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The B-cell CLL/lymphoma 2 (Bcl2) relative Myeloid cell leukemia
sequence 1 (Mcl1) is essential for cell survival during development
and for tissue homeostasis throughout life. Unlike Bcl2, Mcl1 turns
over rapidly, but the physiological significance of its turnover has
been unclear. We have gained insight into the roles of Mci1 turn-
over in vivo by analyzing mice harboring a modified allele of Mcl1
that serendipitously proved to encode an abnormally stabilized
form of Mci1 due to a 13-aa N-terminal extension. Although the
mice developed normally and appeared unremarkable, the homo-
zygous males unexpectedly proved infertile due to defective sper-
matogenesis, which was evoked by enhanced Mcl1 prosurvival
activity. Under unstressed conditions, the modified Mcl1 is pres-
ent at levels comparable to the native protein, but it is markedly
stabilized in cells subjected to stresses, such as protein synthesis
inhibition or UV irradiation. Strikingly, the modified Mcl7 allele
could genetically complement the loss of Bcl2, because introduc-
tion of even a single allefe significanily ameliorated the severe
polycystic kidney disease and conseguent runting caused by Bcl2
loss. Significantly, the development of c-MYC-induced acute mye-
loid leukemia was also accelerated in mice harboring that Mcl/?
allele. Our collective findings reveal that, under certain circumstan-
ces, the N terminus of Mcl1 regulates its degradation; that some
cell types require degradation of Md1 to induce apoptosis; and,
most importantly, that rapid turnover of Mcl1 can serve as a tu-
mor-suppressive mechanism.

protein turnover | programmed cell death

poptosis, an evolutionarily conserved process of programmed

cell death for removing excess, damaged, or infected cells, is
required for normal development and maintenance of tissue ho-
meostasis throughout life. Whether a cell exposed to develop-
mental cues or cellular stresses lives or dies is largely determined
by interactions among members of the Bcl2 protein family (1).
The “prosurvival” faction, comprising Bcl2 itself, Beby, Belw,
Mcll, and Al, maintains cell survival by blocking the activation
of the second group, the “cell death mediators” Bax and Bak.
Apoptosis is initiated when members of the third subfamily, the
“BH3-only proteins” (e.g., Bim, Bad, Noxa) are activated by
diverse cytotoxic stimuli. They trigger apoptosis by relieving the
brake on Bax/Bak activation imposed by the prosurvival Bcl2
proteins and by directly activating Bax/Bak (1). Once activated,
Bax and Bak permeabilize the mitochondrial outer membrane
and the apoptogenic factors thereby released into the cytosol
(particularly cytochrome ¢) unleash the caspase cascade that drives
cellular demolition (2).

The normal physiological roles of prosurvival Bel2 proteins
have been established by studies on gene-targeted mice. For
example, the absence of Bcl2 causes lymphopenia, premature
graying due to loss of melanocytes, and severe polycystic kidney
disease that provokes runting and early death (3, 4). Conversely,
overexpression of Bcl2 causes tissue hyperplasia and promotes
tumor development (5, 6). Thus, for normal development and adult
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life, the levels and activity of the prosurvival Bcl2 proteins must
be tightly regulated.

Mcll plays an essential role in maintaining stem/progenitor
cell populations, including those within the hematopoietic com-
partment (7, 8), and its enforced overexpression, like that of Bcl2,
promotes cell accumulation and lymphomagenesis (9, 10). Perti-
nently, the human MCLI locus is amplified in ~10% of cancer-
derived cell lines (11). Elevation of MCL1 levels by its stabilization
might also contribute to tumorigenesis (12, 13). Normally, MCL1
is a short-lived protein with a 71 of less than 30 min in most cell
types studied. Its turnover is regulated by the ubiquitin-protea-
some system, and several E3 ubiquitin ligases [HECT, UBA, and
WWE domain containing 1 (HUWEL1), beta-transducin repeat
containing E3 ubiquitin protein ligase (fTRcP), F-box and WD
repeat domain containing 7 (FBWX7)] (13-16) and the deubi-
quitinatinase ubiquitin specific peptidase 9, X-linked (USP9X)
(12) have been implicated in controlling MCL1 levels. Moreover,
Mecll may also undergo ubiquitin-independent proteasomal degra-
dation (17).

The association of loss of the tumor suppressor FBWX7 (13, 16)
and overexpression of the candidate oncogene USP9X (12) with
tumorigenesis and poor patient prognosis has prompted pro-
posals that stabilization of MCL1 driven by these genetic alter-
ations is critical for the tumorigenesis and resistance of these
tumor cells to standard therapeutics. However, because both
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FBWX7 and USP9X enzymatically target multiple cellular sub-
strates, their action on other substrates might play greater roles
in tumor development.

Our serendipitous identification of mice that harbor an ab-
normally stabilized form of Mcll has allowed us to obtain direct
evidence of the physiological significance of Mcll turnover in
vivo. Although these mice are overtly normal, we show that the
stabilized Mcll protein enhances prosurvival activity in vivo in
certain circumstances. Notably, the male mice are infertile due to
abnormally reduced cell death during early spermatogenesis.
Strikingly, the altered MclI allele genetically complements loss
of Bcl2, greatly retarding the development of polycystic kidney
disease. Most importantly, our studies also establish that ab-
normal Mcll stabilization can promote tumorigenesis in vivo, at
least under certain conditions.

Results
Male Mice Harboring a Conditional Mc/i Allele Are Unexpectedly
Infertile. To generate mice in which Mcll can be conditionally
deleted, we previously created mice with a floxed (fl) allele of
Mecll (18-20). As anticipated, in the absence of Cre recombinase,
mice carrying one or both MclI™ alleles appeared grossly normal,
without any overt signs of pathology in the major organs exam-
ined (lung, kidney, liver, colon, and heart). Moreover, the com-
position of the hematopoietic compartment in Mcllﬁ/é mice was
normal (Fig. §14), as was the capacity of bone marrow- or
spleen-derived hematopoietic cells to grow and form colonies in
vitro when stimulated with cytokines (Tables S1 and 52). Further-
more, the death of diverse cell types, such as thymocytes, exposed
to apoptotic stimuli (e.g., dexamethasone) in vitro was indistin-
guishable from that of the corresponding WT cells (Fig. 5158).
Although MclI"™ females were fertile, we unexpectedly found
that homozygous MclI™ males were infertile, whereas Mell™*
males sired normal numbers of offspring, whether mated with
WT (Mcll™), MclI™, or Mcll™™ females. To determine why
MclI™ males are infertile, we compared their testes with those
of MclI™* and WT mice. Whereas the MclI™* and WT testes
were indistinguishable, those from MclI™" males were severely
atrophic (Fig. 52 4 and B). Notably, in Mcl1™" males, the sem-
iniferous tubules were abnormally small and the epididymides
lacked mature spermatozoa (Fig. 14), revealing a severe defect
in spermatogenesis.

Testicular Atrophy in Male Mcli™® Mice Reflects Enhanced Mcli
Prosurvival Activity. The unexpected sterility in MclI"" males might
indicate that Mcll function was altered somehow, perhaps as an
unintended consequence of our gene targeting strategy. Because
the loss of Belw (21, 22) or reduction of Belxy, (23, 24) causes male
infertility, we first considered whether attenuated Mcll function
might account for the infertility of MclI™ males. However, this
seemed unlikely, because we have found no obvious evidence of
impaired Mcll function (Fig. S1 and Tables 81 and $2). More-
over, Mcll deficiency due to unwarranted recombination of the
floxed Mcll alleles during meiosis could be ruled out, because no
MeclI® recombined cells were detectable in testes from MclI™* or
MclI™ males (Fig. 53).

Because normal spermatogenesis requires a delicate balance
between cell death and survival, insufficient as well as excessive
apoptosis in the testis can cause male infertility (25). Specifically,
sperm cell development is blocked by loss of the cell death
mediator Bax (26), or combined deficiency of the cell death
initiating BH3-only proteins Bim and Blk (the mouse ortholog of
BIK) (27). To assess whether MclI%® males might be infertile
due to abnormally enhanced rather than diminished Mcll func-
tion, we compared the testicular phenotype of adult MclI™® males
with that of similarly aged Bax™~ males, as well as WT and MclIV*
controls, which were phenotypically indistinguishable (Fig. 1 and
Figs. 82 and 83).
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Fig. 1. Male mice homozygous for the Mc/ are unexpectedly infertile.
(A) Absence of mature and elongating spermatids in the testes of adult male
Mcl1™ mice. Representative histological sections (H&E stained) show epi-
didymis (Top) and seminiferous tubules at medium (Middle) or high mag-
nification (Bottom) from testes of Mc/7™* and Mc/T™ males and, as a
control for the complete loss of spermatogenesis, Bax™'™ males (Right).
(Scale bars: 100 pm.) (B) Flow cytometric analysis (fluorescence-activated cell
sorting) of germ cell development shows that spermatogenesis arrests later
in Mcl1™ males than Bax™~ males. (Left) Schematic representation of nor-
mal germ cell development. The arrow depicts the order of maturation from
2N spermatogonia (R3/4), to 4N spermatocytes (R1/2), to 1N spermatids (R5),
to mature sperm (R6/7). (Center) Representative forward scatter (FSC)fside
scatter (SSC) profiles of germ cells from Mcl/1"*, Mc1™, and Bax™ males.
(Right) Representative DNA content profiles of germ cells from Mcl1™~,
Mcl1™, and Bax™ males. (Right and Center) Unlike Bax™" males, Mci1™"
males can produce immature 1N spermatids, but they fail to mature further.

The seminiferous tubules of MclI™® males contained some
round spermatids as well as spermatocytes (Fig. 14), and flow
cytometric analysis of germ cell development (Fig. 1B) revealed
a relative accumulation of early stages, particularly ZN spermato-
gonia (in regions R3/R4), but a marked dearth of 1N spermatids
(R5) and essentially no mature sperm (R6/R7). Accordingly, DNA
content analysis revealed a far lower proportion of haploid (1N)
cells and a much higher proportion of the earlier 2N cells than in
the WT or MclI™* testis (Fig. 1B and Fig. $2D). Consistent with
previous reports (26), sperm cell maturation in Bax-deficient males
was arrested even earlier, before differentiation into spermatids.
Although some Bax™"~ seminiferous tubules were laden with
spermatogonia and premeiotic spermatocytes, most were acellular
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(Fig. 14), and flow cytometric analysis failed to identify haploid
(IN) cells (Fig. 1B and Fig. S2D). Accordingly, the epididymis of
Bax-deficient males was devoid of sperm, like that of the MclI™/®
mice (Fig. 14). We conclude that in MclI"® males, spermato-
genesis is arrested later in development than in Bax™~ germ
males (Fig. 1 and Fig. 52). Consistent with this, a lower pro-
portion of spermatogonia and early spermatocytes (c-Kit™
cells) accumulated in the former (Fig. S2C). In fact, the sper-
matogenesis defect in the Mcl1"™ males is very similar, if not
identical, to that in Bim/Blk double-deficient males (27).

Floxed Mcl1 Allele Inadvertently Encodes for an Altered Form of Mclt.
The enhanced antiapoptotic activity in MclI™® mice inferred
from the defective spermatogenesis might suggest that the cel-
lular levels of Mcll protein were elevated in these mice. How-
ever, blots of lysates from mouse embryonic fibroblasts (MEFs)
and thymocytes showed that, in the absence of any stress stimuli,
the levels of Mcll mRNA (Fig. 544) and Mcll protein (Fig. S54)
were comparable in WT and MclI™ mice. To our surprise,
however, the Mcll protein in MclI™ cells was discernibly larger
than that in WT cells (Fig. S54). This prompted us to reexamine
the targeting construct used to generate the floxed Mcll locus.
We found that our placement of the loxP element in the 5’ un-
translated region had inadvertently created an initiation codon
upstream of, and in frame with, the native start codon, resulting
in the translation of an Mcl1 protein with an additional 13 amino
acids at its N terminus (Fig. $5B). We designate this protein
N*Mecll to distinguish it from the native WT protein.

In many cell types, N*Mcl1 seems to function indistinguishably
from WT Mcll. For example, thymocytes from the MclI™™ mice
were normally sensitive to diverse stress signals (Fig. S15), whereas
Mcll overexpression in transgenic mice renders these cells re-
fractory to such insults (9, 10). Moreover, MclI"" MEFs were
normally sensitive to apoptosis induced by overexpression of a
panel of BH3-only proteins (Fig. S48). This suggests that, like
WT Mcll, N*Mell is functionally inactivated by BH3-only pro-
teins, including Noxa, which preferentially binds and degrades
Mecll (28). Like WT Mcll, N*Mcll was also degraded by Noxa
(Fig. 35C).

To verify further that N*Mcll retains full prosurvival function,
we reconstituted Mcll-deficient MEFs with either WT or N*Mcl1.
Mcll deficiency renders MEFs highly sensitive to the BH3 mi-
metic compound ABT-737 (29), whereas those reconstituted

with WT Mcll are fully protected. Notably, N*Mcll conferred
comparable high-level protection to ABT-737 (Fig. S5D). Thus,
N*Mell is fully functional and these cell survival assays did not
distinguish it from WT Mcll (Figs. 84 and S5).

NMcl1 Stability Is Enhanced in Response to Certain Cytotoxic Signals.
Because Mcll is degraded rapidly in response to certain stress
stimuli (30, 31), we explored whether turnover of N*Mcll and
WT Mcll differed in cells subjected to various stresses. Indeed,
N*Mcll was degraded more slowly than WT Mcll in MEFs
following inhibition of protein synthesis or UV irradiation (Fig.
2A), and thymocytes yielded similar results upon inhibition of
protein synthesis (Fig. S64). Moreover, studies using Mcl1-deficient
MEFs reconstituted with WT or N*Mcll (Fig. S6B) confirmed that
the degradation of N*Mcll is delayed during steady-state turn-
over (after cycloheximide treatment) or after exposure to UV
radiation (Fig. 24 and Fig. $64); intriguingly, however, both
proteins were comparably degraded in cells overexpressing
Nozxa (Fig. S5C). Consistent with the findings on protein turn-
over under conditions in which Mcll is degraded, such as in-
hibition of protein synthesis (31) or UV irradiation (30), the cells
expressing N*Mcl1 are more resistant to apoptosis (Fig. 2B).
Because our floxed Mcll allele codes for a stabilized form of
Mcll (N*Mcll), we subsequently denote this allele here as MclI™
to distinguish it from any other floxed allele encoding WT Mcl1.

Stabilized Mecl1 Can Partially Compensate for the Loss of Bcl2. Be-
cause our data suggested that, in certain circumstances, cells
expressing N*Mcll are more refractory to apoptosis than those
expressing WT Mcll, we explored whether N*Mcll can com-
pensate for the reduced activity or loss of another prosurvival
Bcl2 family member within the whole animal. We first tested
whether MclI™ can prevent the loss of platelets in mice bearing
a hypomorphic allele of Belt, Bel™™° (18). However, introduc-
tion of either one or two MclI™ alleles did not augment platelet
numbers in the Bel"' % heterozygous or Belt™ 2P0 homozy-
gous mice (Fig. 57).

We then investigated whether N*Mcll could alleviate any of
the marked degenerative disorders arising in mice lacking Bcl2
(Fig. 3). Remarkably, in contrast to the Bcl2™~ runts, Bel2™~
MclI™™ doubly mutant mice grew to normal size (Fig. 34),
because the onset of polyc;zstic kidn/% disease was greatly retarded
(Fig. 3C). Although Bel2™MclI™™ mice eventually succumbed
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Fig. 2. Floxed Mcl1 allele encodes a stabilized form of Mcl1, N*Mcl1, that counters apoptosis more effectively than WT Mdl1 in some settings. (A) Floxed Mc/1
allele encodes an abnormally stabilized form of Mcl1. (Upper) Lysates prepared from WT (Mc/1**) or Mcl1"™N N MEFs that were incubated for up to 6 h with
the protein synthesis inhibitor cycloheximide (CHX; 50 pg/mL), with or without the proteasome inhibitor (10 pM MG132) and the broad-spectrum caspase
inhibitor N-(2-Quinolyl)-L-valyl-L-aspartyl-(2,6-difluorophenoxy) methytketone (qVD-OPh) (to block degradation of Mcl1 by caspases). (Lower) Lysates pre-
pared from the cells that were UV-irradiated (100 J/m?). The lysates were probed by immunoblotting for Mcl1 and HSP70 (loading control). WB, Western biot.
(B) Under certain circumstances, N*Mcl1 inhibits cell death more effectively than WT Mcl1. MEFs derived from WT (Mcl7**), Mclt™™ or Bax~"~Bak™~ mice
were treated with etoposide (2.5 M), UV irradiation (100 J/m?), CHX (50 pg/mL), or Fas ligand (FasL, CDS5L; 100 ng/mL). Cell viability was determined at the
indicated times by propidium iodide staining and flow cytometric analysis. Data represent the mean + SD of two experiments done with a representative cell
line of each genotype.
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Days

N*Mcl1 ameliorates some of the physiological defects caused by Bcl2 deficiency. (A) N*Mcl1 can partially rescue some of the defects caused by Bcl2

deficiency. (Left) As previously reported (3, 4), Bcl2-deficent mice (Bc/2~~Mc/17*) were runted and turned prematurely gray. (Right) Age-matched (52-d-old)
Bcl27~Mcl1™™ mice grew to a normal size but still turned prematurely gray like the Bd2™ mice. (B) N*Mcl1 prevents the lymphoid hypoplasia and de-
velopmental kidney defects caused by Bcl2 loss. Gross appearance of the thymus, spleen, and kidneys from representative Bel2™~Mcl1*'*, Bel2™~Mcl1™", and
Bcl2™"~Mcl1™™ ™ mice (shown in A). Note that the kidney from a Bc/2”~Mc/1™ ™ mouse was larger and well-aerated (pink, not pale) compared with that
isolated from a Bc/2™"~Mcl1™* mouse. (C) N*Mcl1 attenuates the polycystic kidney disease caused by Bci2 loss. Representative low-power, H&E-stained kidney
sections are shown from representative mice of the indicated genotypes. Note the significant reduction in cyst formation in the kidney from a Bclz™~Mic/1™/™
mouse compared with that from a BclZ”"Mci1*"* mouse. (Scale bars: 10 pm.) (D) Mcl1 stabilization extends the life span of Bc/2-deficient mice. Kaplan-Meier
survival curves of cohorts of mice of the indicated genotypes are shown. Notably, even a single Mc/7™ allele significantly prolonged the survival of Bc/2™"~
mice. The Pvalue determined by log rank analysis of Bcl2~"~Mc/7™"* mice compared with Bc/2~/~Mcl1™ mice is 0.0032 (*), that compared with Bcl2~~Mcl 11N

mice is <0.0001 (*), and that compared with Bcl2**Mct1™ M mice is <0.0001 (7).

to the disease (Fig. 3D), they survived far longer than the Bel2™~

mice (mean survival: ~120 d vs. ~40 d). Notably, the introduction
of even a single MclI™ allele nearly doubled the fife > span of Belz™™
mice (from ~40 to ~70 d). Introduced MclI™ alleles also
ameliorated th%Nymphopema elicited by Bel2 loss (Fig. 3B), but
the Bel2MclI™ N mice still turned prematurely gray (Fig. 34).

1?mrtantly, the genetic compensatlon for loss of Bcl2 by
Mcl1™ demonstrates that N*Mecll is a gain-of-function variant
of Mcll. We surmise that the increased stability of N*Mcll over
WT Mcll raises the apoptotic threshold in the renal epithelial
progenitor cells sufficiently to compensate substantially for the
loss of Bel2.

N*Mcl1 Accelerates Tumongene5|s in Vivo. Because our functional
studies ldentlfy MclI™ as a hypermorphic allele (Figs. 1-3), we
used MelI™ mice to investigate whether abnormal Mcll stabi-
lization can promote tumorigenesis, as inferred from studies on
oncogenes and tumor suppressors that regulate Mcll turnover
(12, 13). To investigate whether N*Mcl1 could enhance tumor
formation in vivo, we focused on the development of acute myeloid

40f 6 | www.pnas.org/cgi/doi/10.1073/pnas.1321259110

leukemia (AML), because these hematological malignancies are
highly dependent on Mcll for their development and sustained
growth (20). For these experiments, fetal hver~denved hemato-
poietic stem cells (WT, MclI™* or Mcl1™™) were reiro-
virally transduced with the MLL-ENL or ¢-MYC oncogene,
transplanted into lethally irradiated (C57BL/6-Ly5.1) mice and
the recipients were monitored for the onset of leukemia. Al-
though the expression of N*Mcll' had no impact on the rapid
induction of AML by the MLL-ENL gene (Fig. 58), the de-
velopment of c-MYC—driven AML (32) was markedly acceler-
ated by the presence of two MclI™ alleles or even a single allele
(Fig. 4). Thus, stabilization of Mcll with concomitant increased
antiapoptotic activity can enhance tumorigenesis, at least in certain
settings.

Discussion

The physiological importance of Mell is underscored by its critical
role in very early embryogenesis (7) and key cell types in the adult
(8, 19). Moreover, increasing evidence implicates Mcll in the
survival of cells from several tumor types and in chemoresistance
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(11, 20). A striking feature of Mcll is its rapid turnover, which is
far greater than that of Bcl2, Belx;, or Belw. It therefore appears
likely that control of its turnover has physiological significance, but
direct evidence for this has been lacking. Genetic purchase on this
notion came when we discovered that a floxed Mcl1 allele that we
had generated earlier, designated here as MclI™, produces an
abnormally stabilized Mcll variant due to a 13-residue extension
on its N terminus (N*Mcl1). In cells subjected to certain stresses,
such as inhibition of protein synthesis or UV irradiation, N*Mcl1
is much more stable than WT Mell (Fig. 2 and Figs. S5 and $6)
but the modified protein is still readily degraded in response to
engagement by its selective endogenous antagonist, the BH3-only
protein Noxa.

Our genetic and cellular studies both strmﬁlﬁlg suggest that
MclI™ is a hypermorphic Mcll allele. Male MclI™ N mice proved
infertile due to a severe block in spermatogenesis at the sper-
matid stage (Fig. 1 and Fig, S2). The block is slightly later than
that seen in Bax-deficient mice and most closely resembles that
in males lacking both of the BH3-only proteins Bim and Blk (27).
Tellingly, a very similar block is evoked by transgenic overex-
pression of Bcel2 or Belxy, in the testis (33). These results indicate
that the spermatogenesis defect in the MclI™ ™ males probably
reflects abnormally enhanced prosurvival activity in their germ
cells. Consistent with this notion, the phenotype differs signifi-
cantly from the delayed atrophy observed in Belw-deficient males,
which is ascribed to attrition in both the germ and supporting
Sertoli cell populations (21, 22). It may seem counterintuitive
that atrophy of a tissue can arise from enhanced prosurvival ac-
tivity. However, copious excess germ cells are normally produced
during the first, pioneer wave of spermatogenesis, commencing
a few days after birth in mice. Without the substantial attrition of
this population, driven by Bax (26) activated by Bim and Blk (27),
the germ cell excess is thought to damage the supporting Sertoli
cells and thereby preclude adult spermatogenesis (27, 33). Sta-
bilized Mcll presumably moderates the early wave of apoptosis
in premeiotic germ cells by sequestering Bim and Blk, and by
inhibiting activated Bax.

The impact of stabilizing Mcll was particularly striking in the
absence of Bcl2. Even a single MclI™ allele ameliorated the se-
vere polycystic kidney disease evoked by Bcl2 loss and substan-
tially prolonged survival (Fig. 3). The life span of McII™™ mice
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Fig. 4. N*Mcl1 accelerates development of MYC-driven AML in vivo. Ab-
normal Mcl1 stabilization promotes c-MYC-driven development of AML.
Shown is a Kaplan—-Meier plot of the survival of lethally irradiated (2 x 5.5 Gy
2 h apart) mice transplanted with embryonic day 13.5 fetal liver cells (a rich
source of hematopoietic stem/progenitor cells) derived from WT (Mc/1++),
Mcl1™+, or Mcl1™ N embryos and infected with a c-MYC-expressing ret-
rovirus. Note the dose-dependent impact of the Mc/1™ ailele on AML-free
survival. The P value (log rank analysis) of WT (Mc/7+/*) mice compared with
MclT™ mice is 0.0014 (*) and that compared with Mc/T™™ mice is
<0.0001(").
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lacking Bcl2 was even longer, and the drop in lymphocytes was
precluded, but the premature greying remained.

Most importantly, we established that Mcll stabilization can
contribute to tumorigenesis, as has been proposed based on
studies with proteins that can regulate its stability (12, 13). We
showed that the MclI™ allele promoted c-MYC-driven AML
development (Fig. 4). AML driven by the MLL-ENL gene, how-
ever, was not accelerated (Fig. 58), perhaps because MLL-ENL
provokes less cytotoxic stress than MYC, or because these leu-
kemias initiate in a slightly different cell type.

Despite the striking phenotypes provoked by the MclI™ al-
lele, it may seem puzzling that only a few tissues are affected. A
partial explanation is that the N-terminal extension only impairs
Mcll degradation in response to certain stress stimuli. Moreover,
whether the Mcll stabilization raises the apoptotic threshold
sufficiently to have physiological consequences is very likely to
differ greatly among cell types, because their expression of par-
ticular Bcl2 family proteins varies widely, and also among stress
stimuli, because activation of the various BH3-only proteins is
highly dependent on the stress stimulus (1). These considerations
may well explain why the phenotype in MclI™™ mice is re-
stricted and why the modified allele rescued some cell types in
Bel27~ mice (kidney epithelial and lymphoid cells) but not mela-
nocytes (Fig. 3).

A recently recognized but puzzling aspect of Mcl1 regulation is
that a proportion of the Mcl-1 protein molecules is processed to
remove the N-terminal 33 amino acid residues and the truncated
protein enters the mitochondrial matrix (34-36). One study has
reported that the matrix form influences mitochondrial fission/
fusion and energetics (36). Although our experiments have not
directly addressed this pathway, we note that Western blots on
MEFs and thymocytes from Mcl1™™ mice, whether stressed or
not, show only a single prominent Mcl-1 band of the size ex-
pected for N*Mell (Figs. 2.4 and C and 34 and Fig. S5). Cleavage
of N*Mcl1 at the identified processing site for the matrix form of
Mcl-1 would remove its N-terminal 46 residues, leaving a prod-
uct that should be readily detectable. Thus, at least in fibroblasts
and thymocytes of these mice, little if any of the expected matrix
form seems to be generated. A plausible interpretation is that
the extended N-terminal sequence in N*Mcll impedes the pro-
cessing step that produces the matrix form of Mcll. If so, these
mice should provide a useful resource for identifying any sig-
nificant physiological role of the matrix form. However, we
cannot definitively exclude the possibility that the absence of the
processed form contributes to some phenomena described here.

Our studies lend strong support to the notion that the control
of Mcll stability is highly context-specific. The control depends
not only on the stress stimuli but on cell type. For example, whereas
the response of immortalized MclI™ "™ MEFs to DNA damaging
agents is impaired (Fig. 2B), the response of thymocytes to such
agents is unaffected (Fig. S1B). At a mechanistic level, precisely
how the additional N-terminal amino acids block basal Mcll
turnover is unclear. The N-terminal region of Mcl-1 may contain a
poorly understood degron, because Mcl-1 turnover can be en-
hanced not only by lengthening the N terminus, as observed here,
but by shortening it (34).

Our findings add to the growing evidence that Mcll levels and
turnover are subject to multiple exquisite controls. This conclu-
sion is pertinent to the current efforts to target prosurvival Bel2
family members for cancer therapy (1). The most advanced ap-
proach is the development of organic compounds that mimic the
action of the BH3-only proteins (37). Some of these “BH3
mimetics” have advanced into the clinic, and recent reports
validate this approach for targeting BCL2 in lymphoid malig-
nancies (38). However, BH3 mimetics selectively targeting Mcll
with high affinity have not yet been described, and in any case,
systemic inhibition of Mcll would raise serious concerns, because
Mcll sustains the survival of many critical stem and progenitor
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cells (7, 8). Our results should prompt further dissection of the
molecular control of Mcll stability, because the striking context-
dependent differences in its regulation suggest that targeting the
machinery that stabilizes Mcll in specific tumors (12, 13) may
well provide a wider therapeutic window than is possible with
a direct Mcll antagonist.

Materials and Methods

Mice. The Mc/T™ (Mc/1™ ™) mice used here were described praviously (18-
20). They were generated on a C57BL/6 background using C57BL/6-derived
ES cells. The Bax*"~ mice (a kind gift from the late S. Korsmeyer, Washington
University School of Medicine, St. Louis) and Bcl2™~ mice (kindly provided by
D. Loh, Washington University School of Medicine, St. Louis) were generated
on a mixed C57BL/6 x 1295V background using 1295V-derived ES cells but
were backcrossed onto a C57BL/6 background for >12 generations. Mcl1™™
fNBCI2'~ mice were generated by serial intercrossing of appropriate pa-
rental mice. Mice harboring the Bclx™'2° hypomorphic allele have been de-
scribed (18), and Mcl/1MNANBxPI20PI20 mice were generated by serial
intercrossing of appropriate parental mice. All mice used were of C578L/6
origin or had been backcrossed (>10 generations) to this background, and
their genotype was determined as previously described (details are avail-
able from the authors). All animal experiments followed the guidelines of the
Walter and Eliza Hall Institute of Medical Research Animal Ethics Committee.

Analysis of Mcl1 Degradation. Mcl1 turnover was determined by incubating
cells with 50 pM cycloheximide, together with proteasomal inhibitor MG132
(10 M) where indicated. DNA damage was induced by exposure to 100 J/m?

-

. Strasser A, Cory S, Adams JM (2011) Deciphering the rules of programmed cell death

to improve therapy of cancer and other diseases. EMBO J 30(18):3667-3683.

Tait SW, Green DR (2010) Mitochondria and cell death: Outer membrane per-

meabilization and beyond. Nat Rev Mol Cell Biol 11(9):621-632.

. Veis DJ, Sorenson CM, Shutter JR, Korsmeyer $J (1993) Bcl-2-deficient mice demon-
strate fulminant lymphoid apoptosis, polycystic kidneys, and hypopigmented hair.
Cell 75(2):229-240,

4. Nakayama K, et al. (1994) Targeted disruption of Bcl-2 & f in mice: Occurrence of gray

hair, polycystic kidney disease, and lymphocytopenia. Proc Nat/ Acad Sci USA 91(9):

3700-3704.

Vaux DL, Cory §, Adams IM (1988) Bcl-2 gene promotes haemopoietic cell survival and

cooperates with ¢-myc to immortalize pre-B cells. Nature 335(6189):440-442,

Strasser A, Harris AW, Bath ML, Cory $ (1990) Novel primitive lymphoid tumours in-

duced in transgenic mice by cooperation between myc and bcl-2. Nature 348(6299):

331-333.

Rinkenberger JL, Horning $, Klocke B, Roth K, Korsmeyer S (2000) Mcl-1 deficiency

results in peri-implantation embryonic lethality, Genes Dev 14(1):23~27.

. Opferman JT, et al. (2005) Obligate role of anti-apoptotic MCL-1 in the survival of

hematopoietic stem cells. Science 307{(5712):1101-1104.

Zhou P, et al. (1998) Mcl-1 in transgenic mice promotes survival in a spectrum of

hematopoietic cell types and immortalization in the myeloid lineage. Blood 92(9):

3226-3239.

10. Campbell KJ, et al. (2010) Elevated Mci-1 perturbs lymphopoiesis, promotes trans-
formation of hematopoietic stem/progenitor cells, and enhances drug resistance.
Blood 116(17):3197-3207.

11. Beroukhim R, et al. (2010) The landscape of somatic copy-number alteration across
human cancers. Nature 463(7283):899-905.

12. Schwickart M, et al. (2010) Deubiquitinase USP9X stabilizes MCL1 and promotes tu-
mour cell survival. Nature 463(7277):103-107.

13. Wertz IE, et al. (2011) Sensitivity to antitubulin chemotherapeutics is regulated by
MCL1 and FBW?7. Nature 471(7336):110-114,

14. Zhong Q, Gao W, Du F, Wang X (2005) Mule/ARF-BP1, a BH3-only E3 ubiquitin ligase,
catalyzes the polyubiquitination of Mcl-1 and regulates apoptosis. Celf 121(7):1085-1095.

15. Ding Q, et al. (2007) Degradation of Mcl-1 by beta-TrCP mediates glycogen synthase
kinase 3-induced tumar suppression and chemosensitization. Mol Cell Biol 27(11):
4006-4017.

16. Inuzuka H, et al, (2011) SCF(FBW?) regulates cellular apoptosis by targeting MCL1 for
ubiquitylation and destruction. Nature 471(7336):104-109.

17. Stewart DP, et al, (2010) Ubiquitin-independent degradation of antiapoptotic MCL-1.
Mol Cell Biol 30(12):3099~-3110, '

18. Mason KD, et al. (2007) Programmed anuclear cell death delimits platelet life span.
Cell 128(6):1173-1186.

19. Vikstrom |, et al. (2010) Mch-1 is essential for germinal center formation and B cell

memory. Science 330(6007):1095-1099.

M

w

vt

o

~

Rl

»

6of 6 | www.pnas.org/cgi/doi/10.1073/pnas. 1321259110

of UV light or by treatment with 2.5 pM etoposide in the presence of 50 pM
qVD-OPh, a broad-spectrum caspase inhibitor, to prevent the caspase-
dependent proteolysis of Mcl1 that occurs as a consequence of apoptosis
rather than the initiating events on which we are focused. The cells were
harvested at the indicated times, the protein concentration was quantified
(Bradford reaction), and Western blotting was performed. NOXA was over-
expressed in MEFs by infection with retroviruses encoding NOXA or the inert
variant NOXA3E, and the transduced (GFP™) cells were selected by fluorescence-
activated cell sorting.
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SUMNMARY

Mixed lineage kinase domain-like (MLKL) is a
component of the “necrosome,” the multiprotein
complex that triggers tumor necrosis factor (TNF)-
induced cell death by necroptosis. To define the
specific role and molecular mechanism of MLKL
action, we generated MLKL-deficient mice and
solved the crystal structure of MLKL. Although
MLKL-deficient mice were viable and displayed no
hematopoietic anomalies or other obvious pathol-
ogy, cells derived from these animals were resistant
to TNF-induced necroptosis unless MLKL expres-
sion was restored. Structurally, MLKL comprises a
four-helical bundle tethered to the pseudokinase
domain, which contains an unusual pseudoactive
site. Although the pseudokinase domain binds
ATP, it is catalytically inactive and its essential
nonenzymatic role in necroptotic signaling is in-
duced by receptor-interacting serine-threonine
kinase 3 (RIPK3)-mediated phosphorylation. Struc-
ture-guided mutation of the MLKL pseudoactive
site resulted in constitutive, RIPK3-independent
necroptosis, demonsirating that modification of
MLKL is essential for propagation of the necropiosis
pathway downstream of RIPK3.

INTRODUCTION

Caspases, activated on oligomeric platforms or by proteolytic
cleavage, are the effector molecules of apoptosis, cleaving
hundreds of cellular proteins, thereby resulting in cellular
dismantliing and characteristic apoptotic morphology. In
contrast, programmed necrosis, or necroptosis, occurs when
apoptosis and caspase activity are inhibited and is thought to
provide an important defense against intracellular pathogens
that can suppress classical apoptotic cell death (Vandenabesle

CrossMark

et al., 2010; Vanlangenakker et al., 2012). Cytotoxic stimuli,
such as tumor necrosis factor receptor 1 (TNFR1) ligation,
trigger the assembly of intracellular complexes that activate
prosurvival and inflammatory NF-xB and MAPK signaling path-
ways (Wertz and Dixit, 2010), but they can also activate cas-
pase-8. In most situations prosurvival signaling from TNFR1,
in particular NF-kB-mediated transcriptional upregulation of
the caspase-8 inhibitor cFLIP, inhibits apoptosis (Micheau
et al., 2001). However, when NF-«B is inhibited or TNFR1
signaling is otherwise impaired, caspase-8 becomes activated
and causes cell death by apoptosis. Active caspase-8 can
also cleave and thereby inhibit the receptor interacting serine-

- threonine protein kinase 1 and 3 (RIPK1 and RIPK3), thus
blocking the necroptotic pathway. When caspase-8 is inhibited,
for example by the viral FLIP-like proteins or by the synthetic
caspase inhibitor QVD-OPH, TNFR1-induced apoptosis is in-
hibited, but the brake on the necroptotic pathway is also
removed, allowing TNF to kill cells by necroptosis. Other pro-
teins that influence the sensitivity of cells to necroptosis include
cellular inhibitor of apoptosis proteins (clAPs), which ubiquity-
late and thereby inactivate RIP kinases, and deubiquitylating
enzymes (DUBs), which deubiquitylate and thus activate RiP ki-
nases (Vandenabesle et al., 2010). Experiments with gene-tar-
geted mice have shown that the RIP kinases RIPK1 and RIPK3
are essential for TNF-induced necroptosis, and studies with
RNAi-mediated knockdown or chemical inhibitors have also
implicated the pseudokinase, mixed lineage kinase domain-
like (MLKL), in this process (Sun et al., 2012; Wang et al,
2012; Zhao et al., 2012). However, the mechanism by which
RIP kinases drive necroptosis, and the role of MLKL in this pro-
cess, remain unclear.

MLKL is classified as a “pseudokinase” because its kinase-
like domain lacks two of the three conserved catalytic residues
considered crucial for phosphoryl transfer activity (Manning
et al., 2002). Protein kinases rely on the Lys of the Val-Ala-lle-
Lys (VAIK) motif for interaction with the « and B phosphates of
ATP to position ATP during phosphotransfer; on the Asp of the
His-Arg-Asp (HRD) motif within the catalytic loop (subdomain
Vlb) to act as a catalytic residue; and on the Asp within the
Asp-Phe-Gly (DFG) motif in the activation foop (subdomain V1)
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Figure 1. Struciure of Mouse MLKL

(A) The structure of MLKL reveals an N-terminal
helical bundle {magenta), a two-helix brace or
linker (cyan), and a C’-terminal, pseudokinase
domain (green). The activation loop helix, which
forms part of the pseudokinase domain N-lobe, is
colored in blue.

(B) Close-up of the pseudoactive site of MLKL
reveals unusual coordination geometry for K219 in
the VAIK motif. Instead of the classical kinase
interaction with E239 of helix «C, it interacts with
Q343 located on the atypical activation loop helix
that occupies the canonical helix «C position.
Other residues labeled correspond to deviations
from residues typical for ATP binding and phos-
pho-transfer in active protein kinases: G336 in
MLKL replaces the Asp in the DFG motif respon-
sible for Mg?* coordination; N318 in MLKL re-
places Asp of the HRD motif in the catalytic loop;
and 8323 that replaces the typical Asn located five
residues C-terminal to the HRD molif usually
involved in Mg?* coordination.

(C) The pseudoactive site of MLKL overfaid with
side chains of key residues within the active site of
PKA (pdb 1ATP) (Zheng et al., 1993). Side chains

for equivalent PKA residues to those described for MLKL are displayed in yellow, ATP is displayed in magenta, and Mn?* (used in this structure as a surrogate for

Mg?*) displayed as spheres.

In all cases, oxygen atoms are displayed as red, nitrogen atoms as blue, and phosphorus atoms as orange. See also Figure 1 and Tables S1 and S2.

to bind Mg?* to coordinate the B and y phosphates of ATP
(Hanks et al., 1988). In MLKL orthologs in chordate species,
the VAIK motif is highly conserved but the HRD moiif is absent
and the DFG motif is degenerate and almost universally
conserved as GFE. Pseudokinases comprise ~10% of mamma-
lian kinomes and have emerged as regulators of cell signaling,
acting predominantly as modulators of bona fide protein kinases
(Boudeau et al., 2006; Saharinen and Silvennoinen, 2002; Zeqiraj
and van Aalien, 2010). In some instances, pseudokinase
domains, for example HERS (Shi et al., 2010) and JAK2 (Ungur-
eanu et al., 2011), have been observed to possess limited cata-
lytic activity, although the generality of this phenomenon remains
unclear (Evers and Murphy, 2013).

We determined the crystal structure of full-length MLKL to
2.6 A resolution revealing a four-helical bundle tethered to the
pseudokinase domain. Generation of MLKL-deficient mice re-
vealed that whereas under stress-free conditions, these animals
are healthy, fertile, and ostensibly normal, cells derived from
them were resistant to TNF-induced necroptotic cell death.
We used MLKL-deficient cells reconstituted with inducible
MLKL. expression constructs to test the functional conse-
quences of structure-guided mutations in MLKL. Mutations
within the pseudoactive site of the pseudokinase induced
constitutive necroptosis in the absence of TNF or other cytotoxic
stimuli. These MLKL mutants were also constitutively active in
Ripk3~' fibroblasts. This illustrates that these mutants circum-
vent the requirement of RIPK3-mediated phosphorylation for
activation and place RIPK3 upstream of MLKL in the necroptotic
signaling pathway. Furthermore, the mitochondrial effector
PGAMS (Wang et al., 2012) did not appear to be necessary for
necroptosis, suggesting that additional or alternative effectors
must operate downstream of MLKL to induce necroptotic cell
death.
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RESULTS

MLKL Comprises an N-Terminal Four-Helix Bundle
Tethered to the C-Terminal Pseudokinase Domain

The crystal structure of full-length murine MLKL was determined
by X-ray diffraction at a resolution of 2.6 A. The structure
revealed that the N-terminal domain {(amino acid residues 1 o
170) consists of a four-helix bundle followed by a two helix linker,
or brace, connecting the bundle to the pseudokinase domain
(residues 171 to 464, Figure 1A; crystallographic statistics in Ta-
ble 51 available online). Additional studies with small-angle X-ray
scattering confirmed that this unusual arrangement of domains
is representative of MLKL in solution and not just within the crys-
tal (Figures S1A-S1C; Table $2).

The C-terminal region of MLKL adopts a typical kinase-like
fold, comprised of a smaller N-lobe made up of five antiparallel
B sirands and the helix 2C and of the larger C-lobe composed
principally of o helices. MLKL is classified as a pseudokinase
based on the absence of Asp in the HRD motif of the catalytic
loop. and the absence of Asp in the DFG motif responsible for
Mg?* coordination (Figure S1D). Although the Lys within the
ATP-binding VAIK sequence is conserved in MLKL, the structure
reveals unusual coordination geometry for this residue (Fig-
ure 1B). Typically, in active protein kinases, this conserved Lys
is positioned by a conserved Glu (E91 in cAMP-dependent pro-
tein kinase, PKA; E239 in MLKL) present on helix «C (Huse and
Kuriyan, 2002; Taylor et al., 2012). However, in MLKL, the canon-
ical helix «C position is occupied by an atypical « helix formed by
the N-terminal segment of the MLKL activation loop {or *A-loop™)
comprising $340-1346 (colored blue in Figures 1A-1C). The acti-
vation loop of protein kinases is positioned in the cleft between
the N- and C-lobes and begins after the canonical DFG motif
in the N-lobe and extends into the C-lobe, providing a platform
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for substrate binding (Huse and Kuriyan, 2002). The activation
loops of protein kinases are typically very mobile, consistent
with an absence of electron density for the residues K351-
$358 in our MLKL structure. The MLKL activation loop helix
occupies the position normally held by helix «C in conventional
protein kinases and contributes Q343 to positioning the ATP
binding lysine of the VAIK motif, in place of the helix «C gluta-
mate typical of conventional kinases (Figure 1B). Despite this
unusual arrangement, the ATP binding pocket is largely unaf-
fected. A comparison between MLKL and PKA suggests that
this pocket within MLKL should still be sufficiently large to
accommodate ATP with minimal conformational rearrange-
ments required (Figure 1C). Nevertheless, the absence of HRD
and DFG motifs suggests that any such binding is unlikely to
be catalytically productive; thus we refer to the cleft between
the pseudokinase domain N- and C-lobes as the “pseudoactive”
site in MLKL.

MILKL Binds ATP but Is a Catalytically Inactive Substraie
of RIPK3

N-terminally Hisg-tagged MLKL pseudokinase domain was
expressed in insect cells and the recombinant protein purified
by Ni?*-affinity and size exclusion chromatography. lts ability
to bind ATP, ADP, AMP, and the ATP analog AMPPNP in the
presence or absence of Mg®* or Mn®* ions was tested in thermal
stability shift assays. In these assays, ligand binding confers
thermal stability to the protein, resulting in an increase in the
melting temperature that can be measured by means of the
dye Sypro Orange, which fluoresces upon binding to the hydro-
phobic surfaces exposed during protein denaturation (Lo et al,,
2004; Lucet et al,, 2013). Consistent with our prediction from
the structure, we observed that wild-type MLKL bound ATP,
ADP, and AMPPNP, but only in the absence of cations (Figures
2A and 2B). This binding was specific, because a mutant form
of MLKL, in which the canonical ATP-binding lysine within the
VTIK®'® motif in the p3 strand was mutated to methionine
(K219M), did not bind these ligands (Figures 2C and S2A). These
data demonstrate that ATP binding occurs in the conventional
ATP binding cleft between the MLKL pseudokinase N- and
C-lobes. However, these data also suggest that MLKL is unlikely
to function as a catalytically active protein kinase, because Mg®*
(or Mn®*) is known to play an essential role in the phosphoryl
transfer mechanism of protein kinases.

The active sites of conventional, catalytically active protein
kinases utilize an ion pair between the lysine of the VAIK motif
and a glutamate in the helix o.C to position the lysine for interac-
tion with the a- and B-phosphates of ATP during catalysis. In
contrast, in MLKL, K219 of the VTIK motif forms a hydrogen
bond with Q343, a residue within the unusual activation loop
helix, rather than ion pairing with the canonical helix «C gluta-
mate, E239. Both the Q343A and E239A mutant forms of
MLKL. retained ATP binding capacity (Figures 2D and $2B-
$2D). This indicates that ATP binding does not result from a
conformational change that repositions E239 of helix aC to
interact with K219 and that Q343 plays an auxiliary, rather than
an obligate, role in positioning K219 for ATP binding.

We further explored the relationship between MLKL and RIP
kinases in necroptosis by using biochemical techniques.
Although we did not detect an interaction between MLKL immu-

noprecipitated from mouse dermal fibroblasts (MDFs) and
endogenous RIPK1 or RIPK3 (Figure S2E) or between recombi-
nant MLKL and RIPKS in isothermal titration calorimetry experi-
ments (not shown), recombinant RIPK3 kinase domain robustly
phosphorylated the MLKL pseudckinase domain within 5 min
of initiating an in vitro y-[>?P]ATP kinase assay (Figure 2E). The
MLKL pseudokinase domain did not autophosphorylate (lanes
2 and 7, autoradiograph Figure 2E), consistent with its predicted
lack of catalytic activity. In control experiments with recombinant
RIPK3 harboring the kinase-inactivating mutation, D143N,
expressed and purified in the same manner as wild-type
RIPK3, we observed no MLKL phosphorylation (Figure S2F),
demonstrating that RIPKS rather than a trace contaminant medi-
ates MLKL phosphorylation. By using mass spectrometry, we
identified $345, S347, and T349 within the MILKL activation
loop as the sites of RIPK3 phosphorylation (Figures 2F and
$2G~S2l). These data imply a transient substrate:kinase interac-
tion between MLKL and RIPK3.

MLKL Is Reguired for Necroptosis

To explore the physiological functions of MLKL, we generated
Mikl-deficient mice. A targeting vector was constructed for gen-
eration of a modified Mk allele via homologous recombination in
C57BL/6 embryonic stem cells (ESCs) (Figure 3A), allowing Cre-
dependent deletion of exon 3. Chimeric mice were generated
from an ESC clone bearing the targeted locus and heterozygous
offspring were bred to deleter cre-expressing mice (Schwenk
et al, 1985). Intercrosses of mice heterozygous for the cre-
deleted Miki allele (Miki™) yielded mice of each of the three
expected genotypes in Mendelian ratios (21% MIkI*"*, 50%
MIkI*'=, 29% Miki~'=, n = 24). Immunoblots of protein extracts
from a range of organs demonstrated that MLKL was readily
detectable in all organs, except the brain, in wild-type mice,
with particularly high levels evident in the bone marrow. MLKL
protein was absent in all tissues of homozygous mutant mice,
verifying functional deletion of the Mlki gene (Figure 3B).

MIkI~'~ mice appeared outwardly indistinguishable from their
heterozygous and wild-type littermates and histological exami-
nation of their major organs revealed no abnormalities. Periph-
eral blood cell numbers in Miki~/~ mice were within normal
ranges and enumeration of myeloid progenitor cells by colony
formation in semisolid medium revealed no numerical or
morphological anomalies in colonies grown from either the
bone marrow or spleen (Table $3). The number of cells in the lin-
eage~Sca-1"c-Kit" (LSK) fraction of the bone marrow, which
contains the hematopoietic stem cells, was also normal in
Miki~'~ mice (Figure S3A). In competitive transplantation assays,
Miki~"~ stem cells were able to compete as effectively as their
wild-type counterparts for long-term reconstitution of the
hematopoietic system of myeloablated transplant recipients
{Figure S3B).

In siRNA experiments, MLKL has recently been implicated in
TNF-induced necroptosis (Sun et al., 2012; Zhao et al., 2012).
Consistent with this observation, we found that Miki~’~ mouse
dermal fibroblasts (MDFs), mouse embryonic fibroblasts
(MEFs), and bone-marrow-derived macrophages (BMDMSs)
were resistant to necroptosis induced by the combination of
TNF (T), Smac-mimetic (8), and the caspase-inhibitor QVD-
OPH (Q), in clear contrast to their wild-type counterparts (TSQ
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Figure 2. Recombinant MLKL Binds ATP In Vitro and Is 2 Calalyiically Inactive Subsirate of RIPK3
(A) Nucleotide binding by Hiss-tagged wild-type MLKL pseudokinase domain in the presence or absence of Mn?* or Mg?* was determined with a thermal stability

shift assay. The plot is representative of three independent experiments.

(B) A bar graph analysis of the data presented in () (as described in Experimental Procedures).

(C and D) Thermal stability shifts measured for K219M (C) and Q343A (D) mutant forms of the MLKL pseudokinase domain in the presence or absence of
nucleotides and cations. Each plot is representative of at least two independent experiments. Corresponding thermal stability curves are shown in Figure S2.
(E) Recombinant MLKL pseudokinase domain (125 ng/ul) was subjected to y-[**P]ATP kinase assays in the presence or absence of increasing concentrations of
recombinant GST-RIPK3 kinase domain. Control experiments performed with recombinant RIPK3 harboring the inactivating mutation D143N are shown in
Figure S2F. Data shown are representative of three independent experiments. BSA was added as a carrier protein (100 ng/pl).

(F) 8345, 8347, and T349 in the MLKL activation loop were phosphorylated by RIPK3 in in vitro kinase assays. Cartoon of MLKL pseudoactive site (drawn in the
same orientation as in Figures 1B and 1C); red spheres represent oxygen atoms that are phosphorylated. See Figures S2G-S2I.

treatment, Figures 4A-4C and 34). Importantly, reconstitution of
full-length MLKL via an inducible lentiviral expression vector
restored the sensitivity of Miki~/~ MDFs to TNF-induced necrop-
{osis (Figures 4D-4F).

MLKL Pseudoactive Site Mutants Induce Necroplosis in
the Absence of Exogenous Stimuli and Independentiy of
RIPKS Activily

The crystal structure of MLKL revealed an unusual organization
of residues in the pseudoactive site. In particular, the atypical
activation loop helix residue Q343 coordinates the conventional

ATP binding residue K219 (Figure 1B). We therefore sought to
establish the role of Q343 and its interactor, the key ATP-binding
lysine K219, in vivo.

Induced expression of K219M MLKL restored normal sensi-
tivity to TSQ-induced necroptosis in Mlki~'~ MDFs (Figure 5A).
Because the K219M mutant was unable to bind ATP (Figures
2C and 82A), this result demonstrates that ATP binding is
dispensable for MLKL-dependent necroptosis. Interestingly,
there was also an indication of increased cell death in the Miki~'~
MDFs when expression of the K219M mutant was induced in
the absence of other stimuli, and this was even more striking in
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Figure 3. Funclional Deletion of the Mild Gene in Mice
(A) Gene targeting strategy for the generation of MLKL-deficient mice. The
location of exons is indicated by raised, numbered boxes. Atargeting vector, in

which an fri-flanked neomycin resistance cassette was inserted in intron 3 of

the Mkl genomic locus along with loxP sites upstream of exon 3 and imme-
diately downstream of the resistance cassette, was used to generate the
targeted locus in ESCs via homologous recombination. Mice bearing the tar-
geted locus were bred with deleter cre-expressing mice (Schwenk et al., 1995)
to generate mice heterozygous for the recombined A-exon 3 locus (Miki*/~
mice). These heterozygous Mlki”'~ mice were intercrossed to produce
homozygous Miki~~ mice. See also Figure S3 and Table S3.

(B) Immunobilot for MLKL protein on extracts of tissues from two Mikl ™/~ (—/-)
mice and one wild-type (+/+) mouse. Wild-type (+/+) immunoblots are repre-
sentative of three independent experiments. After probing for MLKL, blots
were stripped and reprobed with antibodies to HSP70 (loading control, bot-
tom). Molecular weight markers (kDa) are indicated at the left.

wild-type MDFs induced to express K219M MLKL (Figure 5B).
We obtained similar, but more pronounced, results with a
Q343A mutant MLKL, which cannot hydrogen bond with K219,
because inducible expression of this mutant caused significant
cell death in both MIkI™'~ (Figure 5C) and wild-type (Figure 5D)
MDFs. Immunobilot analysis confirmed that expression of the
K219M and Q343A MLKL mutants was comparable to that of in-
ducibly expressed wild-type MLKL (Figure S5D), which did not
induce TSQ-independent cell death. This demonstrates that per-
turbations to the pseudoactive site, rather than disparate
expression levels, underlie the constitutive necroptosis-inducing
activity of these mutants. Enforced overexpression of certain
proteins can cause apoptosis. It was therefore possible that
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Figure 4. Sensitivity of Mkl "~ MDFs to Necropiotic Stimufi

(A) MDF cell lines derived from wild-type or Mlki™'~ mice were treated with
necroptosis-inducing stimuli as indicated for 20 hr. Abbreviations are as fol-
lows: T, TNF; S, Smac-mimetic; N, Necrostatin-1; Q, QVD-OPH. Cell death
was measured by enumerating Pl permeable cells with flow cytometry.

(B~E) Representative flow cytometry plots of wild-type MDFs (B), Mikl~'~
MDFs (C), and Miki~’~ MDFs reconstituted with inducible wild-type MLKL off
(D) or on (E) stimulated by TSQ treatment and stained with Pl. Data are
representative of at least three biological replicates.

(F) TSQ-treated Miki~/~ MDFs inducibly expressing (white bars) or not
expressing (black bars) MLKL. UT, untreated.

Data are plotted as the mean = SD of at least three biological replicates. See
also Figure 84.

the death induced by enforced expression of the MLKL mutants
might be different from necroptotic death induced by stimulation
with TSQ. The broad-spectrum caspase inhibitor QVD-OPH had

Immunity 39, 443-453, September 19, 2013 ©2013 Elsevier Inc. 447

— 249 ~



Immunity
MLKL Acts as a Molecular Switch in Necroptosis

A Mkl MDFs + K219M MLKL = wild-type MDFs + K219M MLKL
ninduced uninduced
o0 [ imindus 00 [ ininduce
S - M
& =
2 80 a0
4] o}
0»- Q
fé 6 s 60
71 k=
_g: 40 ?1 404
%20 é i 20
o8 -} . ol Em -
N & & S @ P
c Miki* MOF's + Q343A MLKL D wild-type MDFs + Q343A MLKL E Miki* MDFs + Q343A MLKL
uninduced uninduced ;
100 [jinduced . 100f [iminduged = 100{ [quninduced
-~ T ey o
2 804 £ 80; £ 80y
L] 2 2
8 601 & g0 S 60
© ¢ ¢
= = =
% 40] g 40f g 40
& oy iy
i 20 & 20 %20
U . P — 1 i ol B 1
Ny S N @ NI
F Ripk3* MDFs + wild-type MLKL G Ripk3* MDFs + K219M MLKL H Ripk3* MDFs + Q343A MLKL
100 ﬁ uninduced 100{ B uninduced 100 B E;nduced
induced induced T uced
80, 280; M Reof
» 2 2
880 860 36
2 2 2
B A0 G A0 g 404
8 2 a8
& 20 & 20 J & 20,
oleEmr B ] ol BE. E ol s | &
A &) G & = e & & O
N A <9 N A KD N Al <&
wild-type MDFs + S345D MLKL Miki* MDFs + F3851 MLKL MikF MDEs + L280P MLKL
unnduce: i i
oof [ o 100 Funiduseo o 1o Mg
S £50. £30
5% P 2
% @ @ |
8 6ol © 601 © 60
2 2 &
§ 40 ‘B 40; G 40
a & &
P & 20 i 2 20
ol . o . ol=m
N & & N

Figure 5. Cell Death of Mk, Wild-Type, and Ripk3™™ MDFs Inducibly Expressing Pseudoactive Site Mutants of MLKL ,

{Aand B) A K219M mutant MLKL was inducibly expressed in Mikl™'~ MDFs (A) or wild-type MDFs (B) + TS (apoptotic stimulus) or TSQ (necroptotic stimulus) and
cell death quantitated by PI staining and flow cytometry. Abbreviations are as follows: UT, untreated; T, TNF; S, Smac-mimetic; Q, QVD-OPH.

(C and D) A Q343A mutant MLKL was inducibly expressed in Miki~/~ (C) or wild-type MDFs (D) and treated and assayed as in (A).

(E) A Q343A mutant MLKL was inducibly expressed in Miki™’~ MDFs + QVD-OPH (Q), Nec-1 (N}, or QVD-OPH plus Nec-1 (QN). ‘

(F-H) Ripk3~~ MDFs with inducible wild-type (F), K219M (G), or Q343A (H) MLKL = TS or TSQ were stained with Pl staining and cell death quantitated by flow
cytometry.

{) The phosphomimetic $S345D mutant MLKL was inducibly expressed in wild-type MDFs and death in the presence or absence of apoptotic or necroptot:c stimuli
quantitated by P! staining and flow cytometry.

(J and K) The mouse counterparts of MLKL mutations identified in human stomach cancer, F3851 (J) and L280P MLKL (K), were inducibly expressed in Mikl ™~
MDFs and their sensitivity to apoptotic and necroptotic stimuli examined. Positions of these mutations within the MLKL structure are shown in Figure S1E.

In all panels, cell lines were treated as indicated and 24 hr later Pl-positive cells were quantitated via flow cytometry. The results represent the mean + SD from
three independently derived MDF cell lines, each tested one to three times. See also Figure $5.
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Figure 6. Sensitivity of Wild-Type MEFs to Necroptotic Stimuli after
shRNA Knockdown of PGAMS

(A) Wild-type MEFs stably transfected with doxycycline-inducible shRNAs
targeting PGAMS5 were treated with doxycycline and after 72 hr immunoblot
was used to measure knockdown efficiency compared to a rat CD8 shRNA
control. Two independent clones were used in these studies. HSP70 was used
as a loading control.

(B) Wild-type MEFs stably expressing shRNAs against PGAM5 were treated
with 100 ng/ml TNF (T), 500 nM Smac mimetic (S}, and 25 pM QVD (Q) or left
untreated (UT), as indicated. Cell viability was determined after 24 hr of
treatment by Pl staining and flow cytomelry. Data are represented as the
mean = SEM of at least three independent experiments.

Parallel experiments with L929 cells are shown in Figure 36.

no effect on Q343A mutant MLKL-induced cell death, demon-
strating that overexpression of this mutant does not cause
apoptosis (Figure 5E). RIPK1 would be expected to act upstream
of MLKL in necroptosis signaling and, accordingly, the RIPK1
inhibitor Nec-1 had no effect on Q343A mutant MLKL-induced
cell killing either alone or in the presence of the caspase inhibitor
QVD-OPH (Figure 5E), although these inhibitors were functional
in blocking TSQ-induced necroptosis and TS-induced apoptosis
in these cells (Figure S5A). The small amount of cell death
caused by induced expression of wild-type MLKL in Miki~/~
MDFs was likewise unaffected by QVD-OPH or Nec-1
(Figure S5B), despite the fact that these inhibitors blocked
TSQ-induced necroptosis and TNF/cycloheximide-induced
apoptosis in these same cells (Figure S5C).

During TSQ-induced necroptosis, MLKL is thought to act
downstream of RIPK3 (Sun &t al., 2012; Zhao et al., 2012). As
previously described for RIPK3-deficient cells (He et al., 2009),
our Ripk3~/~ MDFs were insensitive to TSQ-induced necroptosis
{(Figure 5F). Consistent with the notion that RIPK3 acts upstream
of MLKL, inducible overexpression of wild-type MLKL was
unable to restore sensitivity of these Ripk3™'~ fibroblasts to nec-
roptotic stimuli (Figure 5F). In contrast, but consistent with the
notion that MLKL acts downstream of RIPKS, expression of the

K219M or Q343A mutant forms of MLKL caused substantial nec-
roptosis in RIPK3-deficient cells in the absence of any additional
stimulus (Figures 5G and 5H). We then examined whether substi-
tution of the MLKL activation loop residue S345 with Asp, to
mimic phosphorylation by RIPK3 conferred a similar phenotype
on MDFs as the pseudoactive site mutants. Indeed, S345D
mutant MLKL expression in wild-type (Figure 51) and Miki~'~
(not shown) MDFs led to cell death in the absence of necroptotic
stimuli. These data suggest that the K219M and Q343A pseu-
doactive site mutations cause a conformational change within
MLKL that mimics RIPK3-mediated activation of MLKL to induce
spontaneous, RIPK3-independent necroptosis.

Two mutations in highly conserved residues located within the
C-lobe of the MLKL pseudokinase domain, F398! and L291P
(F385 and L280 in mouse MLKL) (Figures S1D and S1E), have
been identified in human stomach adenocarcinoma samples
(Forbes ef al., 2008). Although the F3851 MLKL mutant showed
wild-type activity when inducibly expressed in Miki™'~ cells
treated with TSQ (Figure 5J), the L280P MLKL mutant failed to
restore sensitivity to this necroptotic stimulus (Figure 5K),
despite being expressed at comparable levels to endogenous
MLKL (Figure S5D). This suggests that, owing to a likely struc-
tural perturbation within the C-lobe of the MLKL pseudokinase
domain (Figure S1E), L280P represents a loss-of-function muta-
tion of MLKL.

The Mitochondrial Proiein PGAMS Is Dispensable for
RIPK3-MLKL-Mediated Necropiosis

The mitochondrial phosphatase PGAMS was reported to be a
critical downstream effector both of necroptosis induced by
TNFR1 > RIPK1 > RIPK3 > MLKL signaling and of necroptosis
induced by cytotoxic stimuli that are independent of these signal
transducers, such as HoO, or ionomycin (Wang et al., 2012). We
sought to further define the role of PGAMS in the RIPK3 > MLKL
necroptosis signaling pathway by knocking down expression
of PGAMS5 by using shRNA in wild-type MEFs and L929 fibro-
blastoid cells (Figures 6A, S6A, and S6B). Intriguingly, cells in
which a PGAMS5 shRNA or a nonsilencing control shRNA were
expressed were equally susceptible to TSQ-induced necropto-
sis (Figures 6B and S6C). This suggests that additional or alter-
native pathways must operate in RIPK3 > MLKL-mediated
necroptosis.

DISCUSSION

Necroptosis is a form of programmed cell death that occurs
when apoptosis and caspase activity are inhibited. Because
this constitutes a mechanism that may allow elimination of path-
ogens that are able to subvert classical apoptotic cell death or as
a failsafe in other situations where the preferred apoptosis
pathway fails, there has been considerable interest in defining
the molecular regulators of necroptosis and their mechanisms
of action. Recent evidence suggests that necroptosis is depen-
dent on the RIP kinases RIPK1 and RIPK3 (Cho st al., 2009; Deg-
terev et al., 2005; Duprez et al., 2011; He et al., 2009); the MLKL
pseudokinase has also been implicated as a key mediator down-
stream of RIPK3 (Sun et al.,, 2012; Zhao et al.,, 2012). To define
the function of MLKL in a physiological context, we generated
mice lacking a functional MlkI gene. Although devoid of
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detectable MLKL protein in all tissues examined, in the absence
of stress Mlki™'~ mice were healthy and fertile, with no apparent
pathological abnormalities or hematological disturbance. Cells
derived from Miki~'"~ mice were, however, completely resistant
to TSQ-induced necroptosis, and normal sensitivity could be
restored upon reconstitution of MLKL expression. This demon-
strates an essential role for MLKL in necroptosis. This contrasted
with the absence of any effect on the sensitivity of cells to nec-
roptosis upon shRNA-mediated reduction in the expression of
the phosphatase PGAMB. This suggests that pathways acting
in a manner redundant with, or instead of, PGAMS are critical
for necroptosis, at least within the cells studied here.

The lack of an overt phenotype in unstressed MikI™’~ mice in
our study is consistent with a recent report describing Mikl-defi-
cient mice generated by the TALEN approach (Wu et al., 2013)
and is similar to observations made with mice lacking RIPK3
(Newton et al., 2004), a critical regulator of TNF-induced necrop-
tosis thought to act upstream of MLKL. RIPK3-deficient mice
were, however, reported to show abnormal inflammatory
responses during vaccinia virus infection (Cho et al., 2009), cer-
ulein-induced acute pancreatitis (He et al., 2009), and TNF
administration (Duprez et al., 2011). Together, these data show
that RIPKS3 is required for induction of necroptosis and suggest
that RIPK3-MLKL-driven cell death is more important in
response 1o the challenges of infection or pathological inflam-
mation than in steady-state homeostasis. Although our data
clearly implicate MLKL as a crucial effector of TNF-induced nec-
roptotic signaling, a recent study showed that MLKL contributes
to inflammasome activation {(Kang et al., 2013), raising the
exciting possibility that MLKL, like RIPKS3, may serve important
functions in other signaling pathways. A potential role for
MLKL in neoplastic disease was raised by the identification of
mutations in highly conserved residues within the MLKL pseu-
dokinase domain in human stomach adenocarcinoma (Forbes
et al, 2008). Our observation that one of these muiations,
MLKL L28CP, lacks activity in MLKL-induced necroptosis
assays strengthens this notion and implies that further investiga-
tion of MLKL as a potential tumor suppressor in some cancer
contexts is warranted.

To better define the molecular mechanism by which MLKL
acts, we solved the crystal structure of full-length mouse MLKL
to 2.6 A resolution. This structure revealed MLKL to be
composed of an N-terminal four-helix bundle braced to the
C-terminal pseudokinase domain via a two helix linker. Of partic-
ular interest, the pseudokinase domain contained an atypical he-
lix in the activation loop that packed against the N-lobe «C helix.
This prevents the formation of the canonical ionic bond between
the lysine of the VAIK motif (K219) and the helix oC glutamate
(E239), an interaction that is synonymous with an active protein
kinase conformation. In place of the helix «C glutamate, the res-
idue Q343 that is within the unusual activation loop helix
hydrogen bonds K219. An examination of MLKL amino acid
sequences among orthologs revealed that K219 is almost uni-
versally conserved and that Q343 is present as Gin or Glu (Fig-
ure $1D). The one exception to the conservation of K219 was
in O. garnettii MLKL where a charge reversal was present: the
K219 position was substituted with Glu and the Q343 position
with Lys. Collectively, these data suggest that orthologs of
K219 and Q343 serve important functions in MLKL.
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As predicted from the crystal structure, the MLKL pseudoki-
nase domain was capable of nucleotide binding, though only in
the absence of Mg®* and Mn?*, As anticipated, nucleotide bind-
ing was lost upon mutation of the canonical ATP-binding residue
K219. Although the VAIK motif Lys is typically thought of as a cat-
alytic, rather than ATP-binding, residue in active protein kinases
(Carrera et al., 1993), recent studies suggest that pseudokinase
domains have evolved mechanisms of ATP binding divergent
from bona fide protein kinases. For example, mutation of the
VAIK motif in the pseudokinase domain of HSER/GC-C has pre-
viously been shown to abrogate ATP binding (Jaleel et al., 2006).
Consistent with the notion that pseudokinase domains have
evolved unconventional ATP binding modes, we observed that
Mg?* and Mn?* thwarted ATP binding by MLKL. Because diva-
lent cations play an essential role in catalyzing the kinase
reaction, it is therefore unlikely that MLKL will function as a cata-
lytically active protein kinase. Indeed, MLKL at very high concen-
trations (125 ng/ul) exhibited no autophosphorylation in in vitro
kinase assays, an observation consistent with a previous report
(Sun et al,, 2012), but was a substrate of recombinant RIPK3 in
the same in vitro kinase assays. Coimmunoprecipitation and
isothermal titration calorimetry studies failed to detect a stable
complex coniaining RIPK3 and MLKL, suggesting that their
interaction was transient and typical of an enzyme:substrate
complex. Thus, we propose that MLKL, activated by RIPKS3-
mediated phosphorylation, is likely to serve as a substrate of
the necrosome rather than as a catalytically active kinase.
Indeed, the K219M mutant form of MLKL that cannot bind ATP
restored normal sensitivity to necroptotic stimuli (TSQ) in
Miki~'~ MDFs. Although one report has suggested that MLKL
can function as a kinase (Zhao et al., 2012), these studies used
MLKL immunoprecipitated from 293T cells, making it possible
that the weak activity they observed was from a kinase that
had coprecipitated with MLKL. Our data support the idea that
pseudokinases play important, nonenzymatic roles in cellular
signaling and demonstrate that neither ATP binding nor kinase
activity is crucial for MLKL function in necroptosis.

Inducible expression of the K219M MLKL mutant triggered
necropiosis in MDFs in the absence of TSQ treatment. This
constitutive necroptosis-inducing activity was recapitulated by
a mutation perturbing Q343, the binding partner of K219 in the
MLKL pseudoactive site. The absence of definitive markers
makes it difficult to conclude that the death induced by Q343A
or K219M mutant forms of MLKL is definitively necroptotic, but
this death could not be blocked by inhibition of caspases or
RIPK1. Moreover, although inducible expression of wild-type
MLKL did not restore sensitivity to necroptotic stimuli in
Ripk3™'~ MDFs, expression of comparable levels of K219M or
Q343A mutant forms of MLKL killed these Ripk3~~ MDFs in
the absence of any stimuli. These data are consistent with the
notion that the K219M and Q343A mutations subvert the need
for RIPK3 phosphorylation o activate the necroptotic activity
of MLKL. Based on these observations, we propose that struc-
tural changes in the MLKL activation loop are normally induced
by RIPK3-mediated phosphorylation, which in turn alier the
conformation of the MLKL pseudoactive site to cause necropto-
sis. This is further supported by the proximity of Q343 to the
MLKL activation loop residues that we identified as substrates
of RIPK3 phosphorylation (8345, S347, and T349) and the
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observation that the phosphomimetic mutant $345D could
induce necroptosis signaling in the absence of stimuli. These
data support a model in which the MLKL mutants K219M and
Q343A emulate the activation loop perturbations usually induced
by RIPK3-mediated phosphorylation, circumventing the require-
ment for RIPK3 phosphorylation and allowing spontaneous
necroptosis. Thus, MLKL phosphorylation by RIPK3 constitutes
a critical checkpeint in necroptosis signaling.

EXPERIMENTAL PROCEDURES

Expression Construcis

The mouse MLKL ¢cDNA encoding residues 1-464 was PCR amplified from a
reverse-transcribed cDNA library derived from G1ME cells (Stachura et ai.,
20086) and ligated into pBlueScript SK or obtained as a synthetic DNA in which
several restriction sites were eliminated by silent substitutions (DNA2.0).
Mutations were introduced into the MLKL cDNA by oligonucleotide-directed
PCR mutagenesis. DNA oligonucleotides encoding shRNA sequences target-
ing PGAMS were designed and cloned into the dox-inducible lentiviral expres-
sion vector FH1tUTG. Details can be found in the Supplemental Experimental
Procedures.

Recombinant Protein Expression and Purification

cDNAs encoding Mus muscuius MLKL 1-464 or 179-464 with and without
mutations were cloned into the pFastBac HTb vector (Life Technologies). A
c¢DNA encoding mouse RIPK3 kinase domain was cloned into either pFastBac
HTb or a derivative of pFastBact incorporating an N-terminal GST tag. For
details of expression and purification methods, see Supplernental Experi-
mental Procedures. Selenomethionine incorporation into MLKL 1-464 for
crystallographic phasing was based on a published method (Cronin et al.,
2007), with further details in Supplemental Experimental Procedures,

Crystalliization and Structure Determination

Full-length MLKL was concentrated to 5 mg/ml and subjected to robotic crys-
tal trials (C3 Facility, CSIRO). Initial screens yielded small needies that were
optimized to produce larger needles as outlined in Supplemental Experi-
mental Procedures. X-ray diffraction data were collected at the Australian
Synchrotron beamline MX2 at 100K. Data were processed with HKL2000
(Otwinowski and Minor, 1997) and the structure solved by SAD with
autoSHARP (Vonrhein et al., 2007) with data collected from crystals soaked
in 2 mM UO3(NO3),; before freezing. Initial building with Arp/Warp (Langer
et al., 2008) and refinement with REFMAGS (Murshudov et al., 2011) provided
regions of model and maps sufficient in detail to identify the pseudokinase re-
gion. Subsequent rounds of building with COOT (Emsley et al., 2010) and
refinement with Phenix (Adams et al., 2010), guided in part by comparison
to published kinase structures, provided an early model that was subse-
quently refined against higher-resolution native data. Building of the novel
N-terminal domain was further assisted by the identification of methionine
residues in anomalous difference maps produced in Phenix (Adams &t al,,
2010) with data from selenomethionine-incorporated crystals. Small-angle
X-ray scattering data were collected as described in the Supplemental Exper-
imental Procedures with parameters shown in Table S2. All structure cartoons
were drawn with Pymol.

Thermal Shift Assay for Nuclestide Binding
The thermal stability shift assay was conducted with a Corbett Real Time PCR
machine as detailed in the Supplemental Experimental Procedures.

Generation of MLKL-Deficlent Mice

Homologous recombination in ESCs was used to generate a conditionally tar-
geted Mkl locus with exon 3 flanked by loxP sites. Additional details and the
methods used to generate homozygous A-exon 3 MiIkI~'~ mice on an inbred
C57BL/6 background, as well as PCR-based genotyping, can be found in
the Supplemental Experimental Procedures. Animal experiments were per-
formed according to protocols approved by the Walter and Eliza Hall Institute
of Medical Research Animal Ethics Committee.

Histological and Hematologics! Analysis

Histological and hematological analyses of MIki™~ mice were performed
according to published methods {(Alexandsr et al, 1988), with additional
details provided in Supplemental Experimental Procedures.

Y

Reagents and Antibodies

Recombinant hTNF-F¢ was produced in-house as described (Bossen et al,,
2006). Puromycin, doxycycline, necrostatin-1, and cycloheximide were pur-
chased from Sigma-Aldrich. The Smac mimetic Compound A has been
described previously (Vince st al., 2007). QVD-OPH was purchased from
R&D Systems. A monocional rat anti-mouse MLKL antibody (clone 3H1) was
raised in-house by the Walter and Eliza Hall Institute Monoclonal Facility by
immunizing Wistar rats with the peptide CQPASWQQEDRQDAEED, conju-
gated to keyhole limpet hemocyanin. Anti-B-actin antibody was purchased
from Sigma Aldrich; anti-HSP70 antibody was purchased from Santa Cruz
or kindly provided by R. Anderson, Peter MacCallum Cancer Research Centre;
rabbit polyclonal anti-PGAMS antibody was kindly provided by Z. Wang, UT
Southwestern Medical Center at Dallas (Wang et al., 2012); rabbit anti-
RIPK3 antibody was purchased from ProSci; and mouse anti-RIPK1 antibody
was purchased from BD Biosciences. HRP-conjugated secondary antibodies
were purchased from GE Healthcare and Jackson Immunoresearch. Immuno-
precipitations and immunoblot analysis were performed as described in the
Supplemental Experimental Procedures.

Cell Lines and Cell Death Assays

Mouse embryonic fibroblasts (MEFs) derived from Miki~'~ or wild-type mice
were generated from E14.5 embryos and immortalized with SV40 large T
antigen. MEFs, HEK293T, and L929 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 8%-10% fetal calf
serum (FCS) and 5 ug/mi puromycin for lines stably transduced with inducible
expression constructs for MLKL. Mouse dermal fibroblasts and mouse
embryonic fibroblasts were isolated from three MIkI~/~ mice and three con-
genic wild-type mice and then immortalized by SV40 large T antigen to
generate three biologically independent ceft lines. Immortalized MDFs were
similarly prepared from three Ripk3~/~ mice and congenic wild-type mice.
Cell death assays were carried out in 24-well plates, seeding 1 x 10° cells
per well. Cells attached over 4 hr in the presence of 10 ng/mi doxycycline
were then treated with assorted combinations of cycloheximide (250 ng/mi),
necrostatin (50 pM), and QVD-OPH (5 uM) 30 min prior to addition of TNF
(100 ng/ml) and Smac mimetic (500 nM). After 24 hr, cells were harvested
and Pl-positive cells (100 ng/mi) were quantified with a BD FACSCalibur
flow cytometer. For assessment of the effects of PGAMS knockdown, MEFs
or L929 cells were treated with doxycycline to induce the expression of the
short hairpins, After 48 hr, cells were seeded into 24-well plates at 5 x 104
cells per well and the following day were treated with TNF, Smac mimetic,
and QVD-OPH. After 24 hr, adherent cells were stained with Pl and assessed
by flow cytometry. BMDM cell suspensions from bone marrow were cultured
for 6 days in DME supplemented with 10% FCS and 20% L929 conditioned
medium. At day 6 the resulting BMDMs were plated at 5 x 10° cells per
well in a 24-well plate and the following day were treated with TNF, Smac
mimetic, and QVD-OPH. After 24 hr, adherent cells were stained with P}
and assessed by flow cytometry.

Statistical Analyses
Error bars represent mean = SD (Figures 4 and 5) or mean = SEM (Figure 6).

ACCESSION NUMBERS
The atomic coordinates and structure factors for MLKL (PDB ID code 4BTF)

have been deposited in the Protein Data Bank, Research Collaboratory for
Structural Bioinformatics, Rutgers University (hitp://www.rcsb.org).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Suppiemental Experimental Procedures,
six figures, and three tables and can be found with this article online at
hitp://dx.dol.org/10.1016/Limmuni.2613.06.018,
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The interferon-inducible protein with tetratricopeptide (IFIT) family proteins inhibit replication of some viruses by recognizing sev-
eral types of RNAs, including 5'-triphosphate RNA and 5’ capped 2'-0 unmethylated mRNA. However, it remains unclear how IFITs
inhibit replication of some viruses through recognition of RNA. Here, we analyzed the mechanisms by which Ifit1 exerts antiviral re-

sponses. Replication of a Japanese encephalitis virus (JEV) 2'-O methyltransferase (MTase) mutant was markedly enhanced in mouse

embryonic fibroblasts and macrophages lacking Ifiti. Ifit1 bound 5'-triphosphate RNA but more preferentially associated with 5’
capped 2'-0 unmethylated mRNA. Ifit] inhibited the translation of mRNA and thereby restricted the replication of JEV mutated in
2'-0 MTase. Thus, Ifit] inhibits replication of MTase-defective JEV by inhibiting mRNA translation through direct binding to mRNA

5’ structures.

RNA hasa5' cap structure, in which the N-7 position of the
o & Lguanosine residue is methylated. The 5’ cap structure is
known to be responsible for the stability and efficient translation
of mRNA (1, 2). In higher eukaryotes, the first one or two 5’
nucleotides are additionally methylated at the ribose 2'-O posi-
tion by distinct host nuclear 2'-O methyltransferases (M Tases) (3,
4). However, the functional role of 2’-O methylation (2'-O Me)
remains poorly understood. Several viruses that replicate in the
cytoplasm possess their own mRNA capping machineries (5-10).
For positive-stranded flaviviruses, nonstructural protein 3 (NS3)
acts as an RNA 5'-triphosphatase and NS5 possesses both N-7 and
2'-O MTase activities (8, 11, 12). Recent studies have revealed that
2'-0 methylation of the mRNA 5’ cap in these viruses is important
for evasion from the host innate immune responses (13-15).
However, the 2'-O MTase activity has been shown to be absent
from several paramyxoviruses, such as Newcastle disease virus
(NDV) and respiratory syncytial virus (RSV) (16, 17).

Type Linterferons (IFNs) induce the expression of a large num-
ber of antiviral genes through a Janus kinase/signal transducer and
activator of transcription (JAK/STAT) pathway (18, 19). Among
the IFN-inducible genes, the IFN-inducible protein with tetratri-
copeptide (IFIT) genes comprise a large family with three (Ifit],
Ifir2, and Ifit3) and four (JFIT1, IFIT2, IFIT3, and IFIT5) members
in mice and humans, respectively. The murine and human genes
are clustered in loci on chromosomes 19C1 and 10q23, respec-
tively (20). IFIT family proteins reportedly associate with several
host proteins to exert various cellular functions (21, 22). For ex-
ample, human IFIT1/IFIT2 and murine Ifit1/Ifit2 bind to eukary-
otic translational initiation factor 3 (elF3) subunits to inhibit
translation (23-26). IFIT1 has been suggested to interact with
STING/MITA to negatively regulate IRF3 activation (27), whereas
IFIT3 may bind TBK1 to enhance type I IFN production and with
JAB1 to inhibit leukemia cell growth (28, 29).

In addition to binding host factors, IFIT proteins have func-
tional effects by interacting directly with products of viruses. Hu-
man [FIT1 interacts with the human papillomavirus E1 protein
and human IFIT2 interacts with the AU-rich RNA of NDV to exert
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antiviral effects (30, 31). Direct binding of IFIT proteins to virus
RNA has also been demonstrated in several recent studies. IFIT1
and IFIT5 bind to the 5'-triphosphate (5'-PPP) RNA that is pres-
ent in the genomes of viruses (32, 33). Structural studies of human
IFIT2 and human IFIT5 identified an RNA-binding site and de-
fined the structural basis of a complex with 5'-PPP RNA (31, 33).
However, these structural studies did not explain how IFIT binds
to or restricts virus RNA that hasa 5" cap but lacks methylation at
the 2'-O position (13-15). Thus, it remains unclear how IFITs
mediate antiviral activities against viruses that have a 5’ cap but
lack 2'-O MTase activity.

In this study, we analyzed the mechanisms by which murine
Ifitl exerts the host defense against a flavivirus lacking 2'-O
MTase activity. Ifit] was found to preferentially interact with 5’
capped mRNA without 2'-O methylation and inhibit its transla-
tion. Thus, Ifit]l participates in antiviral responses targeting 5’
capped mRNA without 2'-O methylation.

MATERIALS AND METHODS

Mice. All animal experiments were conducted in accordance with the
guidelines of the Animal Care and Use Committee of the Graduate School
of Medicine, Osaka University. The gene-targeting strategies for generat-
ing Ifitl-knockout (Ifit1 /™) mice were described previously (34). The
Ifit1-targeting vector was designed to replace a 1.8-kb fragment encoding
the exon of Ifit] with a neomycin resistance gene cassette (Neo). A short
arm and a long arm of the homology region from the v6.5 embryonic stem
(ES) cell genome were amplified by PCR. A herpes simplex virus (HSV)
thymidine kinase (tk) gene was inserted into the 3’ end of the vector. After
the Ifit]-targeting vector was electroporated into ES cells, G418 and gan-
ciclovir doubly resistant clones were selected and screened by PCR and
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