcinogenesis mouse model. In this model,
mice are first subjected to a single topical application of the carcinogen 7, 12-dimethylbenz[a]-anthracene
(DMBA), which initiates the formation of tumors. Initiation stage is followed by the promotion stage during
which animals are treated twice a week with a pro-inflammatory agent 12-O-tetradecanoylphorbol 13-ac-
etate (TPA). As DMBA is a known DNA adduct agent, we first examined if DMBA induces necroptosis in
primary keratinocytes. To do so, we tested the effect of DMBA treatment on WT and RARYy1-knockout
(KO) cells in vitro. As shown in Figure 5B, loss of RARY resulted in significant protection of the cells against
DMBA-induced cell death. Importantly, DMBA triggers necroptosis in WT keratinocytes, but not the
RARY-KO cells (Figure 5C). Then, we checked if DMBA induced necroptosis in keratinocytes in vivo by
examining the effect of the topical treatment of DMBA in the epidermal layer in WT and RARy1-KO
mice. Both WT and RARY1-KO littermates were treated with a single topical dose of DMBA for 1 day,
and skin samples were collected for MLKL phosphorylation with an anti-phosphoryl-MLKL antibody
(Jiao et al., 2018). As shown in Figure 5D, the epidermis of RARy1-KO mice had no phosphoryl-MLKL-pos-
itive cells, whereas abundant positive cells of MLKL phosphorylation in the epidermis of WT mice were
observed, suggesting that loss of RARy protected skin epidermal cells from DMBA-induced necroptosis.
To be sure that RARY deletion does not affect the promotion of epidermal hyperplasia by TPA, we treated
WT and RARy1-KO littermates with three topical applications of TPA over 1 week, and skin was collected
48 h after the last treatment. The epidermal thickness, measured as the distance from the basal to the
upper granular layer, was similar between WT and RARy1-KO, confirming that loss of RARy does not
affect TPA-promoted epidermal growth (Figure S3). Finally, we examined the effect of RARy deletion
on papilloma formation by treating both WT and RARy1-KO littermates, generated in our previous study
(Xu et al., 2017a), with a single topical dose of DMBA followed by twice weekly application of TPA for
32 weeks. As shown in Figures 5E and S6B, papillomas appeared after 10 weeks of TPA promotion. How-
ever, by 17 weeks, RARY1-KO mice had a significant increase in papilloma size when compared with WT
mice and by 22 weeks, in papilloma number as well. By 32 weeks, the size and number of papillomas on
RARY1-KO mice are twice as large and more numerous compared with WT mice. Taken together, the
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Figure 5. RARY Required for DNA Damage-Induced Necroptosis in Keratinocytes and Promotes Carcinogen-Induced Papilloma

(A) Immunostaining of paraffin-embedded human SCC tumors and adjacent normal skin sections from human biopsy samples. Sections were stained with
H&E or immunohistochemically stained with anti-RARy or anti-RARa antibodies.

(B) Primary keratinocytes from Rary 1"/ and Rary 17/~ mice were treated with DMBA or vehicle (acetone) for 5 days. Popidium iodide-positive population of
cells mentioned above was determined by flow cytometry.

(C) Primary keratinocytes from RARy1*'* and RARY1~/~ mice were treated with DMBA or acetone for the indicated time. Cell lysates were analyzed by
immunoblotting as indicated.

(D) Rary 1*/* and Rary 1 =/~ mice were treated with a single topical application of DMBA for 24 h, and the skin was collected. Skin sections were stained with
H&E or immunohistochemically stained with anti-p-MLKL antibody. Right panel, the p-MLKL-positive cells were counted for 1 mm linear length of the
epidermis.

(E) Rary1*/* and Rary 17/~ mice were treated with a single topical application of DMBA followed 2 weeks later by twice weekly topical applications of TPA for
33 weeks. The number and size of papillomas on each mouse were recorded every 1 week. The average number of papillomas (more than 2 mm in diameter)
per mouse is plotted versus the number of weeks post-initiation (left panel). Average papilloma size (in mm) was recorded for Rary 1 */* and Rary1™~ mice
(right panel). See also Figure Sé.

All blots and images above are representative of one of three experiments. Scale bar, 50 um. Results shown in graphs are averages + SEM from three
independent experiments. **p < 0.01, ****p < 0.0001.

above results imply that RARy-mediated necroptosis may play a key role in limiting DMBA/TPA-induced
papilloma formation and growth.

DISCUSSION

DNA-damaging compounds induce programmed cell death, such as apoptosis and necroptosis in diverse
types of mammalian cells (Fulda and Debatin, 2006; Koo et al., 2015; Matt and Hofmann, 2016; Roos and
Kaina, 2006; Roos et al., 2016). Although the molecular mechanism of DNA damage-induced apoptosis
is well studied, the regulation of DNA damage-induced necroptosis is not fully understood. Our previous
study defined a role for RARY in RIPK1-initiated apoptosis and necroptosis (Xu et al., 2017a). Here, we found
that the loss of RARy rendered cells resistant to both RIPK1-initiated apoptosis and necroptosis induced by
DNA-damaging compounds. Furthermore, we showed that treatment with DNA-damaging compounds
leads to RARY being released from the nucleus to the cytosol, which mediates the formation of the death
complexes. We showed that RARY is essential for RIPK1 and RIPK3 to form complex and the recruitment of
pMLKL, which is activated by RIPK3 during necroptotic cell death in response to DNA damage.

Ours and others' early studies demonstrated that RIPK1 is crucial for DNA damage-induced cell death (Bi-
ton and Ashkenazi, 2011; Hur et al., 2003, 2006). In our current study, our results indicate that RARY is critical
for DNA damage-induced necroptosis and partial apoptotic pathway. We found that RIPK1 is essential for
DNA damage-induced necroptosis and partially affects extrinsic apoptosis but not intrinsic apoptosis.
Therefore, our work extended our understanding about the role of RIPK1 in DNA damage-induced cell
death. Our current study suggests that whereas DNA damage induced both apoptosis and necroptosis,
necroptosis and extrinsic apoptosis precede the intrinsic apoptotic pathway as the loss of RARYy leads to
the delayed activation of caspase 8, the extrinsic apoptosis marker (Fulda and Debatin, 2006; Hengartner,
2000; Li and Yuan, 2008), but has no effect on the activation of the intrinsic apoptosis marker caspase 9.
These conclusions are supported by the result that the combined treatment of zZVAD and zLEHD
completely prevent the DNA damage-induced caspase activation.

An earlier study reported that TNFa was produced in response to DNA damage and contributed to DNA
damage-induced necroptosis (Xu et al., 2017b). In this study, L929 cells were used that the secreted TNFa.
contributes to DNA damage-induced necroptosis. L929 cells are known to undergo necroptosis following
TNFa treatment alone. However, TNFa alone does not trigger any cell death in MEF cells, which undergo
TNF-induced necroptosis in the presence of Smac mimetic and z-VAD (Vercammen et al., 1998; Zhang
etal., 2011; Zhu et al., 2018). Although we also observed the production of TNFa following DNA damage,
we did not observe any difference of cell death between WT and TNFR1 KO cells in response to DNA dam-
age (Figure S5). Our finding in MEFs is similar to that reported by Xu et al., in which they found that cisplatin-
induced production of autocrine TNFa has no effect in cell death in the mouse proximal tubule cells (Xu
et al., 2015). In addition, we found that RARy deletion does not affect the production of TNFa following
DNA damage (Figure S5A). Previous studies found that the cytosolic death complex mediated by RIPK1,
known as RIPoptosome, is responsible for DNA damage-induced necroptosis independently of all death
factor and receptors (Biton and Ashkenazi, 2011; Tenev et al., 2011). Our current study provides insight
about the formation of the RIPoptosome and demonstrated the critical role of RARYy in the formation of
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this cytosolic death complex in response to DNA damage. Therefore, DNA damage-induced necroptosis is
mainly mediated by RARy-orchestrated, cytosolic RIPK1/RIPK3 complex.

Previous studies suggest that RARy may have a tumor suppressor role in skin tumor development (Chen
et al.,, 2004; Wang et al., 1999). Our study with human SCC biopsy samples supported this possibility as
a significant decrease in RARy expression is observed in cancer samples compared with normal skin tissues
that express high levels of RARy. Furthermore, our use of RARy 1-KO mice in a model of skin cancer showed
that the lack of RARYy leads to a significant increase in the number and size of papillomas. Importantly, from
the examination of the epidermal layer after treatment with of DMBA, we found that loss of RARy protected
keratinocytes and skin epidermal cells from DMBA-induced necroptosis in vitro and in vivo, respectively.
These results imply that RARy may function as a tumor suppressor by mediating necroptosis to limit tumor
growth during skin cancer development. However, when solid tumors grow to certain sizes, the cells in the
core of solid tumors will undergo necroptosis because of hypoxia and nutrient depletion. Our recent work
found that necroptosis at this stage of solid tumors following the reprogramming of RIPK3 expression has a
promoting effect on tumor metastasis (Jiao et al., 2018).The underlying mechanism of this metastasis-
promoting effect of tumor necroptosis is under investigation.

Taken together, our present results provide evidence that RARy plays a critical role in DNA damage-
induced necroptosis and extrinsic apoptosis by modulating RIPK1-initiated formation of the death
complexes. This study reveals that RARy is a critical regulatory component of the DNA damage-
induced apoptotic and necroptotic cell death. Finally, our work further supported the possible role of
RARY as a tumor suppressor and demonstrated that RARy could potentially serve as a clinical marker for
chemotherapy.

Limitations of the Study

In this study, we examined the role of RARY as a critical regulatory component of the DNA damage-induced
apoptotic and necroptotic cell death. Our work examined the effect of RARy in human and mouse skin can-
cer. However, a limitation of this study is that we did not examine the tumor suppressor function of RARy in
other types of cancer.

METHODS

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

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.is¢i.2019.06.019.
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Figure S1. RIPK3 requires for DNA damage-induced necroptosis, Related to Figure 1.

(A) Ripk3** and Ripk3-- cells were treated with cisplatin for the indicated time and cell death analysis was
determined by PI staining analyzed by flow cytometry (left panel) and cell lysates were analyzed by
immunoblotting as indicated (right panel).

(B) Ripk3** and Ripk3- cells were treated with etoposide for the indicated time and cell death analysis was
determined by PI staining analyzed by flow cytometry (left panel) and cell lysates were analyzed by
immunoblotting as indicated (right panel).

(C) MIkF+ and MIkF- cells were treated with cisplatin for the indicated time and cell death analysis was
determined by PI staining analyzed by flow cytometry (left panel) and cell lysates were analyzed by
immunoblotting as indicated (right panel).

(D) MiIkr+ and MIkF- cells were treated with etoposide for the indicated time and cell death analysis was
determined by PI staining analyzed by flow cytometry (left panel) and cell lysates were analyzed by
immunoblotting as indicated (right panel).

All blots above are representative of one of three experiments. Results shown are averages + SEM. from three
independent experiments. P values *p < 0.05; **p < 0.01; **p < 0.001.
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Figure S2. Loss of RARy blocks DNA damage-induced necroptosis and the extrinsic apoptosis, Related

to Figure 2.

(A) Rary*"* and Rary-- cell lysates were analyzed by immunoblotting as indicated.

(B) Rary*"* and Rary - cells were treated with doxorubicin, campothecin or 5FU for 24 h and cell death
analysis was determined by PI staining analyzed by flow cytometry.

(C) Rary** and Rary-- cells were treated with TSZ (TNF, Smac mimetic and z-VAD-FMK) or cisplatin for 24 h
and cell death analysis was determined by Pl staining analyzed by flow cytometry.

All blots and images above are representative of one of three experiments. Scale bar, 10 mm. Results shown
are averages + SEM. from three independent experiments. P values *p < 0.05; **p < 0.01; **p < 0.001; ***p <

0.0001.
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Figure S3. RARYy plays a role in DNA damage-induced necroptosis and extrinsic apoptosis in HT29
cells, Related to Figure 2.

(A) HT29 control-shRNA and RARy-shRNA cells were treated with cisplatin for the indicated time. Cell
lysates were analyzed by immunoblotting as indicated.

(B) HT29 control-shRNA and RARy-shRANA cells were treated with cisplatin for the indicated time period
and cell death analysis was determined by Pl staining and analyzed by flow cytometry.

All blots above are representative of one of three experiments. Results shown are averages + SEM. from
three independent experiments. P values *p < 0.05; *p < 0.01; **p < 0.001.
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Figure S4. Caspase 8 and caspase 9 inhibitors block DNA damage-induced cell death in RARy KO cells,
Related to Figure 3.

(A) Microscopic images of Rary** and Rary-- cells which were pretreated for 30 minutes with or without
zVAD, zLEHD and NEC1 or combined treatments as indicated and followed by treatment with cisplatin (upper
panel) etoposide (lower panel). Scale bar, 100 mm.

(B) Rary*"* and Rary-- cells were pretreated for 30 minutes with or without zZLEHD, NEC1 or combined
treatments as indicated followed by treatment with cisplatin (left panel) or etoposide (right panel) for 36 h. Cell
survival was determined by PI staining and analyzed by flow cytometry.

(C) Rary** and Rary - cells were pretreated for 30 minutes with or without ZVAD or zLEHD followed by
treatment with cisplatin (left panel) or etoposide (right panel) for 20 h. Cell lysates were analyzed by
immunoblotting as indicated.

All blots above are representative of one of three experiments. Results shown are averages + SEM. from three
independent experiments. P values ns-not significant, *p < 0.05; ~p < 0.01; **p < 0.001; ~*p < 0.0001.
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Figure S5. DNA damage induce autocrine TNFa production but not not effect to the apoptotic or
necroptotic cell death in MEFs, Related to Figure 4.
(A) Rary** and Rary-- cells were treated with cisplatin (left panel) or etoposide (right panel) for the indicated
time. TNFa. production induced by cisplatin or etoposide is quantified in the cell culture supernatants by

ELISA.

(B) Tnfr1** and Tnfr1'- cells were treated with cisplatin (left panel) or etoposide (right panel) for the indicated
time period and cell death analysis was determined by PI staining and analyzed by flow cytometry.

(C) Tnfr1** and Tnfr1-- cells were treated with cisplatin (left panel) or etoposide (right panel) for the indicated
time period. Cell lysates were analyzed by immunoblotting as indicated.
All blots above are representative of one of three experiments. Results shown are averages + SEM. from
three independent experiments. P values ns-not significant, *p < 0.05; ~*p < 0.01; **p < 0.001; **p < 0.0001.
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Figure S6. Loss of RARy does not affect TPA-promoted epidermal growth but promotes carcinogen-
induced papilloma, Related to Figure 5.

(A) Microscopic quantification of the epidermal thickness of H&E stained skin sections from Rary** and Rary
/- mice treated with three topical application of TPA over 1 week. Skin was collected 48 hours after the last
treatment. All images above are representative of one of three experiments. Scale bar, 50 mm. Results shown
are averages + SEM. from three independent experiments. P values ns-not significant, *p < 0.05; *p <

0.01; =*p < 0.001; =p < 0.0001.

(B) Image of papilloma on Rary** and Rary - mice at 33 weeks that were treated with a single topical
application of DMBA followed two weeks later by twice weekly topical applications of TPA for 33 weeks.



Transparent Methods

Reagents and antibodies

Cisplatin (azanide;dichloroplatinum(2+)), Campothecin (19-ethyl-19-hydroxy-17-oxa-3,13-
diazapentacyclo), fluorouracil (5-FU) (5-fluoro-1H-pyrimidine-2,4-dione) and 7, 12-dimethylbenz[a]-
anthracene (DMBA) were purchased from Sigma and etoposide (5-[(7,8-dihydroxy-2-methyl-
4,4a,6,7,8,8a-hexahydropyrano[3,2-d][1,3]dioxin-6-yl)oxy]-9-(4-hydroxy-3,5-dimethoxyphenyl)-5a,6,8a,9-
tetrahydro-5H-[2]benzofuro[6,5-f][1,3]benzodioxol-8-one) and doxorubicin ((7S,9S)-7-[(2R,4S,5S,6S)-4-
amino-5-hydroxy-6-methyloxan-2-ylJoxy-6,9,11-trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8,10-dihydro-
7H-tetracene-5,12-dione) were purchased from EMD Millipore. Mouse TNF-alpha Quantikine ELISA Kit
from R&D. Necrostatin-1(5-(1H-indol-3-yImethyl)-3-methyl-2-sulfanylideneimidazolidin-4-one)  was
purchased Tocris bioscience and pan caspase inhibitor z-VAD-fmk (methyl (3S)-5-fluoro-3-[[(2S)-2-[[(2S)-
3-methyl-2-(phenylmethoxycarbonylamino)butanoyl]lamino]propanoyllamino]-4-oxopentanoate) and
caspase-9 inhibitor z-LEHD-fmk (methyl (4S)-5-[[(2S)-1-[[(3S)-5-fluoro-1-methoxy-1,4-dioxopentan-3-
ylJamino]-3-(1H-imidazol-5-yl)-1-oxopropan-2-ylJamino]-4-[[(2S)-4-methyl-2-
(phenylmethoxycarbonylamino)pentanoyllamino]-5-oxopentanoate) were purchased from R&D. All
antibodies are at concentration of 1 yg/ml and used at 1:1,000 dilution unless otherwise stated. Anti-
RARYy (sc-550) and (sc-7387), anti-caspase-8 (sc-81656) from Santa Cruz; anti-RIPK1 (610459) from BD
Biosciences; anti-MLKL (ab172868), anti-phospho-MLKL (ab196436), Anti-RARy (ab5904) from Abcam;
anti-RIPK3 (2283) from ProSci; anti-Actin (A3853) (dilution 1: 10,000) from Sigma; anti-caspase8 (ALX-
804-447-C100) from Enzo Life Science; anti-cleaved caspase-8 (9429), anti -caspase-9 (9508), anti-
cleaved caspase-9 (9509), anti- caspase-3(9662), anti-cleaved caspase-3 (9664) and anti-TNFR1
(13377) from Cell Signaling Technology.

Preparation of Primary MEFs

Primary Rary ** and Rary - MEFs were prepared using Rary ** and Rary-- embryos. Embryos at day
13.5 of gestation were isolated from pregnant mice. Each embryo was incubated for 30 min at 37 °C in a
separate Eppendorf tube with Cellstripper solution (Cellgro). Cells were gently ‘mashed’ by being
pipetting, then filtered through cell strainers and cultured in DMEM with 10% (vol/vol) FBS (Pobezinskaya
et al., 2008). For reconstitution experiment, Rary - MEFs were transfected with WT-RARy plasmid and
experiments were carried out 24 hours post transfection.

Preparation of Primary keratinocytes

2 day old both male and female pups were euthanized using CO, asphyxiation and carcasses were
sterilized with iodine. Limbs and tail were removed and skin was peeled off the carefully. The skin was
positioned epidermis side up on a dry plate and 0.25% trypsin/no EDTA was added to cover the skin
followed by incubation overnight at 4 °C. After the incubation, the epidermal layer was collected and
minced with a fine scissor until a homogenous mixture. The mixture was collected with high calcium
media (Invitrogen 17005042) by pipetting up and down and then centrifuged (100 x g). The fresh high
calcium media was added to the pellet and the cells were plated for experiments. On the following day the
media was changed to low calcium media (Invitrogen 37010022).

Cell culture and treatment

MEFs cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g ml-1
glucose, 10 % fetal bovine serum and 2 mM L-glutamine with 100 units penicillin per ml and 100 units
streptomycin per ml. Cell death treatment: Cells were treated with cisplatin (50 uM), etoposide (50 uM),
doxorubicin (5 uM), campothecin (100 uM), or 5-FU (150 uM) for the indicated time periods. To inhibit
apoptotic, necroptotic or both types of cell death, cells were pretreated for 30 minutes with z-VAD-fmk
(20 uM), z-LEHD-fmk (10 uM), necrostatin-1(30 uM) or combined treatments as indicated. Primary
keratinocytes death treatment: Primary keratinocytes were treated with DMBA (100 mg/mL) for the
indicated time period.

Propidium iodide staining
Cells were washed and resuspended in PBS containing propidium iodide (Invitrogen). The stained cells
were analyzed with flow cytometry.



Immunoblotting and immunoprecipitation

Cell were collected and lysed in M2 buffer (20 mM Tris at pH7, 0.5% NP40, 250 mM NaCl, 3 mM EDTA, 3
mM EGTA, 2 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 20 mM B-glycerol
phosphate, 1 mM sodium vanadate and 1 ug / ml leupeptin). Cell lysates were separated by 4-20% SDS-
polyacrylamide gel electrophoresis and analyzed by immunoblotting. The proteins were visualized by
enhanced chemiluminescence according to the manufacture’s (Amersham) instructions. For
immunoprecipitation, the lysates were precipitated with antibodies (1 pg) and protein-G agarose bead by
incubation at 4 °C overnight. The beads were washed four to six times with 1 ml M2 buffer and the bound
proteins were removed by boiling in SDS buffer and resolved in 4-20% SDS-polyacrylamide gels for
western blot analysis.

Overexpression and localization

MEFs cells were cultured in 3-cm Ibidi plates (Ibidi) for 24 h and transfected with 1 ug pEGFP-RARy by
Lipofectamine-Plus reagent (Invitrogen). For overexpression proteins, 24 h post transfection, cells were
treated with dimethyl sulfoxide (DMSO) or cisplatin and stained with nuclear 4',6-diamidino-2-phenylindole
(DAPI) and directly visualized by Carl Zeiss LSM780 confocal microscopy.

Confocal imaging and analysis

All confocal images were visualized using a Carl Zeiss LSM780 confocal microscope equipped with a
Plan-Apochromat 40 x numerical aperture 1.40 DIC oil objective. Images were acquired and analyzed
using Carl Zeiss ZEN software. All confocal images are representative of three independent experiments.

Histology analysis

To detect RARy and RARa expression in human SCC tumors by immunohistochemistry, 4 um paraffin
sections were subjected to antigen retrieval with sodium citrate buffer (pH 6.0). To detect p-MLKL
expression in DMBA treated frozen mouse skin sections by immunohistochemistry, were fixed at -20 °C
for 30 minutes. Sections were blocked with 2% normal goat serum, followed by overnight incubation with
anti-RARo, anti-RARy or anti-mouse p-MLKL antibody. Signals were developed using VECTASTIN ABC
Elite kit (Vector Laboratories) and DAB Substrate Kit (Vector Laboratories). The sections were routinely
stained with hematoxylin to stain nuclei in blue and eosin to stain proteins nonspecifically (Fischer et al.,
2008). Images were acquired and analyzed using Carl Zeiss ZEN software.

Mice treatment

All animal experimental protocols were performed in accordance to the NIH Animal Care & Use
Committee guidelines. RARy wild type RARy **+ (C57BL/6) and knockout RARy -~ mice, both male and
female littermates were used for the experiment (Xu et al., 2017). The backs of 6-wk-old male and female
mice were shaved and treated with a single application of DMBA (25 pg in 200 ml of acetone; Sigma, St.
Louis, Missouri, United States) followed two weeks later by twice weekly applications of TPA (12.5 ug /
200 ml) for 33 wk. The number and size of papillomas on each mouse were recorded every 1 wk.
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