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Abstract

DNA-dependent activator of interferon regulatory factors/Z-DNA
binding protein 1 (DAI/ZBP1) is a crucial sensor of necroptotic cell
death induced by murine cytomegalovirus (MCMV) in its natural
host. Here, we show that viral capsid transport to the nucleus and
subsequent viral IE3-dependent early transcription are required for
necroptosis. Necroptosis induction does not depend on input virion
DNA or newly synthesized viral DNA. A putative RNA-binding
domain of DAI/ZBP1, Za2, is required to sense virus and trigger
necroptosis. Thus, MCMV IE3-dependent transcription from the
viral genome plays a crucial role in activating DAI/ZBP1-dependent
necroptosis. This implicates RNA transcripts generated by a large
double-stranded DNA virus as a biologically relevant ligand for DAI/
ZBP1 during natural viral infection.
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Introduction

Necroptosis is a form of programmed cell death activated by death
receptors, toll-like receptors, interferon, certain viruses, and bacteria
[1]. The serine/threonine protein kinase, RIPK3, integrates signals
from upstream receptors and adapters, resulting in oligomerization
and kinase activation [2-5]. RIPK3 phosphorylates its downstream
target, the necroptosis effector mixed lineage kinase-like (MLKL),
driving MLKL oligomerization, membrane insertion, and necroptotic
pore formation leading to cell lysis [6-10]. In addition to its kinase
activity, RIPK3 employs RIP homotypic interaction motif (RHIM)
interactions to initiate necroptosis signaling [11]. Three RHIM-
containing adapters, RIPK1, TRIF, and DAI/ZBP1/DLM-1, are

known to act upstream of RIPK3. Once activated, RIPK3 oligomer-
ization through RHIM-RHIM interactions [1,3] drives recruitment
and phosphorylation of the pseudokinase MLKL to execute necrop-
tosis [6,8,12].

Necroptosis plays an important role in the pathology of a variety
of human diseases including ischemia reperfusion injury, cancer,
neurodegeneration, and infection [13]. We have previously
demonstrated that murine cytomegalovirus (MCMV) encodes a
RHIM-containing inhibitor of necroptosis, the viral Inhibitor of RIP
Activation (vIRA) encoded by the MCMV M45 gene [14]. A recombi-
nant mutant MCMV (MCMV-M45mutRHIM) fails to inhibit RHIM-
mediated signal transduction and necroptosis, and this virus is
severely attenuated both in vitro and in vivo in a DAI/ZBP1-RIPK3-
dependent fashion [14,15]. In addition to MCMV, a number of
diverse viruses including human cytomegalovirus (HCMV) [16],
herpes simplex virus (HSV)1 and 2 [17-19], vaccinia virus (VV)
[4,20,21], reovirus [22], and influenza A virus (IAV) [23-25] have
been shown to either induce or inhibit necroptosis during infection.
While these studies clearly highlight necroptosis as an important
intrinsic defense against viral pathogens, specific questions remain
as to the natural ligands or signals that initiate antiviral necroptosis
and how species restrictions impact this pathway [26]. However,
studies with MCMV established necroptosis as a bona fide host
defense mechanism to infection in a natural host, making this virus
an ideal system to study this pathway.

DAI/ZBP1 was first identified in cancer cells as an interferon-
induced protein that bound Z-form nucleic acids and was later
implicated in cytosolic sensing of double-stranded DNA [27]. More
recently, DAI/ZBP1 has been shown to play a critical role in necrop-
tosis induced by MCMV and IAV [23,24,28] as well as death initi-
ated by the disruption of RIPK1 or RIPK1 RHIM signal transduction
during development and in lethal inflammation [29,30]. DAI/ZBP1
contains two Z-DNA-binding domains in its N-terminus, termed Za1
and Zo2, two RHIMs, RHIM-A and RHIM-B, and a poorly character-
ized C-terminal region [31,32]. Previously, RHIM-A was identified
as a bona fide RHIM that is absolutely required to mediate necrop-
totic signaling upon MCMV and IAV infection [15,24]. It has been
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hypothesized that DAI/ZBP1 recognizes incoming cytosolic viral
genomic DNA through its Z-DNA-binding domains [33,34];
however, the exact mechanism by which DAI/ZBP1 senses infection
in response to MCMYV infection remains unknown. Evidence from
IAV infection, during which DAI/ZBP1 binds viral genomic RNAs
through its Zo2 domain, further raises questions as to the nature of
the nucleic acid ligand during MCMV infection [24,28]. In addition,
the MCMV genome, like all herpesviruses, is replicated in the
nucleus of infected cells, and during its transport from the plasma
membrane to the nucleus, the viral genome is protected by the
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capsid, precluding the presence of viral genomic DNA in the cytosol
[35]. This is supported by previous findings that UV-inactivated
MCMYV lacking M45 fails to elicit cell death in sensitive cells [36].
Therefore, significant questions remain regarding where and how
DAI/ZBP1 senses MCMYV in order to elicit necroptosis.

Here, we sought to systematically address the above question by
using the M45mutRHIM virus to study DAI/ZBP1-induced necropto-
sis. We find that MCMV genomic DNA either during the early stage
of infection or following viral replication does not activate DAI/
ZBP1. In contrast, capsid transport to the nucleus and viral immedi-
ate-early protein 3 (IE3)-dependent transcription are required for
necroptosis. Structure function analysis of DAI/ZBP1 also reveals
that the Zo2 domain, in addition to RHIM-A, is required for MCMV-
induced necroptosis, indicating that this previously defined RNA-
binding domain [24] is essential for detecting MCMYV infection. Our
data suggest that DAI serves as an RNA sensor during MCMV infec-
tion and further challenge its assumed function as a cytosolic DNA
Sensor.

Results

MCMV-induced necroptosis is induced prior to DNA replication,
but requires capsid transport to the nucleus

In order to identify the step(s) of the viral lifecycle that activate
DAI/ZBP1, we initially evaluated the kinetics of MLKL phosphoryla-
tion, a requisite step for necroptosis induction. Levels of phosphory-
lated MLKL (p-MLKL) are detected as early as 5-7 h post-infection
(h.p.i.) (Fig 1A; long exposure) and peak by 9 h.p.i. with
M45mutRHIM MCMV (Fig 1A; short exposure) when necroptosis is
evident in infected cells [14,15], suggesting that necroptosis initia-
tion occurs early in infection. As expected, wild-type (WT) MCMV
blocks necroptosis, and infection with this virus results in lower
levels of MLKL phosphorylation (Fig 1A). We next assessed the role
of viral replication in the initiation of MCMV-induced necroptosis.
Phosphonoformic acid (PFA, Foscarnet) is a potent inhibitor of CMV
DNA-dependent DNA polymerases [37]. As anticipated, treatment of
MCMV-infected cells with PFA decreased viral yields by more than

Figure 1. MCMV-induced necroptosis occurs prior to viral DNA

replication.

A Immunoblot (IB) analysis to detect p-MLKL, total MLKL, IE1, and B-actin
from SVEC4-10 cells infected with bacmid-derived K181 (WT) or
M45mutRHIM MCMV at a multiplicity of infection (MOI) of 5.

B Replication levels of WT MCMV in infected SVEC4-10 cells 48 h post-
infection (h.p.i.) in the absence or presence of 200 pg/ml phosphonoformic
acid (PFA; n = 3 biological replicates). Viral titers were determined by
plaque assay.

C Relative viability of SVEC4-10 cells infected with M45mutRHIM compared
to WT MCMV (MOI = 5) in the presence or absence of 200 pg/ml PFA
(n = 3 biological replicates).

D Relative viability of SVEC4-10 cells treated with TNF (T) or TNF + ZVAD-fmk
(T2) for 6 h in the presence or absence of 200 pg/ml PFA (n = 3 biological
replicates).

Data information: **P < 0.01; *P < 0.05; n.s., not significant (P > 0.05) by two-

tailed unpaired Student’s t-test. Error bars indicate standard deviation from

the mean (SD).

Source data are available online for this figure.
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four orders of magnitude (Fig 1B); however, PFA treatment failed to
inhibit MCMV-induced necroptosis in either SVEC4-10 endothelial
cells (Fig 1C) or 3T3-SA cells (Fig EV1), indicating that necroptotic
initiation occurs independently of viral DNA replication. This is
consistent with findings that MCMV-M45mutRHIM induces necrop-
tosis in human fibroblasts, where MCMV DNA replication does not
occur [16], as well as previous observations that this pathway is not
initiated by UV-inactivated virus [36]. PFA failed to inhibit TNF-
induced necroptosis (Fig 1D), as expected.

We next focused on the steps that precede DNA replication.
Upon entry, herpesvirus capsids are transported to the cell nucleus
via the microtubule network. Inhibition of microtubule polymeriza-
tion with drugs like nocodazole prevents capsid transport, effec-
tively trapping the virus in the cytoplasm [38]. Treatment of
infected cells with concentrations of nocodazole that blocked capsid
transport [based on reduced expression of the immediate-early
protein 1 (IE1)] (Fig 2A) reversed cell death in M45mutRHIM-
infected cells (Fig 2B), commensurate with reduced MLKL
phosphorylation (Fig 2C). Additionally, treatment of infected cells
with Ciliobrevin-D (CBD), a potent inhibitor of the AAA+ ATPase
dynein motor, similarly rescued cells from MCMV-induced necrop-
tosis (Fig EV2A). Importantly, both drugs failed to inhibit TNF-
induced necroptosis (Figs 2D and EV2B), indicating the necroptotic
signaling machinery is intact and that execution of TNF-induced
necroptosis does not require transport on the microtubule network.
These data suggest that the initial stages of infection that occur
before genome deposition in the nucleus, including receptor
binding, entry, and uncoating, are insufficient to trigger DAI/ZBP1-
dependent necroptosis. Taken together, our results indicate that
initiation of MCMV-induced necroptosis occurs prior to viral DNA
replication but requires trafficking of the capsid and genome to the
nucleus of infected cells.

Although described as a cytosolic dsDNA sensor, DAI/ZBP1 has
been shown to shuttle between the cytoplasm and nucleus [39,40].
Given the apparent requirement for delivery of the MCMV genome
to the nucleus to induce necroptosis, we next sought to determine

Figure 2. MCMV-induced necroptosis requires microtubule-based
capsid transport to the nucleus, where DAI/ZBP1 accumulates in response
to infection.

A IB analysis to detect IE1 and B-actin from SVEC4-10 cells infected with WT
MCMV in the absence or presence of 1 pg/ml nocodazole (Noc).

B Relative viability of SVEC4-10 cells infected with M45mutRHIM compared
to WT MCMV (MOI = 5) in the presence or absence 1 pg/ml Noc (n = 4
biological replicates).

C IB analysis to detect p-MLKL, total MLKL, IE1, and B-actin from SVEC4-10
cells infected with M45mutRHIM MCMV (MOI = 5) for 7 h in the presence
or absence of 1 pg/ml Noc.

D Relative viability of SVEC4-10 cells treated with TNF (T), zVAD (2), or
TNF + zVAD-fmk (TZ) for 6 h in the presence or absence of 1 ug/ml Noc
(n = 3 biological replicates).

E 1B analysis to detect FLAG, RIPK3, and IE1 in subcellular fractions of 29-11
cells stably reconstituted with FLAG-epitope-tagged WT DAI/ZBP1 and
infected 7 h with WT or M45mutRHIM (MOI = 5). IB for B-tubulin and
histone H3 was used to assess quality of cytoplasmic and nuclear fractions,
respectively.

Data information: *P < 0.05; n.s., not significant (P > 0.05) by two-tailed
unpaired Student’s t-test. Error bars indicate SD.
Source data are available online for this figure.
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whether DAI/ZBP1 localization was influenced by MCMYV infection.
A knockout SVEC4-10 cell line with a mutated genomic DAI/ZBP1
locus was generated using CRISPR-CAS9 and confirmed for loss of
endogenous DAI/ZBP1 expression (Fig EV2C-E). This cell line,
designated 29-11, was then reconstituted with epitope-tagged WT
DAI/ZBP1. Subcellular fractionation and immunoblotting of cells
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infected for 7 h with either WT or M45mutRHIM MCMV revealed
that levels of DAI/ZBP1 in the nucleus increase following infection
with either virus (Fig 2E). Thus, DAI accumulates in the nucleus at
times post-infection coincidently with the initiation of MCMV-
induced necroptosis. Nuclear accumulation of DAI/ZBP1 is
observed in both WT and mutant virus infection, suggesting accu-
mulation is a generalized host response to infection. Interestingly,
RIPK3 also accumulates in the nuclear fraction of infected cells
(Fig 2E). While the specific role of nuclear DAI and RIPK3 during
MCMV infection remains to be determined, these results indicate
that these two critical effectors, DAI/ZBP1 and RIPK3, accumulate
in the nucleus of MCMV-infected cells concurrently with the induc-
tion of necroptosis.

Early inhibition of gene transcription protects cells from MCMV-
induced necroptosis

We next sought to determine the events following genome deposi-
tion in the nucleus and prior to DNA replication that were involved
in MCMV-induced necroptosis. Herpesvirus lytic replication is char-
acterized by a highly ordered and temporally controlled transcrip-
tional cascade that can be generally divided into immediate-early
(IE), early (E), and late (L) phases [35]. To investigate the role of
transcription in MCMV-induced necroptosis, infected cells were
treated with a-amanitin, a potent inhibitor of RNA polymerase II, in
a time-of-addition experiment where o-amanitin was added at
specific times post-infection (Fig 3A). Addition of the drug at the
time of infection protected M45mutRHIM-infected cells from
necroptotic death (Fig 3B), indicating that nascent transcription is
required for the initiation of MCMV-induced necroptosis. Addition
of a-amanitin 2 h.p.i. was still sufficient to inhibit virus-induced
death. However, addition of a-amanitin at 4 h.p.i. or later resulted
in decreasing protection from necroptosis (Fig 3B). As expected, p-
MLKL was detected by 7 h.p.i. with M45mutRHIM, but not with
WT virus (Fig 3C). Importantly, treatment with o-amanitin elimi-
nated this phosphorylation (Fig 3C), consistent with protection
from necroptosis. Protein levels of DAI/ZBP1, RIPK3, and MLKL
were not significantly affected by treatment or infection through 8
h.p.i. (Fig 3E), indicating that neither o-amanitin treatment nor
MCMV infection significantly alters levels of the major cellular
effectors of MCMV-induced necroptosis. Expression of a representa-
tive IE gene, IE1, was severely diminished when o-amanitin was
added at the time of infection. However, when added 2 h.p.i., a
condition which still protected cells from death, IE1 levels were
comparable to untreated infected cells. Levels of a representative
early gene, E1, were severely diminished when o-amanitin was
added prior to 4 h.p.i., and increased in expression when
o-amanitin was added later during infection. Thus, as protection
decreased with the time of o-amanitin treatment, E1 expression
increased, suggesting that a part of the viral life cycle associated
with E gene expression is critical for virus-induced necroptosis
induction. As an important control, a-amanitin did not have an
inhibitory effect on TNF-induced death (Fig 3D), indicating that
nascent transcription is not essential for this pathway, further high-
lighting the difference in signal initiation between these arms of
necroptosis. Thus, inhibition of nascent transcription at times
immediately following infection protects cells from MCMV-induced
necroptosis. Although this protection closely correlates with
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inhibition of viral E gene expression, viral and/or cellular transcrip-
tion may be involved in triggering necroptosis during MCMV infec-
tion.

The viral transcriptional activator, IE3, is required for necroptosis

To directly address the role of viral transcription in eliciting
MCMV-induced necroptosis, we targeted the major immediate-early
viral transactivator, IE3. IE3 is an essential gene required for early
and late gene transcription that is alternately spliced from the
major immediate-early transcript, which also encodes IE1 [41-43].
Recombinant WT and M45mutRHIM MCMV viruses were gener-
ated from bacterial artificial chromosomes (BACs) in which the
IE3 protein was regulated by fusion of the FKBP destabilization
domain (DD) to its C-terminus (Fig 4A). DD-fusion proteins are
inherently unstable and are rapidly degraded by the proteasome;
however, in the presence of a chemical ligand, Shield-1, the fusion
proteins, are stabilized (Fig 4B) [44]. The BACs were analyzed by
RFLP and PCR/restriction analysis to ensure intact genomic
features and the presence of the intended modifications
(Fig EV3A-C). Immunoblot analysis of NIH3T3 cells infected with
parental or IE3DD viruses revealed that the FKBP domain is
expressed as a fusion with IE3 in cells and is not detected in
parental WT or M45mutRHIM viruses (Fig EV3D). Interestingly,
IE3DD fusion proteins can be detected in cells infected in the pres-
ence or absence of Shield-1, suggesting that the robust expression
of MCMV IE1/3 mediated by the major immediate-early promoter
(MIEP) may be sufficient for accumulation of IE3 in this system.
Alternatively, MCMV IE3 downregulates the activity of MIEP simi-
lar to HCMV IE2 [45,46], and its functional deregulation may lead
to aberrant IE protein expression. Importantly, in the absence of
Shield-1, E1 protein expression is not detected, consistent with the
essential role of IE3 in promoting E1 expression [43] and suggest-
ing that the DD fusion prevents IE3 from performing its transcrip-
tional function (Fig EV3D). When analyzed for growth in NIH3T3
cells, both WT-IE3DD and M45mutRHIM-IE3DD were severely
attenuated in the absence of Shield-1 but were rescued in the
presence of ligand (Fig 4C). Thus, tight control of IE3 function by
the DD fusion makes these viruses important tools to study the
role of IE3 in MCMV biology. We next assessed the ability of these
recombinant viruses to induce necroptosis in the presence or
absence of Shield-1. Infection of SVEC4-10 cells with WT-IE3DD or
M45mutRHIM-IE3DD in the presence of Shield-1 behaved as antici-
pated: M45mutRHIM-IE3DD virus induced significant cell death as
measured by Sytox Green incorporation, while WT-IE3DD virus
did not (Fig 4D). However, infection of cells with M45mutRHIM-
IE3DD in the absence of Shield-1 resulted in a dramatic decrease
in the levels of cell death, similar to WT-IE3DD infection (Fig 4D),
indicating that IE3 is critical to MCMV-induced necroptosis. Impor-
tantly, death begins to become apparent by 9 h.p.i., concomitant
with the detection of necroptotic biochemical markers (Fig 1A).
Comparable results were obtained when measured by endpoint
ATP-based viability assays (Fig 4E), as well as infections using
necroptosis-sensitive 3T3-SA fibroblasts (Fig EV3E). As expected,
neither the growth of the parental WT and M45mutRHIM viruses
(Fig EV3F) nor the viability of M45mutRHIM infected cells
(Fig EV3G) are influenced by the addition of the stabilizing ligand,
Shield-1. Thus, we have resolved a long-standing question

© 2017 The Authors



Haripriya Sridharan et al MCMYV transcription drives DAI necroptosis EMBO reports

A o~amanitin
addition (h.p.i.)

9 g 4:. (.5 2.0 h.p.i.
A v
Infection Assay
B C _ D
120- M45mut: 1201 e e ne
o I* | Mock WT RHIM - M M M
%100' " g-amanitin — + — + — + 3100+
>o 801 = |pMLKL 2> 801
=2 50— =3
2 2 604 S = 60
< = W MLKL =2
>|§ 40 50— > E 40-
o 90— - -~ [
S 20 e 20+
75— - - IE1 =
0 50— - .- 0-
o-amanitin () 0 2 4 6 8 Z T Z
added
Time (h.p.i) EE mock EEN o-amanitin
E MCMV - - + + - 4+ + — + + — 4+ + - + +
o~amanitin - + - + + - + + - + + - + + - +
treatment (h.p.i) - 0 2 4 6 8
7 - e > — C— = D
50—

50— .-'W RIPK3
37—k - e

50— | = - — -w'—-—"?'-'-- MLKL

75— - - ’.’ ” 2 _——
50— s - . ot et s -
:g: o - - W= W= |

Figure 3. MCMV-induced necroptosis requires nascent transcription.

A Schematic representation of timed a-amanitin experiment.

B Relative viability of SVEC4-10 cells infected with M45mutRHIM compared to WT MCMV (MOI = 5) in the presence or absence of 50 pug/ml a-amanitin according to
the scheme in (A). ****P < 0.0001; *P < 0.05; n.s., not significant (P > 0.05) by one-way ANOVA with Dunnett’s multiple comparisons test, compared to untreated.
Error bars indicate SD (n = 3 biological replicates).

C 1B analysis to detect p-MLKL, total MLKL, and IE1 from SVEC4-10 cells infected 7 h with WT or M45mutRHIM MCMV (MOI = 5).

D Relative viability of SVEC4-10 cells treated with TNF (T), zVAD (Z), or TNF + zVAD-fmk (TZ) for 6 h in the presence or absence of 50 pg/ml a-amanitin. n.s., not
significant (P > 0.05) by two-tailed unpaired Student’s t-test. Error bars indicate SD (n = 3 independent biological replicates).

E 1B analysis to detect DAI/ZBP1, RIPK3, MLKL, IE1, and E1 from SVEC4-10 cells infected with WT MCMV (MOI = 5) according to the scheme in (A).

Source data are available online for this figure.

regarding the biological requirements to elicit MCMV-induced Zy2 and RHIM-A domains are crucial for DAI/ZBP1 activation by
necroptosis. These results show an absolute requirement for either virus infection

the IE3 protein itself or its function in controlling MCMV early

transcription in M45mutRHIM-induced DAI/ZBP1-RIP3-dependent In order to delineate how DAI/ZBP1 mediates MCMV-induced
necroptosis. necroptosis, its nucleic acid binding and RHIM functions were
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Figure 4. MCMV-induced necroptosis requires IE3 function.

A Schematic representation of generation of recombinant WT-IE3DD and M45mutRHIM IE3DD bacmids.
B Schematic representation of destabilizing domain (DD) function. An I1E3-DD fusion is stabilized and functional in the presence of Shield-1 (Shld). DD fusions are

rapidly degraded in the absence of ligand.

C Multistep replication levels of WT- and M45mutRHIM-IE3DD viruses (MOl = 0.05) in NIH3T3 cells in the presence or absence of 1 uM Shld. Error bars indicate SD

(n = 3 biological replicates).

D Kinetics of cell death of SVEC4-10 cells infected with WT- or M45mutRHIM-IE3DD viruses (MOl = 5) in the presence or absence of 1 uM Shld, measured in real time

by Sytox green incorporation. Error bars indicate SD (n = 4 biological replicates).

E Relative viability of SVEC4-10 cells infected with M45mutRHIM-IE3DD compared to WT-IE3DD (MOI = 5) in the presence or absence of 1 uM Shid. **P < 0.01; n.s., not
significant (P > 0.05) by two-tailed unpaired Student’s t-test. Error bars indicate SD (n = 3 biological replicates).

disrupted by either truncations or specific point mutations (Fig 5A).
The 29-11 DAI/ZBP1-null cell line (Fig EV2C-E) was then stably
reconstituted with the epitope-tagged mutant DAI/ZBP1 alleles by
retroviral transduction, and expression was confirmed by immuno-
blot (Fig 5B). Reconstituted cell lines were assessed for MCMV-
induced necroptosis by endpoint ATP viability assays (Fig 5C) as
well as SYTOX green incorporation (Fig 5D-F). Wild-type DAI/
ZBP1-reconstituted cells were susceptible to death, while empty
vector reconstituted cells remained insensitive (Fig 5C and D), thus
validating the system to interrogate the role of DAI/ZBP1 in this
pathway. Cells reconstituted with DAI/ZBP1 containing a mutation
in RHIM-A (mRHIMA) remained insensitive to necroptosis as
expected (Fig SC and F). However, those reconstituted with

EMBO reports Vol 18 | No 8 | 2017

DAI/ZBP1 containing a mutation in RHIM-B (mRHIMB) or deletion
of the C-terminus (AC) continued to undergo necroptosis (Fig 5C
and F), confirming that neither of these domains play an important
role in necroptotic signaling upon MCMYV infection. While deletion
of Zal (AZal) did not affect DAI/ZBP1’s ability to induce necropto-
sis, additional deletion of Za2 (AZalo2) completely ameliorated
sensitivity to necroptosis, indicating that the Za2 domain of DAI/
ZBP1 plays a critical role in MCMV-induced, DAI/ZBP1-dependent
necroptotic signaling (Fig 5C and D). Importantly, the Zala2 double
deletion does not interfere with DAI/ZBP1 binding to RIPK3, indi-
cating the deletion does not significantly disrupt other functional
domains or protein stability (Fig EV4A). Specific mutation of resi-
dues previously shown to mediate Zol and Zo2 (mutZo2,
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D-F Kinetics of cell death of indicated DAI/ZBP1-reconstituted 29-11 cell lines infected with M45mutRHIM MCMV (MOI = 5), measured in real time by Sytox green
incorporation. Error bars indicate SD (n = 4 biological replicates).

Source data are available online for this figure.
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mutZala2) binding to nucleic acids [39] provided minimal protec-
tion from DAI/ZBP1’s ability to cause necroptosis (Fig 5C and E).
However, DAI/ZBP1 mutZo2-expressing cells died with delayed
kinetics compared to cells containing WT, AZal, or AC DAI/ZBP1
(Fig EV4B). Death of mutZo2-expressing cells begins by 10 h post-
infection, between 2 and 4 h after other mutants have initiated the
process. Thus, while mutation of the nucleic acid-binding residues
of Zo2 fails to completely block MCMV-induced necroptosis, it
appears that nucleic acid binding by DAI/ZBP1 remains an impor-
tant facet of DAI function. Together, these results suggest that while
nucleic acid-binding amino acids of Za2 contribute to DAI/ZBP1’s
ability to sense MCMV infection, additional features of the Zo2
domain may play important roles.

Differential requirements for DAI/ZBP1 in antiviral responses in
human and murine cells have been reported [47], and little evidence
thus far implicates DAI/ZBP1 as a mediator of necroptosis in human
cells. MCMV is able to infect some human cell types, entering and
progressing to gene expression but fails to productively replicate
[48,49]. We have previously shown that M45mutRHIM induces
necroptosis in RIPK3-overexpressing human fibroblasts [16], but the
role of DAI/ZBP1 was not assessed. To address whether DAI/ZBP1
can mediate this pathway in human cells, necroptosis-sensitive HT-
29 cells were stably transduced with lentiviruses expressing human
DAI/ZBP1 or a vector control. Infection of hDAI-expressing HT-29
cells with M45mutRHIM resulted in significantly enhanced levels of
cell death compared to controls, and death correlated with elevated
levels of p-MLKL (Fig EV4C and D). Together, these data show that
DAI/ZBP1 mediates antiviral RIPK3-dependent necroptosis in
response to infection in human cells, and indicate this pathway is
conserved from mice to humans.

Discussion

Murine cytomegalovirus is a powerful tool to study virally induced,
DAI/ZBP1-dependent necroptosis in a natural setting. However, to
date, the only proteins known to play a role in this pathway have
been DAI/ZBP1, RIPK3, and MLKL. Here, we identify the viral IE3
protein as another important player in this pathway. We demon-
strate a critical role for viral IE3-dependent gene product(s) and
their recognition by DAI/ZBP1’s Zo2 domain in MCMV-induced
necroptosis. Simultaneously, these results add to a growing body of
evidence that redefines the Za2 domain of DAI/ZBP1 as an RNA-
binding domain during viral infection and challenge existing dogma
that DAI/ZBP1 functions as a cytosolic DNA sensor by recognizing
incoming viral genomes.

Using the M45mutRHIM recombinant virus, we demonstrate that
microtubule-based transport of MCMV early in infection is necessary
for DAI/ZBP1 activation and virus-induced necroptosis. Inhibition of
these pathways does not influence TNF-mediated necroptosis, con-
firming that MCMV- and TNF-induced necroptosis are mediated by
different pathways upstream of RIPK3. Although herpesvirus DNA
has been detected in the cytoplasm of infected cells independent of
capsid [50], our data suggest that trapping incoming virions in the
cytoplasm prevents sensing and necroptotic signaling by DAI/ZBP1,
simultaneously identifying the nucleus as a critical compartment
needed for signal initiation. Consistent with this, we find both DAI/
ZBP1 and RIPK3 localize to the nucleus upon MCMYV infection.
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Herpesvirus DNA replication occurs in the nucleus and is followed
by encapsidation and egress. However, our finding that chemical
inhibition of viral DNA replication fails to inhibit DAI/ZBP1-depen-
dent death upon infection excludes a role for both nascent viral
DNA synthesis and subsequent viral particle generation as the
source for DAI/ZBP1 activation. Interestingly, we do detect a low
level of p-MLKL during early times of WT MCMV infection (Fig 1A:
long exposure). Reports indicate that dynamic phosphorylation of
MLKL both within and outside the activation loop “tunes” necropto-
sis signaling to execute death [51], suggesting that a threshold of
MLKL phosphorylation must be achieved to drive death. Our results
show that M45mutRHIM virus drives early and robust MLKL phos-
phorylation, while WT MCMYV infection results in a lower, sustained
level, consistent with prior reports of basal MLKL phosphorylation
during HCMV infection [16]. While this phenomenon currently
remains unexplained, it is clear that the pro-necroptotic phosphory-
lation of MLKL by M45mutRHIM occurs very early in infection and
significantly precedes virus replication. Thus, events during MCMV
infection prior to genome replication but after genome deposition in
the nucleus must serve as the trigger for necroptotic signaling.

One critical event that occurs within this period is the transcrip-
tion, translation, and function of MCMV IE and E genes. Surpris-
ingly, we find that chemical inhibition of transcription at very early,
but not later, times of infection renders M45mutRHIM-infected cells
resistant to necroptosis. Since the protein levels of the major cellular
effectors of necroptosis remain relatively unchanged during the
course of these experiments, and TNF-induced necroptosis remains
intact, it is likely that a viral transcriptional product serves as the
DAI/ZBP1-activating ligand. When we extended this analysis to
specifically address the role of viral transcription, we find that
MCMV IE3 is critical for the induction of DAI/ZBP1-dependent
necroptosis. IE3 is the major MCMV viral transactivating protein
that controls the transcriptional cascade leading to productive infec-
tion and is therefore essential for MCMV replication [41,52]. Gener-
ation of recombinant WT and M45mutRHIM MCMVs in which IE3
protein stability is selectively controlled without affecting the other
major IE transcript, IE1, affords a unique and powerful way to
directly interrogate the role(s) of IE3 during infection. We find that
in the absence of the stabilizing drug, Shield-1, M45mutRHIM-IE3-
DD no longer induces necroptosis, even though under conditions of
IE3 depletion, vIRA is no longer expressed [42]. This result impli-
cates IE3 function in activating DAI/ZBP1-dependent necroptosis
and suggests a viral RNA as a ligand for DAI/ZBP1 during MCMV
infection. However, the exact nature of this viral RNA remains
unclear. MCMV has been shown to produce dsRNA during infection
[53], which could serve as a potential DAI/ZBP1 ligand [54]. While
the Zal and Zo2 domains of DAI/ZBP1 have been shown to bind
synthetic DNA, Za2 also binds viral RNA during IAV infection [24],
establishing it as a bona fide RNA-binding domain. Moreover, other
Z-DNA-binding domain containing proteins, such as ADARI1, also
bind Z-form dsRNA through their Zoo domain [54,55] presumably
due to the similar structures adopted by Z-form DNA and Z-form
RNA. It is also formally possible that DAI/ZBP1 recognizes sites of
IE3-dependent transcription, cellular, or viral, that are associated
with the formation of Z-form structures [56]. Although the identity
of the specific ligand remains undefined, we conclusively demon-
strate a critical role for IE3-dependent transcription in eliciting
MCMV-induced necroptosis during infection.
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Recently, we and others [24,28] have demonstrated a role for
DAI/ZBP1 in necroptosis caused by infection with IAV, a negative-
sense RNA virus with no DNA step in its life cycle. In the case of
IAV, DAI/ZBP1 binds viral RNA through its Zo2 domain, and muta-
tion of this domain in DAI/ZBP1 renders IAV-infected cells resistant
to necroptotic death [24]. Similarly to IAV, deletion of the Zo2
domain in DAI/ZBP1 abrogates its ability to promote MCMV-
induced necroptosis. However, unlike IAV, point mutations of resi-
dues within the Zo2 domain that have previously been shown to
bind nucleic acid fail to significantly protect from necroptosis,
suggesting additional features of the Zo2 domain may contribute to
nucleic acid binding and are important for initiating necroptosis
during MCMV infection. Our data also suggest that the Zol and Zo2
domains of DAI are likely not functionally redundant, since
combined mutation of nucleic acid-binding residues in both Za1 and
Zo2 minimally influences the level of MCMV-induced necroptosis in
reconstituted cells compared to WT infection (Fig 5C-E). It would
be expected that, if redundant, the combined Zalo2 point mutant
DAI would show a phenotype similar to AZala2 and is supported
by observations that a DAI mutant lacking Za1 in combination with
a mutant Zo2 continues to mediate viral necroptosis (Fig EV4E).
These results argue for a similar, yet distinct mechanism of DAI/
ZBP1 activation during MCMV infection as compared to that of IAV.
It will be important to evaluate the role of DAI/ZBP1, viral RNAs
and transcription in other scenarios of necroptosis induced by DNA
viruses to gain a better understanding of the mechanisms of this
pathway. Similar to MCMV, HSV-1/2 [17-19] induce necroptosis
when lacking their virally encoded, RHIM-containing necroptosis
inhibitors, suggesting that HSV infection will likely provide impor-
tant parallels with MCMV infection. Murine gammaherpesvirus-68
and vaccinia virus are additional dsDNA viruses linked to necropto-
sis [4,20,21,57], and future work will determine whether these
viruses utilize similar or distinct mechanisms to elicit and inhibit
necroptosis in infected cells.

DAI/ZBP1 and RIPK3 have been shown to shuttle between the
nucleus and cytosol [39,40,58,59], and in response to MCMYV, both
show enhanced accumulation in the nuclear fraction of infected
cells by 7 h post-infection (Fig 2E). Whether this defines the subcel-
lular location of sensing and initiation of necroptosis during MCMV
infection remains to be determined. Previous reports have demon-
strated that DAI/ZBP1 mutants lacking Za1a2 fail to shuttle between
the nucleus and cytosol, while mutants lacking Zal or the
C-terminus retain this ability [40]. This correlates with our findings
that AZalo2 fails to sensitize cells to M45mutRHIM infection while
AZol and AC DAI appear to enhance necroptosis (Fig SD-F).
Engagement of the necroptotic signaling pathway by TNF results in
the nuclear accumulation of RIPK3, RIPK1, and MLKL to potentially
facilitate necroptosis [59]. However, the accumulation of DAI/ZBP1
and RIPK3 in the nucleus occurs in response to both WT and mutant
MCMV (Fig 2E) which may be indicative of a specific host response
to infection. Furthermore, it is noteworthy that IAV, like herpes-
viruses, replicates in the nucleus of infected cells. Other RNA
viruses that replicate in the cytoplasm do not activate DAI/ZBP1
[23], suggesting a previously unappreciated nuclear role for DAI/
ZBP1-dependent necroptosis. Determining whether nuclear accumu-
lation of DAI/ZBP1 and RIPK3 is seen in response to IAV infection
as well as other RNA viruses should provide important mechanistic
insight into the role of localization in virus-induced necroptosis.

© 2017 The Authors
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While our results point toward a RNA ligand for DAI/ZBP1
during MCMV infection, it remains possible that DAI/ZBP1 is
antagonized by a viral gene product—DAI/ZBP1 could bind the
IE3 protein itself or an early viral protein product of IE3-depen-
dent transcription. Precedence for this has been noted in the
context of another herpesvirus HSV-1, where ICPO, the major
HSV-1 IE transactivator and homolog of IE3, interacts with DAI/
ZBP1 in infected cells via a region encompassing both the Zo2
and RHIM-A [60]. However, our data show that WT- or
M45mutRHIM-IE3DD viruses fail to express early genes in the
absence of Shield-1, despite detection of IE3 protein (Fig EV3D).
This corresponds with the failure of M45mutRHIM-IE3DD virus to
induce necroptosis in the absence of Shield-1 (Figs 4D and E, and
EV3E), suggesting that IE3 itself is unlikely to directly elicit DAI/
ZBP1-dependent necroptosis.

Recently, two groups have reported a novel mechanism of DAI/
ZBP1 activation [29,30]. Using RIPK1RHIM/RHIM 1 ytant mice, these
authors show that RIPK1 suppresses activation of DAI/ZBP1 during
development and inflammation. Mutation of RIPK1’s RHIM is able
to relieve this suppression leading to DAI/ZBP1-dependent activa-
tion of RIPK3. These studies indicate DAI/ZBP1 does not need a
specific ligand, but rather is able to activate RIPK3 when RIPK1’s
RHIM is inhibited or mutated; however, RIPK1 knockdown or inhi-
bition does not protect from MCMV-induced necroptosis [14],
though it remains to be seen whether RIPK1 plays a negative inhibi-
tory role in suppressing DAI/ZBP1 during MCMV infection.
Although VvIRA inhibits RIPK1 signaling in a RHIM-independent
manner [61], it is tempting to speculate that MCMV may encode an
additional IE3-dependent product capable of inhibiting RIPK1.

In summary, this work redefines the role of DAI/ZBP1 as a
sensor during MCMYV infection. The essential role of IE3 in eliciting
DAI/ZBP1-dependent necroptosis suggests that a transcriptional
product, not the DNA genome, serves as the activating ligand for
DAI/ZBP1 during infection. This closely parallels the mechanism of
DAI/ZBP1 in inducing necroptosis during IAV infection [24] and
contributes to the accumulating evidence that DAI/ZBP1 is an RNA
sensor for specific, diverse viruses.

Materials and Methods

Cells and reagents

SVEC4-10 (ATCC CRL-2181), NIH3T3 (ATCC CRL-1658), 3T3-SA
(ATCC CCL92), and HT-29 (ATCC HTB-38) cell lines were obtained
from ATCC, and maintained as previously described [14]. All cell
lines were confirmed and routinely monitored to be mycoplasma
free (LookOut Mycoplasma PCR Detection Kit (MP0035); Sigma-
Aldrich). Cycloheximide (Sigma), zVAD-fmk (Enzo life sciences),
and murine TNF (PeproTech) were prepared and used as described
previously [14]. Nocodazole (Sigma), Ciliobrevin-D (Calbiochem),
Shield-1 (Clontech), PFA (Sigma), and o-amanitin (Sigma) were
used at the concentrations indicated.

Plasmids, transfections, immunoblotting, and antibodies

6-myc RIPK3 was previously described [31]. Transfections and
immunoprecipitations were performed as previously described [31].
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Immunoblotting was performed as previously described [14]. The
following antibodies were used: rabbit anti-RIPK3 (IMG-5523;
Imgenex), rabbit anti-DAI/ZBP1 (Clone M300; Santa Cruz), rabbit
anti-MLKL (ab172868; Abcam), rabbit anti-phosphoS345-MLKL
(ab196436; Abcam), mouse anti-m123/IE1 (CHROMA101; Center
for Proteomics, University of Rijeka), mouse anti-m112-113/E1
(CHROMAL103; Center for Proteomics, University of Rijeka), mouse
anti-FKBP12 (Clone 8; BD Biosciences), rabbit anti-histone H3
(Clone D1H2; Cell Signaling Technology), rabbit anti-B-tubulin
(Clone 9F3; Cell Signaling Technology), mouse anti-B-actin (Clone
AC-74; Sigma), rabbit anti-ZBP1 (clone 887 [62]), mouse anti-FLAG
M2-Peroxidase (Clone M2; Sigma-Aldrich), mouse anti-c-Myc (Clone
9E10, Sigma), donkey anti-mouse IgG-HRP (Vector Laboratories),
and donkey anti-rabbit IgG-HRP (Vector Laboratories). Blots were
visualized using ECL Prime Western Blotting Detection Reagent (GE
Healthcare) and exposure to film. Digital images were generated
with a CanoSCAN LIDE 700F slide/film scanner (Cannon) and
images processed with Canvas X16 software (ACD Systems Interna-
tional, Ft. Lauderdale, FL, USA). No digital enhancements were
applied. All immunoblot data presented are representative of at least
three independent experiments.

Generation of IE3DD mutants

Recombineering was performed as previously described [14,63].
Briefly, levansucrase (SacB) and kanamycin (Kan) genes were
amplified from the pTBE100 plasmid with 50 nucleotide base pair
overhangs corresponding to the MCMV genome flanking the end of
exon 5 of IE3, with the primers HSO1 and HS02. PCRs were digested
with Dpnl, gel purified, and electroporated into DH10B cell contain-
ing pSIM6 and either the parental WT K181 or M45mutRHIM
bacmid [14]. Recombinants were selected based on kanamycin
resistance and sucrose sensitivity. For the second round of recombi-
neering, a FKBP-DD fragment was amplified from a plasmid
expressing FKBP12 (provided by Edward Mocarski), with 50 nucleo-
tide overhangs corresponding to the MCMV genome flanking the
end of IE3-Exon5 with the primers, HS09 and HS10. PCRs were Dpnl
treated, gel purified, and electroporated into DH10B cells containing
pSIM6 and either 1E3-SacBKan mutants in WT or M45mutRHIM
bacmid backgrounds. Recombinants were selected for kanamycin
sensitivity and sucrose resistance. The genomic integrity of the
BACs was confirmed after each step of recombination by RFLP anal-
ysis using EcoRI digest. PCR amplification of the IE3-Exon5 junction
was carried out with the primers, HS24 and HS29, and confirmed by
sequence analysis. The mutated locus of M45mutRHIM contains a
diagnostic Pvull site [14], and the presence of this site was con-
firmed with digestion of an amplicon of the RHIM locus, using the
primers, HS36 and HS37. Oligonucleotide sequences are listed in
Table EV1.

Viruses and infections

Parental WT and M45mutRHIM viruses have been previously
described [14]. WT-IE3DD or M45mutRHIM-IE3DD viruses were
generated in NIH3T3 as previously described [64]. Viruses were
propagated, clarified and concentrated, and titered by plaque assay
on NIH3T3 cells as previously described [14]. For WT-IE3DD and

M45mutRHIM-IE3DD viruses, where indicated, Shield-1 was
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included at all stages of infection at a final concentration of 1 puM,
and replenished every 2-3 days.

Cell death assays

Cell viability assay was performed as previously described [14]
using Promega Cell Titer Glo kit at 18-22 h post-infection. For
assaying TNF-induced necroptosis, cells were treated with combina-
tions of 25 ng/ml TNF and 50 uM zVAD-fmk for 6 h and cell viabil-
ity determined as described above. Where indicated, infection or
treatment with combinations of TNF and zVAD-fmk was carried out
in the presence of 1 pug/ml nocodazole (Noc) or 100 puM Ciliobrevin-
D (CBD) or 200 pg/ml PFA. For the o-amanitin experiments, cells
were infected or treated as above, and at the indicated time, o-
amanitin added to a final concentration of 50 pg/ml. Data are
shown normalized to WT infection or vehicle control treatment. Cell
death was also determined by monitoring cell integrity with the live
cell impermeant nucleic acid stain-Sytox Green (Invitrogen). Cells
(10* cells/well) were seeded into Corning 96-well tissue culture
plates. After infection for 1 h, cells were cultured in the medium
containing 50 nM Sytox Green and 1.25 pg/ml Hoechst 33342
(Thermo Fisher Scientific) and imaged on a Citation Cell Imaging
Multi-Mode Reader (Biotek). Two images of each well were
collected. Sytox Green-positive and Hoechst 33342-positive cells per
image were calculated. % Cell death = Sytox Green™ cells/Hoechst
33342" cells.

Generation of DAI/ZBP1 knockout and reconstitution cells

Endogenous DAI/ZBP1 was targeted for knockout using CRISPR/
Cas9, essentially as previously described [65]. Briefly, sgRNAs were
identified and designed with online bioinformatics tools (crispr.
mit.edu and e-crisp.org). A target site was selected at nucleotides
173216940-173216959 of the NCBI Mus musculus Annotation
Release 105 (NC_000068.7). This position corresponds to the 29
amino acid of DAI/ZBP1 located in exon 2. Two 60-mers oligonu-
cleotides, s-aa-29-S and s-aa-29-C, were annealed, extended, and
cloned into AfUI linearized gRNA_Cloning Vector [65] [a gift from
George Church (Addgene plasmid # 41824)] by Gibson assembly.
The cloned gRNA, hCas9 Vector [65] [a gift from George Church
(Addgene plasmid # 41815)], and pQXCIP (Clontech) vector were
co-transfected into SVEC4-10 cells, and cells selected with 2 pg/ml
puromycin 24 h post-transfection. Following outgrowth, single cells
were subcloned by limiting dilution, and clonal populations
surveyed for absence of DAI/ZBP1 expression by immunoblotting.
A clonal line, designated 29-11, was selected for continuing experi-
ments. Sequence-specific mutations in selected clones were con-
firmed by sequencing of PCR-amplified genomic DNA. DNA was
prepared and sequenced using the ZBP Surveyor primers. Generation
of 3X-FLAG-DAI/ZBP1 and mutant retroviral expression vectors has
been previously described [24]. Retroviral production and reconsti-
tution were performed as previously described [15], using 29-11
cells. Oligonucleotide sequences are listed in Table EV1. Human DAI
open reading frame (ORF) was inserted into pLV-EF1a-MCS-IRES-
Puro lentiviral vector (Biosettia) and verified by DNA sequencing.
Lentivirus stock was prepared from 293T cells as described previ-
ously [16]. HT-29 cells were transduced with lentiviral vector and
selected with 2 pg/ml puromyecin.
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Cell fractionation

Subcellular fractionation was performed essentially as previously
described [66]. Briefly, 29-11(WT DAI) cells were either mock-
infected or infected with WT or M45mutRHIM MCMV (MOI = 5).
Cells were collected 7 h post-infection, pelleted, and lysed on ice for
10 min in CSKT buffer [10 mM PIPES pH 6.8, 100 mM NaCl,
300 mM sucrose, 3 mM MgCl,, 1 mM EDTA, 1 mM DTT, 0.5%
Triton X-100, 1x protease inhibitor (Sigma)]. Samples were centri-
fuged at 5,000 g for 3 min at 4°C. Supernatant (cytosolic fraction)
and pellet (nuclear fraction) were separated, boiled in SDS sample
buffer, and stored at 20°C until analysis.

Statistics

For all comparisons between mean values from control or treated
samples, a two-tailed t-test was used to determine statistical signifi-
One-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparisons test was used to determine signifi-
cance across treatment groups. All statistical analysis
performed using Prism 6 (Graphpad, San Diego, CA, USA).

cance.

was

Expanded View for this article is available online.
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