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Yuanyuan Lil-2# Richa B. Shah!2# Samanta Sartil:2, Alicia L. Belcher!2, Brian J. Lee3,
Andrej Gorbatenko*®%, Francesca Nematil-2, Honglin Yul2, Zoe Stanleyl2, Mahbuba
Rahman!:2, Zhengping Shao?, Jose M. Silva*®, Shan Zha3’, Samuel Sidil:24"
1Department of Medicine, Division of Hematology and Medical Oncology, Tisch Cancer Institute,
Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA

2Department of Cell, Developmental and Regenerative Biology, The Graduate School of
Biomedical Sciences, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA

SInstitute for Cancer Genetics, College of Physicians and Surgeons, Columbia University, New
York, NY 10032, USA

4Department of Oncological Sciences, Icahn School of Medicine at Mount Sinai, New York, NY
10029, USA

SDepartment of Pathology, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA

6Current address: Department of Medical Biochemistry, Amsterdam UMC, University of
Amsterdam, 1105 AZ, Amsterdam, The Netherlands

"Division of Pediatric Oncology, Hematology and Stem Cell Transplantation, Department of
Pediatrics, College of Physicians and Surgeons, Columbia University, New York, NY 10032, USA

Abstract

Interleukin-1 receptor (IL-1R)-associated kinases (IRAKS) are core effectors of Toll-like receptors
(TLRs) and IL-1R in innate immunity. Here, we found that IRAK4 and IRAK1 together inhibit
DNA damage-induced cell death independently of TLR/IL-1R signaling. In human cancer cells
exposed to double-strand breaks (DSBs) induced by ionizing radiation, IRAK4 was activated
downstream of ATR kinase. Activated IRAK4 then formed a complex with and activated IRAK1.
Formation of this complex required the E3 ubiquitin ligase Pellinol, acting structurally but not
catalytically. Activation of IRAK1 occurred independently of extracellular signaling, intracellular
TLRs and the TLR/IL-1R signaling adaptor MyD88. Once activated, IRAK1 translocated to the
nucleus in a Pellino2-dependent manner. In the nucleus, IRAK1 bound to the PIDD1 subunit of
the pro-apoptotic PIDDosome and interfered with platform assembly, thus supporting cell survival.
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This non-canonical IRAK signaling pathway was also activated in response to bleomycin and
topoisomerase inhibitors, as well as to sustained exposure to replication stress inducer aphidicolin
that resulted in DSBs. In a zebrafish model of tumor radioresistance, the loss of IRAK4, its
kinase activity, either Pellino, or the nuclear localization sequence in IRAK1 sensitized the fish to
radiation. Thus, the findings may lead to strategies for overcoming tumor resistance to mainstay
cancer treatments.

Introduction

Interleukin-1 receptor (IL-1R)-associated kinase 1 (IRAK1) is an evolutionarily conserved
death domain (DD)-containing protein kinase whose Drosophila homolog, pelle, transduces
dorso-ventral patterning and microbial cues recognized by the transmembrane receptor

Toll (1-6). The immune function was found to be conserved in vertebrates, in which

the kinase transduces pathogen cues recognized by Toll-like receptors (TLR) and IL-1R
(7-10). As in flies, TLR/IL-1R-induced IRAK1 activation culminates in the activation of
pro-inflammatory signaling cascades including NF-xB, p38 MAPK and JNK (9, 11), overall
defining a core branch of innate immunity across species (12, 13).

The mechanism of IRAK1 activation by TLR/IL-1R was elucidated by several groups
who identified Myeloid Differentiation Primary Response 88 (MyD88) (14), a protein of
previously unknown function (15), as the adaptor molecule responsible for the recruitment
of IRAK1 and its sister kinase, IRAK4, to the ligated receptors (16-19). MyD88 harbors
a Toll/IL-1R homology (TIR) domain and a DD which respectively bind the receptor

and IRAK kinases through homotypic TIR:TIR and DD:DD interactions, thus physically
bridging the molecules. This results in the formation of the MyDDosome complex (MyD88-
IRAK4-IRAK1) at the inner surface of the cell (20-23). The MyDDosome provides the
necessary activation platform for IRAKs: Only once in the MyDDosome can IRAK4
dimerize and frans-autophosphorylate, resulting in its activation (23-26). This proximity-
induced activation of IRAK4 is the key initiating step in IRAK1 activation, with most (20,
23-25, 27, 28) but not all (29) models implicating IRAK4-mediated phosphorylation of
IRAK1 on residue T209 as responsible for IRAK1 activation. IRAK1 then fully activates
via autophosphorylation on T387 in the activation loop and, in turn, dissociates from the
MyDDosome (23, 27). To date, no pathway other than TLR/IL-1R has been reported to
signal through IRAK1/4, and while TLRs can signal independently of MyD88, all TLR/
IL-1R pathways that signal through IRAKS do so through MyD88 (9, 12).

The notion that IRAK kinases are confined to TLR and IL-1R signaling has been challenged
by an unbiased screen in zebrafish that identified IRAKL1 as essential for cell survival in
response to ionizing radiation (IR) (30). This pro-survival signaling function is conserved

in human cells, in which it appears to drive intrinsic tumor resistance to radiation therapy.
Rather than signaling through NF-xB, p38 MAPK, JNK or ERK, IRAK1 was found to
act—at least in part—by preventing IR-induced apoptosis mediated by the PIDDosome
complex (PIDD-RAIDD-caspase-2) (31). Whereas IR-induced IRAK1 signaling appeared to
involve IRAKA4, it did not appear to require MyD88 (30). These observations suggested that
IRAK1 might serve in a pathway distinct from the canonical, TLR/IL-1R axis. Here, we
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present evidence in support of such a non-canonical pathway of IRAK1 signaling, which
is responsible for sensing and transducing DNA damage into an anti-apoptotic response.
Key distinguishing features include a distinct IRAK1 activation platform operating in the
cytoplasm, not the cell surface, and distinct downstream signaling which requires rapid
transport of the activated kinase from the cytoplasm into the nucleus.

IR-induced IRAK1 signaling requires IRAK4 but not MyDDosome assembly

RNA interference (RNAI) studies in HeLa cells suggested that IRAK4, like IRAK1, is
required for cell survival in response to IR and might function in the same, MyD88-
independent pathway (30). We confirmed these results in additional cell lines (fig. SLA-B)
and in an /RAK4 knockout HeL a line obtained by CRISPR/Cas9 editing (Fig. 1, A -C).
The radiosensitive phenotype of /RAK4~~ cells was rescued by wild-type (WT) but not
kinase-deficient (D329A) FLAG-IRAK4 (Fig. 1C and fig. S1C) (32). These results were
recapitulated in zebrafish p53V214K/M214K (p53MK/MK) mutant embryos, a whole-animal
model of tumor resistance to radiotherapy (33) in which IR-induced IRAK1 signaling

was originally uncovered (30). Morpholino antisense oligonucleotide (MO)-mediated
knockdown of Irak4, similar to that of Irak1 (30), strongly sensitized the mutant fish to

IR, as evidenced by a marked uptake of the cell death marker acridine orange in developing
spinal cords (Fig. 1D-G). These effects were on-target because a standard control MO (std
MO) had no effect and because Irak4-depleted fish were rescued by co-injection with human
IRAK4mRNA, but not by that encoding IRAK4P329A (Fig. 1D and F). These experiments
demonstrated an evolutionarily conserved pro-survival role for IRAK4 in irradiated cells
and that this function requires IRAK4 catalytic activity, similar to previously observed for
IRAK1 (30).

Should IRAK4 function in the same pathway as IRAKZ, then IR would be expected

to activate IRAK4 in a MyD88-independent manner (30). Most models of IRAK4

activation involve dimerization-induced, IRAK4 trans-autophosphorylation on multiple sites
encompassing Thr34° and Ser346 (24-26). We tested an antibody to IRAK4-pThr345/Ser346
in immunofluorescence assays. We first analyzed IL-1pB-treated cells, which would be
expected to activate IRAK4 at the cell surface via MyDDosome formation at ligated IL-1Rs.
The IRAK4-pThr345/Ser346 signals matched this prediction; signals were detected at the
inner cell periphery from 5 min post-treatment on and were absent in /RAK4™~ cells

(Fig. 1H) and MyD88-depleted cells (Fig. 1, | and J). These experiments identified the
IRAK4-pThr345/Ser346 antibody as a reliable marker of IRAK4 activation.

In response to IR, IRAK4 was activated with similar kinetics, with IRAK4-pThr345/Ser346
signals first detected as early as 5 min after IR and peaking at 15 min (Fig. 1H). However, in
contrast with IL-1p, IR led to IRAK4 activation not at the cell surface but in the cytoplasm
(Fig. 1H), and the signal was unaffected by depletion of MyD88 (Fig. 1, | and J, and fig.
S1D). The MyD88-independence of IR-induced IRAK4 activation was further confirmed
by immunoblotting analysis (Fig. 1K). Together, the cytoplasmic localization of IR-induced
IRAK4 autophosphorylation and its non-reliance on MyD88 provided independent support
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for the existence of an alternate, MyDDosome-independent route to IRAK1/4 activation in
human cells.

To verify this biochemically, we performed a series of co-immunoprecipitation assays.
While IRAK1 associated with both MyD88 and IRAK4 in response to IL-1p, as expected,
it associated with IRAK4 but not MyD88 after IR (Fig. 1L; endogenous pulldowns shown
in Fig. 1M). Additionally, whereas MyD88 was required for the IRAK4-IRAK1 interaction
in IL-1B-treated cells, again as expected, it was not after IR (Fig. 1N). Consistent with
these data, an IRAK4 mutant that is unable to bind MyD88, IRAK4R12C (32), rescued
irradiated /RAK4™" cells and Irak4-depleted zebrafish as effectively as IRAK4WT (Fig.

1, C-F, and fig. S1C). Thus, although kinetically similar, the activation of IRAK4 by IR
differs from that by IL-1p both spatially (cytoplasm vs. cell surface) and mechanistically
(MyDDosome-independent vs. dependent).

Active IRAK1 accumulates in the nucleus of irradiated cells

Given the unexpected cytoplasmic localization of IR-induced IRAK4 activation, we sought
to investigate that of its presumptive substrate, IRAK1, and product, IRAK1-pThr209, in
irradiated cells. To identify reliable markers, we again trialed several antibodies in IL-1pB-
treated cells, in which both the native and phosphorylated species should be detected at the
inner cell surface within minutes of treatment. Antibodies to IRAK1 and IRAK1-pThr209
were identified which produced the expected IL-1B-induced cell surface signals in HeLa
cells (Fig. 2, A and B; note the absence of signals in /RAKI™~ cells).

In response to IR, native IRAK1 was detected in the cytoplasm, not at the cell surface, and
remained cytoplasmic throughout (Fig. 2B and fig. S2A). IRAK1-pThr299 was first detected
in the cytoplasm at 5 min post-IR (Fig. 2A and fig. S2B), which was consistent with the
localization of active IRAK4 and native IRAK1 in irradiated cells (Fig. 1G and fig. S2A).
Strikingly however, by 15 min, IRAK1-pThr299 was detected exclusively in the nucleus (Fig.
2A, right), in sharp contrast with its cell-surface localization in IL-1B-treated cells (Fig. 2A,
left). The IR-induced nuclear localization of IRAK1-pThr20? was confirmed in multiple cell
lines (fig. S2, C and D) and was also observed in irradiated zebrafish (fig. S2E).

Irradiated HeL a cells analyzed between the 5- and 15- min timepoints showed varying levels
of cytoplasmic and nuclear IRAK1-pThr2%9 foci. At 10 min, the activated kinase could be
found both in the cytoplasm and nucleus (fig. S2B) or already exclusively in the nucleus
(Fig. 2A). Double-staining with IRAK1 and IRAK1-pThr2%9 antibodies confirmed that the
native kinase remained in the cytoplasm as the nuclear IRAK1-pThr2%9 signal progressively
increased (Fig. 2, B and C). These observations provided evidence of a possible transport

of activated IRAK1 into the nucleus (see Fig. 4 below). Nuclear accumulation of IRAK1-
pThr209 peaked at 15 min, was retained for 6 hours, and declined by 12 to 24 hours (fig. S2,
F and G).

Consistent with residue Thr209 being the target of IRAK4, IR-induced IRAK1-pThr209
signals were undetectable in IRAK4-depleted cells (Fig. 2D), /RAK4™~ cells (fig. S21) and
Irak4-depleted zebrafish embryos (Fig. 2, G-1). WT IRAK4 restored Thr2%9 phosphorylation
in irradiated /RAK4 ™" cells, whereas kinase-deficient IRAK4R329A fajled to do so,
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confirming the requirement for IRAK4 catalytic activity (fig. S2, I and J). In contrast

to IRAK4, MyD88 was not required for IRAK1 activation in either HeLa or zebrafish

cells (Fig. 2, D-H and fig. S2H). IRAK4R12C \which fails to bind MyD88 (32), restored
IR-induced IRAK1 Thr209 phosphorylation in /RAK4~~ cells as efficiently as the WT
kinase (fig. S2, I and J). Collectively, these results revealed the existence of an evolutionarily
conserved, MyD88-independent route to IRAK1 activation by IRAK4. This distinct IRAK
signaling axis can be activated by IR and operates with similar kinetics to the canonical,
TLR-IL-1R pathway, but in a spatially distinct manner.

IR-induced IRAK1 activation triggers its autophosphorylation in the nucleus

Biochemical and structural evidence suggests that once phosphorylated by IRAK4 on
Thr299, IRAK1 autophosphorylates on Thr387 within the activation loop to achieve full
activation (23, 27). A commercially available antibody raised against IRAK1-pThr387
produced nuclear signals in irradiated HeLa cells reminiscent of the IRAK1-pThr299 stains
shown above (Fig. 3, A-B, | and J; five additional cell lines shown in fig. S3A). IR-
induced nuclear IRAK1-pThr387 foci were absent in /RAKZ™~ cells and were restored

via transfection of IRAKIWT but not an IRAK1 variant lacking the target threonine,
IRAK1T387A (27), validating antibody specificity (Fig. 3, C-E and I, and fig. S3B).
Importantly, kinase-dead (KD) and phosphomutant T209A IRAK1 variants (27) also
failed to restore the anti-pThr387 signals whereas phosphomimetic IRAK 172090 enhanced
immunoreactivity compared to WT (Fig. 3, F-I). These data indicated that IRAK1-pThr387
signals require both the activation and catalytic activity of IRAK1 and, thus, reflect
autophosphorylation.

Examination of irradiated HeL a cells over time revealed discrete changes in the spatial
distribution of IRAK1-pThr387 signals within the nucleoplasm (Fig. 3J). The signal was first
detected at the inner nuclear periphery (within 1 um of the nuclear envelope), then spread
throughout the nucleoplasm and eventually concentrated in discrete nuclear areas (Fig.

3J). Co-staining for nucleolin and fibrillarin identified nucleoli as the destination of fully
active IRAK1 (Fig. 3, K and L, and fig. S3, C and D). The localization of IRAK1-pThr387
to nucleoli reflected a specific process, because partially active IRAK1 (IRAK1-pThr209)
remained dispersed in the nucleoplasm (Fig. 3K, bottom, and fig. S3, C-E). The significance
of the nucleolus to IR-induced IRAK1 signaling are addressed below.

Similar to IRAK1KP and IRAK1T209A |IRAK1T387A fajled to rescue /rak1 deficiency in
irradiated p53 mutant embryos (Fig. 3, M and N). Thus, IRAK1 autophosphorylation

on Thr387 js necessary for IR-induced IRAK1 signaling. IRAK1T387A did retain residual
activity as compared to IRAK1KP (Fig. 3N, bars 4 vs. 15 and 8, respectively). This partial
rescue indicated that although autophosphorylation on Thr387 is necessary for IR-induced
IRAK1 signaling, it is unlikely the sole catalytic target of IRAK1 in the pathway.

Nuclear translocation of active IRAK1 is essential for IR-induced IRAK1 signaling

Collectively, the data above supported a model for the early stages of IR-induced IRAK
signaling where activation of IRAK4 in the cytoplasm leads to activation of IRAK1 therein,
followed by its transport into—and full activation within—the nucleus. This was first
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supported by RNAI experiments in HeLa cells which indicated that nuclear accumulation of
IRAK1-pThr209 js sensitive to importin a/p dosage (fig. S4, A and B). Nuclear translocation
of active IRAK1 would be a defining feature of IR-induced IRAK1 signaling which,
alongside the lack of reliance on MyD88, would distinguish the pathway from TLR-IL-1R
signaling. We thus tested whether nuclear transport even occurs, and if so, whether it is
necessary for IR-induced IRAK1 signaling.

Examination of mammalian IRAK1 sequences revealed a candidate nuclear localization
sequence (NLS), RRAKRR, located at the distal end of the kinase domain which, notably,
is conserved in zebrafish (Fig. 4A). To disrupt the putative NLS, we mutated all arginines
to alanine, thus generating an AAAKAA (R4A) IRAK1 variant. Introduction of FLAG-
IRAK1R4A into /RAK1™~ Hela cells led to markedly reduced nuclear IRAK1-pThr209 and
IRAK1-pThr387 signals after IR, with both the partially and fully activated species now
trapped in the cytoplasm (Fig. 4, B-D, and fig. S4D). Notably, the R4A mutations did

not compromise IRAK1 catalytic activity: IR-induced autophosphorylation on Thr387 was
preserved in the variant, albeit occurring in the cytoplasm instead of the nucleus (Fig. 4,
B-D and fig. S4, C and D). Thus, IRAK1R4A represented a true separation-of-function
mutant which uncoupled nuclear targeting from catalytic activity, disrupting the former
while preserving the latter. This allowed us to specifically test whether IR-induced nuclear
import of active IRAK1 is relevant to IR-induced IRAK1 signaling.

In genetic complementation assays performed in vitro and in vivo, we found that IRAK1R4A
behaved as a function-null allele. Reconstituting /RAKZ™~HeLa cells or Irak1-depleted
zebrafish embryos with human IRAK1R4A failed to rescue cell survival in response to

IR, affording no added protection as compared to IRAK1KP (Fig. 4, E-H). Furthermore,
whereas WT IRAK1 was sufficient to protect radiosensitive Daoy cells from IR-induced cell
death, IRAK1R4A failed to do so, yet again mimicking IRAK1KP (Fig. 4, 1 and J). These
experiments showed that nuclear translocation of active IRAK1 is essential for IR-induced
IRAK1 signaling.

Nuclear IRAK1 binds PIDD1 and interferes with ATM-induced PIDDosome assembly

We next investigated the significance of IRAK1 nuclear import to IR-induced IRAK1
signaling. The proapoptotic PIDDosome (PIDD1-RAIDD-caspase-2) (31, 34) is a
downstream target of IR-induced IRAK1 signaling; PIDDosome inhibition by the kinase
accounts, at least in part, for the pathway’s prosurvival function (30). PIDDosome assembly
has been reported to occur primarily in nucleoli (35), that is, the destination of fully active
IRAK1 in irradiated cells (see Fig. 3). Thus, we hypothesized that nuclear entry of active
IRAK1 serves, at least in part, to enable PIDDosome inhibition by the kinase. To test

this, we used the caspase-2 (C2) bimolecular fluorescence complementation (C2 BiFC)
reporter system (36), which probes PIDDosome formation in intact HeLa cells (fig. S4E).
As expected from a previous study (30), depletion or inhibition of IRAK1 led to C2 BiFC
in irradiated cells in a PIDD1 and RAIDD-dependent manner (fig. S4F), resulting in C2
cleavage and, ultimately, caspase-3 processing (Fig. 4K and fig. S4, G and H). Whereas
co-transfections with WT IRAK1 restored PIDDosome inhibition, IRAK1R4A failed to do so
and afforded no added protection as compared to IRAK1KD or IRAK1 variants deprived of
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activation (T209A) or full activity (T387A) (Fig. 4, L and M). Thus, nuclear translocation of
active IRAK1 is an essential feature of non-canonical IRAKZ1 signaling, critically required
for the pathway’s anti-apoptotic function via PIDDosome inhibition.

RNAI studies suggested that IRAK1 might block PIDDosome formation by antagonizing
ATM-mediated phosphorylation of PIDD1 on Thr88 within the death domain (DD) (30), an
event necessary for RAIDD recruitment to PIDD1 (37). This role was validated in /RAKI™~
Hel a cells (Fig. 4N). Loss of IRAK1 did not otherwise enhance overall ATM activity, per
Chk2-pThrb8 (Fig. 4N), indicating a specific role in the regulation of ATM-mediated PIDD1
phosphorylation.

Like PIDD1, IRAK1 is a DD-containing protein; thus, we explored whether it might act
directly by binding PIDD1, possibly through a homotypic DD-DD interaction. Indeed,
IRAK1 associated with PIDD1 from approximately 3 to 6 hours after IR until at least

24 hours after stimulus, and the PIDD1 DD was sufficient for the interaction (Fig. 4, O
and P). Each of the R4A, T209A, and T387A mutations blocked the ability of IRAK1

to bind PIDD1, indicating that the interaction requires the nuclear translocation and full
activation of the kinase (Fig. 4Q). Both the timing of the interaction and the requirement
for Thr387 phosphorylation were consistent with the accumulation of IRAK1-pThr387 in
the nucleolus (Fig. 3L). In line with IRAK1 acting to prevent ATM-mediated PIDD1
phosphorylation, removal of IRAK1 extended the ATM-PIDD1 interaction for at least three
additional hours (Fig. 4R). Conversely, increasing levels of FLAG-IRAK1 displaced ATM
from PIDD1, correlating with a gradual decline in PIDD-pThr’®8 levels (Fig. 4S). The
selective IRAK1 inhibitor pacritinib (fig. S41) (38-40), which was added 3 hours after
irradiation to spare early IRAK1 autophosphorylation on Thr387 (Fig. 3), failed to block
ATM displacement from PIDD1, suggesting that IRAK1 acts non-catalytically (Fig. 4S).
Lastly, whereas IRAK1 antagonized ATM-mediated PIDD1 phosphorylation to prevent
proapoptotic PIDDosome formation, it had no effect on the formation of prosurvival
PIDDosomes in which PIDD1 mobilizes RIP1 in place of RAIDD to stimulate NF-xB
(Fig. 4T and fig. S4J) (37, 41-43). Activated IRAK1 also failed to bind TRAF6 after

IR, in contrast with IL-1p (Fig. 4U). Together with previous observations that IR-induced
phosphorylation of 1xBa does not require IRAK1 (30), these results further argue against
arole for NF-xB in IR-induced IRAK1 signaling. Collectively, these observations showed
that IRAK1 prevents IR-induced cell death by specifically interfering with pro-apoptotic
PIDDosome formation.

IR-induced IRAK1 signaling is triggered by DNA damage

Having identified a MyD88-independent, IRAK4-IRAK1 axis activated by IR, we sought to
identify the upstream factors which initiate the pathway in place of the pathogen-sensing
TLR/IL-1R-MyD88 module.

Even though all known TLR-IL-1R pathways which signal through IRAK1 or IRAK4 do
so via MyD88, we first addressed the possibility that a TLR-IL-1R might nevertheless

be responsible for IR-induced IRAK1 activation. Indeed, pathways have been identified
through which TLRs can signal independently of MyD88 (9, 12). Though none so far have
been shown to involve IRAKS, this could be the first instance of such a pathway. Secondly,
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irradiated cells may activate paracrine (and conceivably autocrine) TLR-IL-1R signaling
via the release of (i) cytokines, PAMPs and DAMPs into the extracellular space which, in
turn, might activate cell surface receptors; and, (ii) nucleic acids into the cytoplasm, which
may activate intracellular TLRs (44-46). However, medium transfer experiments in which
non-irradiated HeLa cells were exposed to supernatant from irradiated donors ruled out

an involvement of extracellular factors and cell-surface receptors (Fig. 5, A-C). Similarly,
depletion of all known intracellular TLRs—TLR3, TLR7, TLR8 and TLR9—failed to affect
IR-induced IRAK1 activation (fig. S5, A-D).

In contrast, multiple independent lines of evidence pointed to IR-induced double strand
DNA breaks (DSBs) as responsible for initiating the pathway. First, we had noted that

the cytoplasmic activation and nuclear import of IRAK1 correlated with the presence of
DNA damage in irradiated nuclei, with nuclear IRAK1-pThr2% signals declining coincident
with DSB repair (12-24 hpIR) (fig. S2, F and G). Second, drugs which, unlike IR, induce
DSBs without causing the release of TLR agonists, such as the radiomimetic bleomycin

and the topoisomerase inhibitors camptothecin and topotecan, were sufficient to trigger
IRAK1 activation and its transport to the nucleus (fig. S5, E-I). Notably, short incubation
with the DNA replication inhibitor aphidicolin, which failed to induce DSBs within the
time window we analyzed and induced lower levels of ATR activation compared to that
induced by DSBs, had no detectable effect on IRAK1 activation (fig. S5, G and H). In

turn, IRAK1 was required for the survival of the damaged cells, similar to its pro-survival
role in irradiated cells (Fig. 5D), where again aphidicolin had no effect. Third, in these
experiments, the numbers and intensity of nuclear IRAK1-pThr299 foci strictly correlated
with the occurrence and extent of DNA damage, whether at a specific time point or as a
function of time after stimulus (Fig. 5, E-H, and fig. S5, E-G). In fact, a majority of nuclear
IRAK1-pThr209 foci overlapped with sites of DNA damage (yH2A.X foci; Fig. 5, E, 1 and J,
and fig. S5, E-G) or with DsRed-PCNA and RFP-Ku70 tracks or foci induced by 2-photon
laser micro-irradiation (Fig. 5K and fig. S5J). The strict correlation between DSB levels

and IRAK1-pThr2%9 signal intensity was also seen in IR dose responses (fig. S5K), and
longer incubations in aphidicolin eventually led to the simultaneous occurrence of DSBs and
IRAK1-pThr209 foci (fig. S5L). Finally, interrogating the major DSB-sensing kinases (ATM,
ATR and DNAPK) (47) identified a requirement for ATR in IR-induced IRAK1 signaling.
This was first seen pharmacologically, whereby inhibition of ATR (with ETP46464 and

BAY 1895344, “ATRi” (48, 49); fig. S5N), but not inhibition of either ATM or DNAPKcs
(with KU55933 and NU7441, respectively), blocked IR-induced IRAK1 activation in
multiple cell lines (Fig. 5, L and M, and fig. S5M). These results were confirmed using
RNAI (Fig. 5, N and P). ATRI, but not ATMi or DNAPKIi, also led to PIDDosome activation
in irradiated HeLa cells (fig. S50), as again confirmed genetically (fig. S5P). Collectively,
these experiments identified DNA damage as the trigger of IR-induced IRAK1 signaling.
Thus, the pathway differs from TLR-IL-1R signaling at the biological, molecular, and
subcellular levels, consistent with a non-canonical IRAK signaling pathway.
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E3 ubiquitin ligases Pellinol and Pellino2 exert essential but distinct roles in IR-induced
IRAK1 signaling

We next sought to gain first insight into the mechanism by which DNA damage induces
IRAKA4/1 activation independently of MyD88. The initiating step in the IRAK4-IRAK1
activation cascade, IRAK4 activation via trans-autophosphorylation (see Fig. 1), requires
proximity-induced dimerization (23-25). Therefore, we reasoned that an adaptor or scaffold
molecule would likely be required to enable IRAK4 dimerization in place of MyD88. A
previously proposed substitute for MyD88, Unc5CL (50), was dismissed because it showed
no RNAI phenotype in human cells (fig. S6, A and B) and is not conserved in zebrafish. We
thus focused on other physical interactors of IRAK4 and IRAK1.

The E3 ubiquitin ligases Pellinol (Pelil), Pellino2 (Peli2) and Pellino3 (Peli3) are homologs
of Drosophila pellino, a protein originally identified as a physical interactor of the fly IRAK
homolog, pelle (51). Human Peli proteins physically and functionally interact with IRAK1
in vitro, acting both as substrates of, and ubiquitin ligases for, IRAK1 (52, 53). We focused
on Pelil and Peli2 because PEL /37~ cells could not be recovered despite multiple editing
attempts.

PEL 117~ and PEL /27~ HeLa cells exhibited striking and distinct phenotypes. Ablation of
Pelil abrogated IR-induced IRAKZ1 activation altogether, whereas loss of Peli2 had no effect
on activation but blocked the nuclear translocation of the activated kinase, trapping it in

the cytoplasm (Fig. 6, A and B). In contrast, neither knockout had any discernable effect

on IL-1B-induced IRAK1 activation (Fig. 6, A and B). The IR-specific phenotypes, which
were confirmed by RNAI in multiple cell lines (fig. S6C), were rescued with respective
GFP-tagged full-length proteins (Fig. 6C). GFP-Pelil failed to rescue PEL /27~ cells, and
vice versa, confirming the non-redundant roles of either E3 ligase in IR-induced IRAK1
signaling (Fig. 6C).

Although Pelil and Peli2 exerted distinct functions, loss of either ligase ultimately resulted
in the same outcome: loss of nuclear accumulation of IRAK1-pThr209. Consistent with
this, PEL/17~and PEL /27~ cells both exhibited: (i) a complete loss of fully active IRAK1-
pThr387 in irradiated nuclei (Fig. 6, D-F); and (ii) marked radiosensitive phenotypes,

as evidenced by PIDDosome-mediated C2 activation (Fig. 6, G and H), downstream
executioner caspase activation (Fig. 61 and fig. S6D), and reduced overall survival (Fig.

6J) after IR. These phenotypes were recapitulated in pe/iZband peli2 morphant zebrafish
(Fig. 6, K-N and fig. S6, E-G). Thus, Pelil and Peli2 are essential for IR-induced IRAK1
signaling, exerting non-redundant roles in the pathway.

Pellinol associates with IRAK4 and IRAK1 and acts non-catalytically to enable their
activation after IR

Finally, we sought to investigate the mechanisms by which Pelil and Peli2 promote the
activation and nuclear transport of IRAK1, respectively. We focused on Pelil because

(i) Pelil, but not Peli2, physically associated with IRAK1 after IR (fig. S7, A and B);

and, (ii) none of the currently available anti-Peli2 antibodies specifically recognized Peli2,
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precluding biochemical studies at the endogenous level (see Methods). In contrast, the
commonly used “Peli1/2” antibody specifically recognized Pelil (fig. S7C).

To investigate Pelil, we first used a series of deletion- and catalytically-inactive GFP-Pelil
constructs (Fig. 7, A and B) (54). As expected from previous studies (52, 55), GFP-Pelil
interacted with IRAK1 via the N-terminal forkhead-associated (FHA) domain (fig. S7D,
note that GFP-Peli1€ is the sole construct that fails to interact with IRAK1). The FHA
domain was essential for Pelil-mediated IRAKZ1 activation after IR (Fig. 7, C and D; note
the lack of IRAK1-phrT2%9 signal in PEL /17~ cells reconstituted with GFP-Peli1C). In
contrast, the catalytic RING-like domain was dispensable for Pelil function (Fig. 7, C and
D; note the rescue of PEL /17~ cells by GFP-Peli1&C). Likewise, each of three catalytically
inactive Pelil variants—H313A, H336A (54) and H369S/C371S (56)—all restored IR-
induced IRAK1 activation in PEL/17~ cells (Fig. 7, C and D). These observations indicated
that Pelil enables IR-induced IRAK1 activation through its interaction with, but not
ubiquitination of, IRAK1.

The structural role played by Pelil suggested It might enable the IRAK4-IRAK1 interaction
itself. Indeed, Pelil was essential for this event whereas deletion of PEL/Zhad no effect
(Fig. 7E). Pelil associated with IRAK4 and IRAK1 as early as 1 min and 5 min after

IR, respectively (Fig. 7F). This was in contrast to IL-1p-treated cells, in which Pelil

solely interacted with IRAK1 (active form) but not IRAK4, an observation in line with
Pelil serving as a substrate of IRAK1 in this context (53). IR-induced Pelil/IRAK4/
IRAK1 complex formation did not require MyD88, in contrast to the IL-1p—induced Pelil-
IRAK1-pThr209 interaction (Fig. 7G). These results obtained through Pelil pulldowns were
confirmed in IRAK1pThr20? immunoprecipitates (Fig. 7G, middle blots). As expected,
IR-induced assembly of the Pelil/IRAK4/IRAK1 platform required ATR (fig. S7E). Thus,
after IR, Pelil associates with both IRAK4 and IRAK1 and functions non-catalytically to
promote their interaction and subsequent IRAK1 activation.

These Pelil properties were reminiscent of that of MyD88 in the TLR/IL-1R pathway,
suggesting that Pelil might act as the adaptor/scaffold (or subunit thereof) which
substitutes for MyD88 in the DNA damage-induced pathway. In the immune pathway,
MyD88 nucleates the MyDDosome by enabling the dimerization of IRAK4, which when
autophosphorylated recruits, phosphorylates and activates IRAK1 (23). Therefore, should
Pelil function as the adaptor in the DSB-induced pathway, we would expect: (i) IRAK4
to be recruited to Pelil prior to IRAKZ; (ii) IRAK1 to be recruited to Pelil by IRAK4;
(iii) Pelil to be required for the activation of IRAK4 in addition to that of IRAKZ1; and
(iv) IRAK1 recruitment to Pelil to require IRAK4 catalytic activity. We found all four
predictions to be true. First, Pelil associated with IRAK4 as early as 1 min post-IR,
whereas IRAK1 was first detected in the complex at 5 min (Fig. 7F). We also noted that
IRAK4 autophosphorylation within the Pelil/IRAK complex initiates earlier than IRAK1
recruitment to the platform (Fig. 7F). This observation was consistent with structural models
implicating IRAK4 activation as a prerequisite for the IRAK4-IRAK1 interaction (23).
Second, whereas IRAK1 was not required for the Pelil-IRAK4 interaction, IRAK4 was
indispensable for IRAK1 recruitment to Pelil (Fig. 7H). Thus, Pelil indeed associates
with IRAK1 via IRAK4. Third, IR-induced IRAK4 autophosphorylation on Thr345/Ser346
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was completely dependent on Pelil (Fig. 71), as further verified by western blotting (Fig.
7J). Fourth, despite associating with Pelil as efficiently as WT IRAK4, kinase-deficient
IRAK4 (D329A) failed to mobilize IRAK1 to the complex (Fig. 7K). Collectively, these data
identified Pelil as a critical component of the MyD88-independent platform responsible for
IRAK1/4 activation in irradiated cells (Fig. 8).
Discussion

Here, we describe the backbone of a non-canonical pathway of IRAK kinase signaling
distinct from the TLR/IL-1R axis. Whereas both pathways share a common mechanism for
IRAK1 activation by IRAK4, non-canonical signaling differs upstream and downstream of
this core module (Fig. 8). The pathway opens IRAK kinase biology beyond innate immunity
and defines unforeseen targets in radio- and chemo-resistant cancers.

IRAKT1 catalytic activity is largely dispensable for TLR/IL-1R signaling (57-60), with the
kinase instead acting structurally to activate TRAF6 and other effectors (6). Yet in contrast
with two of four IRAK family members, the pseudokinases IRAK?2 and IRAK3, IRAK1
evolved to retain an intact catalytic domain (19, 61, 62). In the absence of a role for IRAK1
outside of innate immunity, the nature of the selective pressure to preserve its enzymatic
activity remained elusive. Our discovery of a hon-canonical pathway in which the kinase’s
activity is essential may explain the evolutionary pressure to retain a functional catalytic site.
We found that IRAK1 kinase function is, at minimum, required for autophosphorylation on
Thr387  an event necessary for downstream anti-apoptotic signaling. Because IRAK1T387A
retained residual activity, additional IRAK1 substrates might be identified in the future.
These are unlikely to include the downstream target PIDD1 because IRAK1-mediated
inhibition of PIDDosome assembly does not appear to require IRAKZ1 catalytic activity
(Fig. 4S).

Our study describes a physiological mechanism through which cells can activate IRAK4 and
IRAK1 in a MyD88-independent manner. A 2012 study showed that overexpression of the
DD protein UNC5CL could activate NF-xB and JNK signaling in an IRAK1/4-dependent
but MyD88-independent manner (50). However, these observations still await genetic
validation, and we have ruled out a role for UNC5CL in non-canonical IRAK signaling.
Instead, we identified a non-DD-containing but extensively validated IRAK interactor, Pelil,
as the likely adaptor substituting for MyD88. This was surprising given that Peli proteins are
viewed as effectors of IRAK1, acting both as substrates of, and E3 ubiquitin ligases for, the
active kinase (reviewed in (53, 56, 63)). In line with such a downstream role in canonical
IRAK signaling but upstream role in non-canonical signaling, removal of Pelil or Peli2

had no effect on IL-1B-induced IRAK1 activation in experiments where irradiated PEL /17
~and PEL /27" cells analyzed in parallel showed profound phenotypes. Furthermore, the

E3 ligase activity of Pelil was irrelevant to its function in IRAK1/4 activation, echoing
earlier studies in the Pellino field where Pelil-3 were viewed as scaffolds orchestrating
protein interactions in the TLR/IL-1R pathway (64). Our data support a model where Pelil
first associates with IRAK4 to promote its activation, followed by IRAK1 recruitment to

the Pelil/IRAK4 complex and its activation by IRAK4 therein. As such, the Pelil/IRAK4/
IRAK1 complex would mirror the activity of the MyDDosome (23, 28). Future studies
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will determine whether Pelil, like MyD88, acts by enabling the dimerization of IRAK4, or
whether it acts as a subunit of a larger complex in which another molecule is responsible for
dimerization.

Interestingly, Pelil has been implicated in the DDR and, notably, appears to localize to
DSBs in response to IR (54, 65), where it undergoes ATM-mediated phosphorylation within
minutes of treatment (54). In turn, phosphorylated Pelil ubiquitinates NBS1 to regulate DSB
repair. We found that IRAK1pT209 also localizes at DSBs in response to IR with similar
timing, which suggested that DSBs might be the site for Pelil-mediated IRAK1 activation

in non-canonical signaling. However, this was ruled out by multiple experiments identifying
the cytoplasm as the site of IRAK1 activation in irradiated cells, prior to the nuclear import
of the activated kinase. Additionally, ATR, not ATM, is the DDR kinase responsible for
engaging non-canonical IRAK signaling. Despite these discrepancies, our study adds to that
of others to further implicate Pelil as a DDR effector (54, 65).

How DSBs and ATR in the nucleus direct Pelil/IRAK4/IRAK1 platform assembly in the
cytoplasm is the next fundamental question in the field. The requirement for ATR and not
other DSB-transducing kinases may indicate an ATR-specific substrate acting as signaling
intermediate. Acute replication stress failed to engage the pathway and correlated with
reduced ATR activation compared to that induced by DSBs. That IRAK1 activation might
require a minimal threshold of ATR activity may ensure that cells engage non-canonical
IRAK1 signaling only in response to severe DNA damage.

Although we could tie the nucleolar localization of IRAK1 to its action as a PIDDosome
inhibitor, the significance of its localization at DSBs remains to be explored. Given the pro-
survival role of the pathway, a function in DSB repair seems plausible. Another outstanding
question is how Peli2 enables the transport of activated IRAK1 to the nucleus. In response to
DNA damage, hundreds of proteins are promptly transported to the nucleoplasm where they
perform essential functions in DNA repair, transcription and replication (66-68). However,
how DNA injury is conveyed to or sensed in the cytoplasm and, in turn, how the nuclear
import machinery recruits target cargos for transport, all within minutes of stimulus, remain
largely unexplored. This applies to p53 and PTEN, whose nuclear internalizations are
essential for tumor suppression (69, 70). Because ubiquitination is critical to the import

of PTEN (70) and p53 (71-73), we speculate that Peli2-mediated ubiquitination of IRAK1
might be required likewise.

Our previous work implicated IRAK1 as a driver of tumor-intrinsic resistance to
radiotherapy, thus identifying the kinase as a therapeutic target in radiation-resistant cancers
(30, 74). Here, we identify immunofluorescence markers of radiotherapy-induced IRAK1
signaling that could be used as diagnostic tools to predict IRAKL1i efficacy in patient
biopsies, as well as new pathway members (IRAK4, Pelil, Peli2, and ATR) which might
define additional targets for inhibition. Additionally, our work reveals that tumor cells can
also engage non-canonical IRAK1 signaling in response to DSB-inducing genotoxins such
as radiomimetics and topoisomerase inhibitors. IRAK1 was notably essential for the survival
of cancer cells treated with such drugs, suggesting a broad applicability of IRAK1 inhibitors
in treatment-resistant cancers.
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Materials and Methods

Cell Culture, Reagents and X-Ray Irradiation

HelLa (cervical, p53-degraded via HPV-E6), CAL27 (HNSCC, TP53 H183L), SAS
(HNSCC, TP53 E336*), MCF7 and MDA-MB-231 (breast, TP53 R280K) cell lines

were cultured in DMEM medium (Life Technologies) supplemented with 10% Fetal

Bovine Serum (FBS) (Sigma- Aldrich) and 1% penicillin—-streptomycin (P/S) (Life
Technologies). Daoy (radiosensitive MB cell line) cells were cultured in EMEM medium
(Life Technologies) supplemented with 10% FBS and 1% P/S. HeLa, CAL27, Daoy cells
were obtained from American Type Culture Collection. SAS cells were purchased from
Health Science Research Resources Bank. MDA-MB-231 and MCF7 cells were provided by
D. Germain. C2.Pro-BiFC cells (Ando et. al. JCB, 2017) were cultured in DMEM medium
(Life Technologies) supplemented with 10% FBS and 1% P/S. ETP46464, camptothecin,
aphidicolin and bleomycin were purchased from Sigma-Aldrich. KU-55933 was purchased
from TOCRIS. Topotecan and Nu7441 were purchased from Selleckchem. Recombinant
human IL-1p was from PeproTech (200-01B). For X-ray IR, cells seeded on 10 cm, 6

well or 96-well plates were irradiated at the indicated doses using the Precision X-rad 320
irradiator. The plates were placed on the programmable shelf with the turntable left on. Filter
1 (2mm Al) and Program 5 (platform height of 50 cm from the source, with an offset of 6
cm and a dose rate of 320 kV) were used in all experiments.

CRISPR-Cas9 Gene Editing

Plasmid lentiCRISPR v2 was digested with BsmBI-v2 (New England Biolabs, R0580)
according to the manufacturer’s recommendations. Briefly, 1 pg of plasmid was digested for
1 hour at 55 °C, then digested plasmid was gel purified using a QIAquick Gel Extraction

kit and eluted in water. Single guide RNA (sgRNA) oligonucleotides for cloning were
annealed by mixing them in equal 10 UM concentrations with the addition of 1xT4 DNA
ligase buffer, then the mixture was incubated at 37 °C for 30 min, then at 95 °C for 5 min
and then ramped down to 25 °C at 5 °C min~1. Hybridized oligonucleotides were diluted
1:200 with H,0. BsmBI-v2 digested lentiCRISPR v2 plasmid (50 ng) was ligated with

1 uM final concentration oligo duplex using T4 Ligase (NEB, M0202) according to the
manufacturer’s recommendations and incubated overnight at 4 °C. XL-1 blue competent £.
coliwere transformed with 1 pl of ligation reaction according to the manufacturer’s protocol
(Agilent Technologies, catalogue no. 200249). Single clones were sequence verified using
Sanger sequencing. Lentivirus particles containing sgRNA constructs of /RAK4, PEL/1,
PEL/2and PEL /3 were generated by transfecting Phoenix packaging cells with lentiCRISPR
v2 containing corresponding sgRNAs (Eurofins Genomics) and a combination of the
lentiviral helper plasmids pCMV-dR8.91 and pMD.G at a ratio of 2:1:1, respectively. jetPEI
(Polyplus, 101-10N) was used as the transfection ant. After 24 hrs, medium containing

viral particles was collected and concentrated using Lenti-X Concentrator according to the
manufacturer’s protocol (Clontech, 631231). Briefly, 1 volume of Lenti-X Concentrator was
mixed with 3 volumes of 0.45-um filtered viral particle-containing media. The solution was
then incubated overnight at 4 °C. The samples were centrifuged at 1,500 x g for 45 min

at 4 °C, supernatant aspirated and the pellet resuspended in HeLa cell culture media. For
infection, 2 x 10° HeLa cells were plated into 6-well plates. The next day, 5 uM polybrene
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(Millipore, tr-1003-g) and 200 pl of concentrated viral particles were added per well. The
medium was replaced the next day with medium containing 1 ug ml~1 puromycin for
selection. /RAKI™~ HeLa cells were generated and validated previously (Liu et al., 2019).
PEL 137~ could not be recovered. sgRNA sequences are listed in table S4.

siRNA transfections were performed using X-tremeGENE siRNA transfection reagent
(Roche) and 20 nM siRNA according to the manufacturer’s instructions. Cells were treated
with IR (7.5 Gy) or IL1B (0.1 mg/ml) at 48 hrs post-transfection. Cells were harvested

for either western blotting, co-immunoprecipitation or Immunofluorescence 15 mins post-
treatment unless otherwise described. Previously validated siRNAs were siLACZ (33),
silRAK1, silRAK4, siMYD88 (30), siATM and siATR (37) (Qiagen). siRNAs targeting
Pellinol, Pellino2, UNC5CL, TLR3, TLR4, TLR7, TLR8, TLR9, Importin-a2 and Importin-
b1 were purchased from Qiagen. siRNA sequences are listed in table S3.

Plasmids and DNA Transfection into Cultured Mammalian Cells

pVQAd-IRAK4 WT, D329A and R12C, and pcDNA3-flag-IRAK1 WT, T387A, KD,
T209A, T209D, DKD and DProST, were generous gifts from Vicky Rao (32), Michael
Martin (27), Xiaoxia Li (75) and Jonathan Ashwell (76). IRAK1R4A was generated

from pcDNA3-flag-IRAKIWT using a Q5® Site-Directed Mutagenesis Kit (NEB, E0554S)
with the primers IRAK1 R4AF 5’-aaagcagcaCCTCCTATGACCCAGGTGTACG-3’ and
IRAK1_R4AR 5’-ggccgcggcGTGCAGGCAGCAGCAGGC-3’, resulting in Rsg3RAKRR50g
mutated to AgpzAAKAAsgyg. pPEGFP-C1-Flag-Pelil and derived deletion constructs
DFHAL, DFHA2, DC, C, and catalytically inactive mutants H313A and H336A

were generous gifts from Chang-Woo Lee (54). The H369S/C371S double-mutant,
homologous to the catalytically dead Peli2 H371S/C373S variant (77), was

generated from pEGFP-C1-Flag-Pelil by site-directed mutagenesis using primers Pelil-
H369C371S-Q5Fw 5’- GAGCTCAGAAAAGACAACTGCCTATTGGTC-3’ and Pelil-
H369C371S-Q5Rv 5’- ACGCTCCCACACGGGCTAAACGC-3’. Full-length PEL/2cDNA
(NM_021255.3) was amplified by 2 rounds of PCR using Phusion Flash High-

Fidelity PCR Master Mix (Thermo Scientific). The first round was performed using

a primer pair within the flanking UTRs of PEL/Z, and the second round was a

NESTED PCR. Primers were Peli2-5’UTR-Fw 5’-GCTGCTGTTTTGAGCATGCAA-3’,
Peli2-3’UTR-Rev 5’-ACTGGCCGCCCCGCGCCCCCTT-3’, Peli2-Xhol-Fw 5’-
ATACTCGAGGCCACCATGTTTTCCCCTGG-3’ and Peli2-HindllI-Rev 5’-
AAGCTTTCAGTCAATTGGACCTTGGA-3'. Full-length PEL/2cDNA was cloned in

the pGem®-T easy (Promega) according to the manufacturer’s instructions, and was
subcloned downstream of EGFP into Xhol and Hindl1lI sites of pEGFP-C1-Flag to obtain
pEGFP-C1-Flag-Peli2. All primers for site-directed mutagenesis were designed using
NEBaseChanger (https://nebasechanger.neb.com) and all targeted mutations were verified
by DNA sequencing. Plasmid DNA transfections were performed using X-tremeGENE

HP DNA Transfection Reagent (Roche) with a ratio 2:1 according to the manufacturer’s
instructions. With the exception of pEGFP-C1-Flag-Peli1F- in Figure 7B-D (0.5 mg/mL),
all plasmids were transfected at 1 mg/mL. pDsRed-PCNA (derived from pDsRed, Clontech)
and pRFP-Ku70 (derived from pRFP-C/N serial, Clontech) expression plasmids were used
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in two-photon micro-IR experiments (see below) and were generously provided by Dr.
David Chen from the University of Texas Southwestern and Dr. Li Lan from Massachusetts
General Hospital, respectively.

Cell Viability Assays

AlamarBlue-based cell viability assays were performed as described (Liu et al., 2019) with
several modifications. Cells were seeded into 96-well plates at a density of 400 cells/well.
After 16 hours, cells were treated with bleomycin, camptothecin, topotecan and aphidicolin
at their indicated doses or 7.5 Gy IR. 3 days post-treatment, cells were incubated with
alamarBlue (Thermo Fisher) at a final concentration of 10%. Absorbance was measured

at a wavelength of 570 nm with a 600 nm reference wavelength. Relative fluorescence
(RFU) was calculated using cell free wells as a control reference and percent survival was
calculated compared to DMSO-treated, non-treated controls. Reverse transfections were
performed for siRNAs while seeding the cells. cDNA transfections were performed 24 hrs
prior to IR treatment.

Clonogenic Assays

Single-cell suspensions were seeded into 6-well plates (50-200 cells/well) and irradiated at
indicated doses. After being cultured for 12 days, plates were rinsed with PBS, incubated
with fixing solution (75% methanol, 25% acetic acid) and stained by 0.5% crystal violet
(Sigma-Aldrich) in methanol for 30 min at room temperature. Colonies consisting of at least
50 cells were scored.

Immunofluorescence and Confocal Microscopy (Tissue Culture)

Cells (1 x 105) were seeded on coverslips in 6-well plates, fixed in 1% paraformaldehyde,
permeabilized in 0.25% Triton X-100, blocked in 1% BSA-PBS for 30 mins at 37°c, stained
with indicated primary antibodies (for dilutions, see table S2) for 2 hours at 37 °C and
secondary antibody (1:200, anti-rabbit, AlexaFluor 488, AlexaFluor 555, AlexaFluor 647
Invitrogen), mounted in Vectashield with 4,6-diamidino-2-phenylindole (DAPI) and sealed
with nail polish, as described previously. Images were obtained under a x63 NA 1.40 oil
objective with an inverted confocal microscope (405 nm, 488 nm, 647 nm; SP5, Leica) and
acquired using LAS software. For experiments involving WGA staining, cells were stained
with WGA at a dilution of 2.5:1000 prior to permeabilization.

Western Blotting and antibodies

Cells seeded at a density of 0.5 x106 in 10 cm plates were grown to 60-70% confluence.
Cells were transfected with indicated siRNAs for 48 hours and cDNAs for 24 hours.

For experiments involving Irradiation, cells were treated with 7.5 Gy IR for 15 min
post-transfection, harvested and lysed using 1% NP-40 buffer (Boston BioProducts) with
protease and phosphatase inhibitors. Lysates (50 — 200 mg) were incubated at 70°C for

10 minutes after adding NUPAGE LDS Sample Buffer (4X) (Life Technologies) and 5%
2-Mercaptoethanol (Sigma Aldrich). Samples were run on a 10% Bis-tris gel (Nupage)

at 170V for 1 hour. After electrophoresis, samples were transferred on a nitro-cellulose
membrane (Thermo Fisher Scientific) at 94 V for 100 min. Membranes were then blocked
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with 5% Bovine serum albumin (BSA, Sigma Aldrich) in TBS with 0.1% Tween and probed
with primary antibodies at 4°C overnight. Membranes were then rinsed with TBS-Tween
(5x5 min) and probed with specific HRP-linked secondary antibody in 5% milk or BSA

(in TBS-Tween) for 1 hr at room temperature. Membranes were washed as described

earlier and placed in SuperSignal West Pico Chemiluminescent Substrate or SuperSignal
West Dura Extended Duration Substrate (Pierce Biotechnology). The membrane was then
developed with photographic film. A full list of antibodies and dilution/fixation protocol
information can be found in table S1. The “Peli1/2” (clone F-7) commercialized by Santa
Cruz Biotechnology and other companies recognizes Pelil, but not Peli2 (Figure S7C).

To our knowledge, no commercial or custom antibody has been reported that specifically
detects Peli2, and none of the three antibodies commercialized as specific to Peli2 (see table
S1) recognized Peli2 when tested.

Co-Immunoprecipitation

Lysates for immunoprecipitation (IP) were prepared in 1 or 0.1% NP-40 buffer (1 or

0.1% NP-40, 50 mM Tris-HCI [pH 8.0], 150-250 mM NaCl, 5mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, protease inhibitors cocktail [Complete Mini, Roche] and
phosphatase inhibitor cocktail [PhosSTOP, Roche]). For endogenous IPs, whole-cell lysates
(1-5 mg) were mixed with Protein-G magnetic beads (Invitrogen, 20 pl of a 50% slurry)
and IRAK1 and Pellinol (5 mg, 1 ml final volume) for 10 min to 1 hour at room

temp on a rotating wheel. Beads were then washed three times with PBS-Tween20

(0.02%), resolved by SDS-PAGE, and probed with primary antibodies detected with

the corresponding secondary antibodies or mouse TrueBlot HRP-conjugated secondary
antibodies [eBioscience]). For a-Flag or a-GFP IPs, whole-cell lysates (0.15-2 mg) were
mixed with 20 uL beads (50% slurry) and mouse a-Flag (M2) antibody (3 mg) or a-GFP (3
mg) in 1% NP-40 buffer (500 mL final volume) for 10 min on a rotating wheel. Beads were
then washed three times with PBS-T, resolved by SDS-PAGE and analyzed by western blot.

Caspase-2 Bimolecular Fluorescence Complementation (C2 BiFC) Imaging

Bimolecular fluorescence complementation (BiFC) uses nonfluorescent N- and C-terminal
fragments of the yellow fluorescent protein Venus (“split Venus”) that can associate to
reform the fluorescent complex when fused to interacting proteins (Shyu et al., 2006).

When the C2 prodomain is fused to each half of split \enus, recruitment of C2 to the
PIDDosome and the resulting induced proximity leads to enforced association of the two
Venus halves, culminating in the C2 BiFC signal (see Figure 4K). Thus, Venus fluorescence
acts as a terminal readout for PIDDosome assembly (Bouchier-Hayes et al., 2009). HeLa.C2
Pro-BiFC cells (Ando et al., 2017) harbor a bicistronic construct in which C2 Pro-VC and
C2 Pro-VN, separated by the viral 2A self-cleaving peptide, are translated from a single
mMRNA transcript. This ensures that C2 Pro-VC and C2 Pro-VN are expressed at equal
levels. The sensitivity of the endogenous C2 BiFC reporter is sufficient to detect C2 induced
proximity in the nucleolus, a major but not unique site for PIDDosome formation (Ando
etal., 2017). Parental HeLa.C2 Pro-BiFC cells (0.5 x 10° cells) (Ando et al., 2017) were
seeded directly on coverslips, transfected with siRNAs for 48 hours and treated with qVD-
OPH (20 uM) and IR (10 Gy) and harvested 24 hours post-treatment. For the experiments
including overexpression of IRAK1 cDNA, DNA transfections were done 24 hours after
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SiRNA transfection, treated with qVD-OPH (20 uM) and IR (10 Gy) and harvested 24 hours
post-treatment. Cells expressing the BiFC components were identified by fluorescence of
the linked mCherry protein in stable cell lines. Venus channel image data was analyzed

to determine the cells positive for C2 BiFC. More than 100 cells were counted over three
independent experiments.

laser micro-irradiation of SV40 MEF

SV40-immortalized MEFs were transfected with 1.5ug of either pDsRed-PCNA or
pRFP-Ku70 expression plasmids using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The next day, ~10% transfected cells were seeded into a 35mm
glass-bottom dish and treated with 20uM BrdU. Live-cell imaging was performed 24 hours
after BrdU treatment on a Nikon Ti Eclipse inverted microscope (Nikon Inc, Tokyo, Japan)
equipped with A1 RMP (Nikon Inc) confocal microscope system (Nikon Inc) and Lu-N3
Laser Units (Nikon Inc). Laser micro-irradiation and imaging were conducted via the NIS
Element High Content Analysis software (Nikon Inc) using a 800nm 2-photon laser (10um
x 0.5um rectangular region, energy level = 2800mW). Images of each cell of interest were
acquired at 60x magnification immediately before and immediately after micro-irradiation
(~2 seconds acquisition time), as well as 5 minutes after micro-irradiation. 15-20 minutes
after micro-irradiation, cells were washed twice with ice-cold PBS, and then fixed in 1%
paraformaldehyde, 0.25% Triton fixation buffer on ice for at least 30 minutes. The fixation
buffer was replaced with PBS and cells were stored in 4°C until processed for IRAK1pT209
IF analysis.

Zebrafish Lines, Maintenance and X-Ray Irradiation

Adult zebrafish were maintained on a 14:10 hour light:dark cycle at 28°C in accordance
with the regulations and policies of the Mount Sinai Institutional Animal Care and

Use Committee. The study is compliant with all relevant ethical regulations regarding
zebrafish research. The progeny of homozygous p53M214K/M214K ( n53MK/MK) fish were
used throughout. M214 is orthologous to human M246, a commonly mutated residue

within the mutational hotspot in the p53 DNA binding domain (http://www-p53.iarc.fr/)
(78, 79). p53VK/MK embryos demonstrate fully penetrant resistance to IR-induced cell death
(33), a phenotype suppressed by genetic or pharmacological targeting of IRAK1 (30). The
TILLING-mediated generation of the p53M214K/M214K |ine, including allele designation, has
been described (33, 80). X-ray irradiation of embryo clutches at 18 hours post-fertilization
(hpf) was performed using the X-RAD 320 (PXI Precision X-ray, filter 2) at Mount Sinai
hospital irradiator CoRE facility.

Micro-injections into zebrafish embryos

Where using synthetic mRNAs, wild-type (and mutant, when indicated) full-length cDNAs
for human IRAK1 (hIRAK1), human IRAK4 (hIRAK4), human Pelil (hPelil) and human
Peli2 (hPeli2) were subcloned from parent mammalian expression vectors (see the section,
Plasmids and DNA transfection into cultured human cancer cells) into the zebrafish
expression vector pCS2+. All plasmids were linearized by Sac2 single enzyme treatment at
37 °C for 4 hours. Digests were stopped by adding 1/20 volume 0.5 M EDTA, 1/10 volume
of 3 M Na acetate and 2 volumes EtOH. Samples were mixed and chilled at —20 °C for
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15 min, washed and resuspended in TE buffer. Sense-capped mRNAs were synthesized for
injection using the MMESSAGE mMACHINE SP6 kit (Ambion, #AM1340) following the
manufacturer’s instructions. mMRNA concentrations were determined by Nanodrop and RNA
gel. Approximately 20 pg of the synthetic human mRNAs were co-injected with MOs to
irak4, irakl, pelilb or peli2 (table S5) depending on the experiment, during the 1- to 2-cell
stage. These synthetic mRNAs encoding human proteins lacked the morpholino antisense
oligonucleotide (MO)-target sequences on the corresponding zebrafish endogenous mRNAsS,
ruling out that any phenotypic rescue resulted from MO titration by the co-injected synthetic
mRNA.

Where using MOs,— Splice-junction MOs (Gene Tools LLC) to irak1, irak4 and myd88
have been previously described (30), and MOs targeted to pelilband peli2 were designed
by and obtained from Gene Tools LLC. MOs were resuspended in sterile water to a stock
concentration of 1 mM. Approximately 1 nl 0.25-1 mM MO was delivered into one-cell
stage zebrafish embryos by microinjection. Synthetic MRNAs were in vitro transcribed
from pCS2+ templates using the Ambion mMMESSAGE mMACHINE kit according to

the manufacturer’s instructions, dispensed as 2 ml aliquots, and stored at =80 °C.
Synthetic mMRNAs were diluted in RNase free water to a final concentration if 25 ng/ml.
Approximately 1 nl mRNA was delivered into one-cell stage embryos by microinjection.
All micro-injections of MOs or mRNAs were performed with a NARISHIGE IM 300
microinjector as described in detail online (bio-protocol.org/prep1293). MO-mediated gene
knockdowns efficiencies were verified in whole-embryo extracts by western blot when
possible or by RT-PCR to detect exon-skipping or intron-retention events (for Irak4, Peli2).
All MO sequences and 7rak4 and peli2 RT-PCR primers are listed in tables S5 and S6,
respectively.

RT-PCR and Protein Extraction from Zebrafish Embryos

Embryonic RNA was isolated from 24-48 hpf embryos (>15 embryos/sample) using a
standard Trizol method (250 pL Trizol (Invitrogen), 50 uL CHCl3, 175 pL isopropanol).
One microgram of purified RNA was used to generate cDNA using the Invitrogen
SuperScript First Strand 111 RT-PCR kit, with oligo-dT primers. Two micrograms of the
cDNA product were loaded on a 1% agarose gel. Pooled embryo protein lysates were
harvested as previously described (33) and analyzed by western blot (see Western blotting
and Antibodies).

Acridine Orange (AO) Labeling of live embryos.

At 24 hours after IR, live embryos were labelled with acridine orange at 10 mg ml~ in egg
water for 20 min, then dechorionated in pronase (2.0 mg ml~1 in egg water) for 5 min and
rinsed at least three times for 20 min in egg water. Embryos were imaged with a SMZ1500
fluorescent stereomicroscope and NIS-Element software (Nikon) and analyzed with ImageJ
as previously described (33).

Whole-mount immunofluorescence imaging

Zebrafish embryos were injected with 25 pg human IRAK1 mRNA at the one cell stage,
irradiated at 18 hpf (see Zebrafish Lines and Maintenance) and fixed at 15 min post-IR
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in 4% PFA overnight at 4 °C. Embryos were rinsed three times in PBST, dehydrated with
1:2, 2:1 methanol:PBST, then 3 times in methanol, 5 min each, and stored at -20 °C
overnight. Embryos were rehydrated with 2:1, 1:2 methanol:PBST, then 3 times PBST, 5
min each. Embryos were permeabilized with proteinase K (10 mg/ml in PBST) for 3 min,
quickly washed 3 times with PBST and fixed with 4% PFA for 20 min. After 5 washes in
PBST, 5 min each, 400 ml of blocking reagent was added (1% BSA + 10% normal goat
serum (NGS, 10000C, invitrogen) in PBST) and embryos were stored at 4 °C overnight.
Anti-IRAK1pT209 was added at 1:100 final concentration in blocking reagent and embryos
were incubated at 4 °C over 3 nights on a shaker. Embryos were washed 3 times with
PBST, blocked again at 4 °C overnight, and secondary antibody was added (1:300) 4 °C
overnight. Finally, embryos were washed 5 times with PBST and processed for whole-mount
immunohistochemistry. Images were obtained under a 40x oil objective with an inverted
confocal microscope (405 nm, 488 nm; SP5, Leica) and acquired using LAS software.

The setting of the software was: size 1024X1024, zoomX2, pinhole 1AU, average 4 for
AlexaFluor 555 channel and 2 for all other channels, with Z stacks of 1 mm/slice.

Image Analysis

Cytoplasmic/nuclear Intensity quantification was performed using

Intensity Ratio Nuclei Cytoplasm Tool (RRID:SCR_018573)

URL.: https://github.com/MontpellierRessourcesimagerie/imagej_macros_and_scripts/wiki/
Intensity-Ratio-Nuclei-Cytoplasm-Tool, installed as a plug-in in F1JI software. Co-
localization analyses were performed with Just Another Co-localization Plugin (JaCoP)
https://imagej.net/plugins/jacop, downloaded as a plugin for F1JI. Pearson’s coefficient was
calculated as a co-localization indicator.

Phylogenetic analyses

Multiple sequence alignments were performed using Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/).

Statistical Analysis

Paired two-tailed Students t-tests were used to determine p-values (a = 0.05). The log rank
test was used to determine p-values for survival curves. Data in bar graphs are represented as
mean + SD or £ SEM, as indicated in legends, and statistical significance was expressed as
follows: *, P< 0.05; **, P<0.01; *** P<0.001; ns, not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IRAK 4 associateswith IRAK 1 and isreqguired for cell survival after IR in a MyD88-
independent manner.

(A and B) Parent and /RAK4~~ HelLa cells were treated with indicated doses of X-IR (IR)
and colonies were counted (A) and imaged (B) at 12 days post-IR. Western blot verifying
IRAK4 knockout shown in (B). (C) Parent and /RAK4~~ cells reconstituted with indicated
FLAG-IRAKA4 constructs were treated with or without IR (7.5 Gy). Cells were stained with
alamarBlue 72 hours after IR. Expression levels of FLAG-IRAK4 variants are shown in fig.
S1C. (D and E) p53VK/MK zebrafish embryos were co-injected at the 1-cell stage with the
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indicated MOs with or without synthetic mMRNAs for the indicated human (h) FLAG-IRAK4
variants. Embryos were treated with or without whole-body IR (12.5 Gy) 18 hours later

and stained with acridine orange (AQ) at 24 hours after IR to label apoptotic cells in vivo.
Spinal cord areas dorsal to the yolk tube (boxed) were quantified (E) from at least 7=6
embryos per condition over 3 independent experiments. Data are means + SEM, *p < 0.05,
**p<0.01, ***p<0.001, two-tailed Student’s t-test. Scale bar, 0.2 mm. (F) mMRNA extracts
from embryos injected with indicated MOs were analyzed by RT-PCR. jrak4 MO targets
the exond/intron4 splice junction, resulting in the retention of intron 4 (199 bp), as verified
by sequencing. (G) Pooled whole-embryo extracts from (D) analyzed by western blot. (H)
HelLa cells were treated with IL-1p (0.1 ug/mL; left) or IR (7.5 Gy; right), fixed at indicated
time points (min), stained with indicated antibodies, and co-stained with membrane marker
wheat germ agglutinin (WGA) and nuclear marker DAPI. Confocal images representative
of at least 80 cells per condition over 7= 3 independent experiments. Scale bar, 5 pm. (I
and J) HeLa cells transfected with indicated siRNA were treated with or without IL-1p (0.1
pg/mL) or IR (7.5 Gy) and fixed at 15 min. Confocal images representative of at least 80
cells per condition over n= 3 independent experiments (H) were quantified in (I). Single
channels shown in fig. S1D. Scale bar, 5 pm. (K) Whole-cell lysates from cells in (1) were
analyzed by western blot. (L and M) FLAG-IRAK1-transfected (L) or non-transfected (M)
HelLa cells were treated with or without IL-1p (0.1 pg/mL) or IR (7.5 Gy) and lysed at 15
min. FLAG (L) or endogenous IRAK1 (M) immunoprecipitates were analyzed by western
blot. /P, immunoprecipitate; /B, immunoblot. (N) HeLa cells transfected with the indicated
siRNAs were treated with or without IL-1p (0.1 pg/mL) or IR (7.5 Gy) and lysed at 15

min. IRAK1 immunoprecipitates were analyzed by western blot. All blots (F, K-N) are
representative of at least 7= 2 independent experiments. Data in (A, C and J) are means

+ SD of n= 3 independent experiments with **p < 0.01 and ***p < 0.001, two-tailed
Student’s t-test.
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Fig. 2. Active IRAK1 accumulatesin the nucleus of irradiated cellsin an IRAK 4-dependent but
MyD88-independent manner

(A-C) Parental and /RAK1™~HeLa cells were treated with IL-1p (0.1 pg/mL) or IR (7.5
Gy), fixed at indicated time points (min), stained with indicated antibodies and imaged by
confocal microscopy. (D-F) HeLa cells transfected with indicated siRNA were treated with
or without IR (7.5 Gy), fixed at 15 min, and stained with IRAK1pThr29° antibody (D;
quantified in (E)) or analyzed by western blot (F). 11, IRAKZ; 14, IRAK4; M88, MYD88.
Data in (E) are means = SD of 3 independent experiments. Statistical significance vs. bar
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2: **p<0.01, ***p < 0.001; two-tailed Student’s t-test. (G) Schematic of lateral and dorsal
views of the 18-hour zebrafish embryo, with imaged area (see H) boxed in pink. A, anterior;
P, posterior; V, ventral; D, dorsal; L, left; R, right. (H and 1) p53YK’MK embryos were
co-injected at the 1-cell stage with the indicated MOs with or without synthetic mRNA
encoding human FLAG-IRAK1 (hIRAK1) to detect IRAK1-pThr299 in vivo (std, standard
control MO). 18 hours later, embryos were (or were not) whole-body exposed to IR (12.5
Gy), fixed 15 min later and stained as whole-mounts with IRAK1-pThr209 antibody (which
does not cross-react with zebrafish Irakl) and DAPI. Higher-magnification images of the
boxed areas shown to the right were used for quantification shown in (I). Anterior and spinal
cord areas delineated by thick and thin dashed lines, respectively. Scale bar, 40 um. (1)
Quantification of spinal cord areas (such as boxed in (H)) of at least #7=6 embryos per
condition over 3 independent experiments. Data are means +/— SEM, statistical significance
vs. bar 2; **p < 0.01, two-tailed Student’s t-test. Confocal images in (A-D) and blots in

(F) representative of 7= 3 independent experiments, with at least 80 cells analyzed per
condition in (A-D). Scale bars in (A-D), 5 um.
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Fig. 3. IRAK 1 autophosphorylatesin the nucleus of irradiated cells and relocatesto nucleoli asa
fully active kinase

(A-H) /RAK17~ Hela cells reconstituted with indicated FLAG-IRAK1 constructs were
treated IR (7.5 Gy), fixed 15 min after and stained with IRAK1-pThr387 antibody.

(I Quantification of stains such as in (A-H). Data are means *+ SD of at least 80 cells
analyzed per condition over 7= 3 independent experiments. **p < 0.005, ***p < 0.001 ns,
non-significant, by two-tailed Student’s t-test. (J) HeLa cells were treated with or without
IR (7.5 Gy), fixed at indicated time points (min), stained with IRAK1-pThr387 antibody
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and co-stained with WGA and DAPI. Higher-magnification images of the boxed areas are
also shown. (K) HeLa cells treated as above stained with antibodies to nucleolin (NCL) and
IRAK1-pThr387 (top) and IRAK1-pThr2%9 (bottom). Images are close-ups of boxed areas
in fig. S3C. (L) Quantification of images as shown in (J). Data are means +/- SD of 3
independent experiments with at least 80 cells analyzed per condition. **p < 0.05, **p <
0.005, ns, non-significant, by two-tailed Student’s t-test. (M) Zebrafish p53VK’MK embryos
were co-injected at the 1 cell stage with the indicated MOs + synthetic MRNAs for the
indicated human FLAG-IRAK1 variants. Embryos were treated with or without whole-body
IR (12.5 Gy) 18 hours later and stained with acridine orange (AO) at 24 hours after IR to
label apoptotic cells in vivo. Spinal cord areas dorsal to the yolk tube (boxed in each panel)
were used for quantification shown in (N). Scale bar, 0.2 mm. (N) Quantification of spinal
cord areas (such as boxed in (M)) of at least /7= 6 embryos per condition over at least 3
independent experiments. Data are means +/— SEM. Statistical significance vs. bars 2, 4 or
6: *p<0.05, **p<0.01, ***p < 0.001, by two-tailed Student’s t-test. Confocal images in
(A-K) representative of 7= 3 independent experiments. Scale bars, 10 um.
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Fig. 4. Nuclear internalization of active IRAK 1 enables PIDDosome inhibition and is essential for
IR-induced IRAK 1 signaling.

(A) Identification of a conserved putative NLS, Arg°%3-RAKR-Arg°98, at the distal end
of the IRAK1 kinase domain. DD, death domain; ProST, Pro/Ser/Thr -rich domain; ST
kinase, Ser/Thr kinase; C1 and C2, C-terminal regions 1 and 2. (B) /RAKI™~ Hela

cells reconstituted with indicated FLAG-IRAKZ1 constructs were treated with IR (7.5 Gy),
fixed 15 min later, and stained as indicated. Images are representative of at least 80 cells
per condition over /7= 3 independent experiments, quantified in (C). R4A, RRAKRR
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— AAAKAA. See fig. S4C-D for expression levels of FLAG-IRAK1 variants and non-
irradiated and parental controls. (C) Quantification of signals from »n= 3 independent
experiments such as in (B). (D) Cells from (B) were analyzed by western blot. (E) Zebrafish
p53MK/MK embryos were co-injected at the 1-cell stage with the indicated MOs with or
without synthetic mRNAs for the indicated human (h) FLAG-IRAKL variants. Embryos
were treated with or without whole-body IR (12.5 Gy) 18 hours later and stained with
acridine orange (AO) at 24 hours after IR to label apoptotic cells. Spinal cord areas dorsal to
the yolk tube (boxed in each panel) were used for quantification shown in (F). Scale bar, 0.2
mm. (F) Quantification of spinal cord areas (such as boxed in (E)) of at least 7= 6 embryos
per condition over 3 independent experiments, with data expressed as means +/— SEM, *p
< 0.05, **p < 0.01, by two-tailed Student’s t-test. (G) Pooled whole-embryo extracts from
(E-F) analyzed by western blot. The human IRAK1 antibody does not detect endogenous
zebrafish Irak1. (H and |) /RAKI™~HeLa cells (H) and Daoy cells (I) reconstituted with
indicated FLAG-IRAKZ1 constructs were treated + IR (7.5 Gy) and stained with the vital dye
alamarBlue 72 hours after IR. (J) Cells from (I) were lysed and analyzed by western blot.
(K) SV40 MEF of indicated genotypes were treated with or without IR (7.5 Gy) and IRAK1
inhibitor pacritinib (0.1 uM) (see fig. S41), harvested at 36 hours after IR and analyzed by
western blot. P1, Piddl; R, Raidd, proC2, procaspase-2; cl.C2, cleaved C2 (p19); proC3,
procaspase-3; cl.C3, cleaved C3; PIDD1-CC, C-terminal double autocleavage product and
subunit of the pro-apoptotic PIDDosome. (L and M) C2.Pro-BiFC HeLa cells (see fig. S4E-
F) were transfected with indicated siRNA + indicated FLAG-IRAK1 variants, treated with
or without IR (10 Gy) and scored for nucleolar C2 BiFC 24 hours after IR. Arrowheads in
(L) mark nucleolar C2 BiFC signals. Images representative of at least 80 cells per condition
over n= 3 independent experiments. (N to U) HeLa cells of indicated genotypes (N-O,
Q-U)) or stably expressing shPIDD1 (P), transfected with indicated FLAG-tagged constructs
(P,Q,S), and treated as indicated with IR (7.5 Gy), IRAKL1i pacritinib (pac, 0.1 uM, (S))

or IL-1B (0.1 pg/mL, (U)), were harvested at the indicated time points (O,R,U) or at 24
hours (N, T) or 6 hours (Q, S) after IR, or at 24 hours after transfection (P). Whole-cell
lysates were directly analyzed by western blot (N) or immunoprecipitated with the indicated
antibodies prior to NU-PAGE analysis (O-U). All blots are representative of at least /7=

2 independent experiments. Data in (H, | and M) are means + SD of 7= 3 independent
experiments, and ***p < 0.001 by two-tailed Student’s t-test. Scales bars in (B and L), 5 um.
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Fig. 5. Non-canonical IRAK 1 signaling isa DNA damage response
(A) Schematic of the medium-transfer experiments performed. (B and C) HeLa cells treated

as shown in (A) were stained with IRAK1-pThr209 antibody and DAPI, imaged by confocal
microscopy (B), and quantified (C). (D) Parental and /RAKZ™~ HeLa cells treated with
indicated genotoxins were stained with the vital dye alamarBlue 72 hours after treatment.
(E) HeLa cells treated with the indicated genotoxins were fixed after 6 hours and stained
with the indicated antibodies and DAPI. TOPO, topotecan (1 uM); CPT, camptothecin

(1 uM); APH, aphidicolin (0.2 mM). See fig. SSE-G for the full time course. (F) Cells
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double-positive for yH2A.X and IRAK1-pThr209 were counted from 7= 3 independent
experiments such as shown in (E). (G) The percentages of yH2A.X* cells positive for
IRAK1-pThr209 (left), and vice versa (right), were counted as above. (H) Intensity of
IRAK1-pThr’299 (G) signals relative to that of yH2A.X (R) in individual cells from (E)
after treatment with TOPO (left) or CPT (right). (1) Percentages of yH2A.X* foci positive
for IRAK1pT209 (left), and vice versa (right), were counted from 7= 3 independent
experiments as in (E). (J) Pearson’s coefficient derived from image analyses in (1). (K)
RFP-PCNA (top) and RFP-Ku80 (bottom) -expressing SV40 mouse embryonic fibroblasts
(MEF) exposed to two photon laser micro-irradiation were stained with IRAK1-pThr209
antibody 15 min after treatment. DNA damage tracks indicated with arrowheads. Number of
cells showing staining overlap between IRAK1-pThr299 and RFP-PCNA tracks (over n= 3
independent experiments) or RFP-Ku80 tracks or foci (over 7= 2 independent experiments)
are indicated. See fig. S5J for RFP-Ku80 foci. (L) HelLa cells exposed to the indicated
kinase inhibitors were treated with or without IR (7.5 Gy), fixed at 15 min and stained

for IRAK1-pThr209 antibody and DAPI. KU55933, ATMi (10 uM); ETP46464, ATRi (10
uM); NU7441, DNA-PKi (5 pM). (M) Quantification of stains from experiments as in (L).
(N) HeLa cells transfected with indicated siRNA were treated with or without IR (7.5 Gy),
fixed at 15 min and stained for IRAK1-pThr2%9 antibody and DAPI. (O) Quantification of
IRAK1-pThr209 stains from experiments as in (N). (P) Whole cell lysates from cells as in
(N) were analyzed by western blot. Confocal images in (B, E, L and N) and blots in (P)
representative of /7= 3 independent experiments, and data in (C, D, M and O) reported as
means + SD of 3 independent experiments, *p < 0.05, **p < 0.005, ***p < 0.001, two-tailed
Student’s t-test. Scale bars, 5 um. Confocal images in (B, E, K, L and N) are representative
of at least 80 cells per condition over 7= 3 independent experiments.

Sci Signal. Author manuscript; available in PMC 2024 December 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 34

ne treatment IL-15

g

IR

[IRAK1-pThr208]
DAPI
+GFP-Pelil +GFP-Pelil
ma S
@Q«.'@ - ‘,s\q\.'qi_ é\e*'qd. +GEP-Peli2 +GFP-Peli2

no treatment IR IL1G

v #

PELI2™"

A A
N b
+IR F & Q@'\ QQ}}

R IR - + W +

g

SR pThe20e

11-pThe 387

W —w
Em=TE ]
a7

% pThr387 positive nucliei M
3

gl -

WT PI- = P?f - GAPDH

o

[

SiPELI spez H

. :
+IR
3 i i

i

-IR
o+IR

8 8 &

=

% nucleolar C2 BIFC + cells

% Active caspase-3 + cells
o 2 g
% Cell Viability (% of_mntrol]
O_ 8 8

5
2
o
2|
5
5
g
B |
3|

2504

g

Fig. 6. Essential and distinct roles of Pelil and Peli2 in non-canonical IRAK1 signaling.
(A and B) Parent, PEL/17/~and PEL /27~ HelLa cells were treated with or without IR

(7.5 Gy) or IL-1p (0.1 pg/mL), fixed at 15 min, stained as indicated (A), and signals

were spatially quantified (B). (C) Parent, PEL /17~ (P17") and PELIZ™~ (P27 cells
reconstituted with indicated GFP-Peli constructs were treated with or without IR (7.5 Gy),
fixed at 15 min, stained as indicated and additionally analyzed for GFP (green) by confocal
microscopy. (D and E) Parent, PEL/17~and PEL /27~ cells were treated with or without
IR (7.5 Gy), fixed at 15 min, stained as indicated (D) and signals were quantified (E).
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(F) Whole-cell lysates from experiments as in (D) were analyzed by western blot. (G

and H) C2.Pro-BiFC Hela cells transfected with indicated siRNA were treated + IR (7.5
Gy) and fixed at 24 hours after IR. Arrowheads mark nucleolar BiFC signals reflective of
PIDDosome assembly (G), quantified in (H). (1) Parent, PEL/17~and PEL/Z”~ cells were
treated £ IR (7.5 Gy), fixed at 48 hours, and stained with antibody to active caspase-3

and DAPI. Representative images are shown in fig. S6D. (J) Cells as in () were stained
with the vital dye alamarBlue 72 hours after IR. (K-N) Zebrafish p53VK’MK embryos

were co-injected at the 1-cell stage with the indicated MOs with or without synthetic
mMRNA for corresponding human Peli (hPeli) proteins. Embryos were treated with or without
whole-body IR (12.5 Gy) 18 hours later and stained with acridine orange (AO) to label
apoptotic cells. Spinal cord areas dorsal to the yolk tube (boxed in each panel) were used
for quantification, shown in (L and N). Scale bar, 0.2 mm. peli1b, zebrafish PEL/1 ortholog,
as based on Clustal Omega analysis (fig. S6E). At least 7= 3 embryos per condition were
analyzed in each of at least 2 independent experiments. Data are means +/— SEM, *p < 0.05,
**p<0.01, ***p < 0.001, two-tailed Student’s t-test. Data in (A, B, D, E, G, H, l and J)

are representative of, and presented as means + SD of, 7= 3 independent experiments, with
confocal images representative of at least 80 cells per condition; **p < 0.005; ***p < 0.001,
by two-tailed Student’s t-test. Scale bars in (A, C, D and G), 5 um.
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Fig. 7. Pelil functionally substitutes for MyD88 in non-canonical IRAK 1 signaling.
(A) Diagrams of full-length (FL) GFP-Pelil and deletion constructs (54). FHA, forkhead-

associated; RING-like, really interesting new gene-like (catalytic domain). See also fig.

S7D. (B) Expression levels of GFP-Pelil constructs depicted in (A) in reconstituted PEL /17
~cells as analyzed in (C-D). (C and D) Parent (WT) and PEL/I7~ cells transfected with

or without GFP-Pelil constructs (see (A)) were treated with or without IR (7.5 Gy), fixed

at 15 min and imaged by confocal microscopy (C), from which the percentage of cells with
IRAK1-pThr209 signal-positive nuclei were quantified (D). Images are representative, and
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data are means + SD of n= 3 independent experiments, with at least 80 cells analyzed per
condition. Statistical significance vs. bar 4: ***p < 0.001; ns, non-significant; two-tailed
Student’s t-test. (E) Parent, PEL /17~ and PEL/Z7~ cells were treated with or without IR
(7.5 Gy), harvested at 15 min, immunoprecipitated with IRAK1 antibody and analyzed by
western blot. (F) Hela cells were treated with or without IR (7.5 Gy) or IL-1p(0.1 ug/mL),
harvested at indicated time points, immunoprecipitated with Pelil antibody and analyzed by
western blot. (G) Hela cells transfected with indicated siRNA were treated with or without
IR (7.5 Gy) or IL-1B(0.1 pg/mL), harvested at 15 min, and Pelil immunoprecipitates

(top) and IRAK1-pThr2%® immunoprecipitates (middle) were analyzed by western blot. (H)
Parent, IRAK4™~ (147" and IRAKI™~ (117") cells were treated with or without IR (7.5
Gy), harvested at 15 min, and Pelil immunoprecipitates were analyzed by western blot. (1)
Cells of indicated genotypes were treated with or without IR (7.5 Gy), fixed at 15 min and
stained with IRAK4-pThr345/Ser346 antibody and DAPI. Images are representative of at least
50 cells per condition over 1= 2 independent experiments. (J) Cells as described in (1)
were harvested at 15 min after IR and analyzed by western blot. (K) /RAK47~ HeLa cells
transfected with indicated FLAG-IRAK4 constructs were irradiated (7.5 Gy) and harvested
at 10 min. Pelil immunoprecipitates were analyzed by western blot. Blots in (B, E, F-H, J
and K) are representative of at least 7= 2 independent experiments. Scale bars in (C and 1),
5 pm.
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Fig. 8. Two vertebrate IRAK signaling pathways.
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Diagrams of the TLR/IL-1R innate immune pathway (canonical, left) and DSB-induced
anti-apoptotic pathway (non-canonical, right) highlighting distinct transduction mechanisms
and cellular dynamics upstream and downstream of the IRAK/IRAK1 core module. See text

for details.
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