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Supplementary Text

Analysis of MIF Protein Structure

The core PD-D/E(X)K topology structure of nucleases consists of 4p-strands next
to two-helices (/9). Two of the B-strands are parallel to each other whereas the other
two are antiparallel (fig. S3C, modified from (/9)). Previous 3-D crystal structures of
MIF indicate that it exists as a trimer (22-24). The trimeric structure of MIF enables the
interaction of the B-strands of each monomer with the other monomers resulting in a PD-
D/E(X)K structure that consists of 4 -strands next to 2 a-strands (Fig. 1E and fig. S3, D
to G). Two of the B-strands (-4 and B-5) are parallel whereas the other two strands (-6
and B-7) (from the adjacent monomer) are anti-parallel (fig. S3, D to G). The topology
structure of PD-D/E(X)K motifs with orientations of the beta-strands relative to the alpha
helices in the MIF trimer are very similar to EcoRV, a well characterized endonuclease
(fig. S3, H to K). Importantly, the PD-D/E(X)K motif based on the trimer structure of
MIF is structurally similar to type II ATP independent restriction endonucleases, such as
EcoRI and EcoRV, as well as, ExollI family purinic/apyrimidinic (AP) endonucleases,
such as ExolllI (Fig. 1E and fig. S3, L to N). Moreover, MIF also has a similar topology
to the Pvull endonuclease and its -7 strand is of similar size to Pvull endonuclease -
strand at the same position in its PD-D/E(x)K motif (fig. S30). These 3-D modeling
results taken together indicate that MIF belongs to the PD-D/E(X)K nuclease-like
superfamily (25, 26).

Identification of Key Residues Critical for MIF’s Nuclease Activity

To identify amino acid residues critical for MIF’s nuclease activity, key aspartates
and glutamates residues within the PD-D/E(X)K domains of MIF were mutated to
alanine. Substitution of glutamate 22 by alanine (E22A) clearly but not completely
reduces MIF’s nuclease activity, whereas alanine substitutions at the other aspartates and
glutamates including D17A, D45A, ESSA, E86A, D93A and D101A have no substantial
effect (fig. S4E). Mutation of the CxxCxxHx,)C zinc finger domain of MIF to
C57A;C60A has no appreciable effect (fig. S4E). Since MIF E22A has reduced nuclease
activity, additional conserved mutations around E22 were made (fig. S4, F and G). We
find that MIF E22Q has no nuclease activity (Fig. 2D and fig. S4,D and H), whereas
E22D has equivalent nuclease activity to wild-type (Fig. 2D). These data suggest that this
glutamic acid residue (E22) in the first a-helix of MIF is critical for its nuclease activity,
which is consistent with prior reports that this glutamic acid in the first a-helix of many
Exonuclease-Endonuclease-Phosphatase (EEP) domain superfamily nucleases is highly
conserved and it is the active site for nuclease activity (25, 26). Based on 3-dimensional
structural modeling (Fig. 1E), possible MIF DNA binding sites were mutated including:
P16A, P44A, R87Q, R89Q, P92A, D45Q, D17Q, E55Q, and D93Q (fig. S4H). We find
that P16A or D17Q prevents MIF nuclease activity (fig. S4H). Based on both the
sequence alignment and 3-dimensional structural modeling of MIF, our data reveal that
P16, D17 and E22 are within the same PD-D/E(X)K motif and mutation of each single
residue is sufficient to block MIF nuclease activity. Considering the fact that E22 in the
first a-helix is highly conserved across species and previously it has been reported as an




active site for PD-D/E(X)K nuclease-like superfamily nuclease activity (25, 26), we
focused on the E22 mutant in subsequent studies.

EndoG and Cyclophilin A are not Directly Involved in PARP-1 Dependent Large DNA
Fragmentation

EndoG and cyclophilin A have been previously suggested to be AIF associated
nucleases (12, 50, 51). Pulsed-field gel electrophoresis indicates that EndoG cleaves
DNA into small fragments that are not consistent with the larger DNA fragmentation
pattern observed in parthanatos (fig. S4D). In contrast, MIF cleaves DNA into large
fragments with a pattern similar to MNNG induced DNA fragments (Fig. 2B and fig.
S4D) (13, 15). Cyclophilin A and AIF have no obvious nuclease activity with glutathione
S-transferase (GST) serving as a negative control (fig. S4D).

MIF Nuclease Activity is Independent of its Oxidoreductase and Tautomerase Activities

Previous studies indicate that MIF has both oxidoreductase and tautomerase activities
(28, 30, 31). The oxidoreductase activity of wild-type and MIF mutants were measured
using insulin as a substrate in which reduced insulin exhibits an optical density value of
650 nm in the presence of wild-type MIF (fig. S5A). E22Q, E22A, C57A;C60A MIF
mutants and the tautomerase P2G MIF mutant have no appreciable effects on MIF’s
oxidoreductase activity (fig. SSA). MIF’s tautomerase activity was also measured.
E22Q, E22A, C57A;C60A MIF mutations have no appreciable effect on MIF’s
tautomerase activity whereas the P2G MIF mutant significantly reduces MIF’s
tautomerase activity (fig. S5B). These results taken together indicate that MIF active site
mutants E22Q and E22A have no appreciable effect on MIF’s oxidoreductase or
tautomerase activities.

Purified MIF Proteins have no Adventitious Nuclease Contamination

To confirm that the recombinant MIF preparations did not contain an adventitious
nuclease, FPLC was performed. FPLC reveals only one peak at a molecular weight of
approximately 37 kD consistent with MIF existing as a trimer. MIF E22Q and E22A also
elute at 37 kD consistent with a trimer structure suggesting that these mutations do not
appreciably affect the confirmation of MIF (fig. S5C). Coomassie blue staining reveals
only a single band in the proteins following FPLC purification (fig. S5D) as well as
proteins without FPLC purification (fig. S4G). Both types of proteins with and without
FPLC purification were used in the nuclease assays and no obvious difference was
observed. The purity of all these recombinant MIF proteins used in the nuclease assays
was also confirmed by two-independent mass spectrometry (MS) assays. The majority of
peptides identified by MS are MIF. No known nuclease from all species that can cleave
single or double stranded DNA was identified. Thus, MIF preparations are highly pure
and no adventitious nuclease is present.

MIF Protein Confirmation is Unaffected by E22Q, E22A and C57A;C60A Mutations
Far-ultraviolet (UV) circular dichroism (CD) spectroscopy, a common method to
study protein secondary structure shows that wild-type MIF is composed of a mixture of

a-helices and B-sheets in agreement with the previously reported crystal structure of MIF
(23). MIF mutants, E22Q, E22A and C57A;C60A, show similar CD spectra as wild-type




MIF suggesting that these mutations do not significantly affect the conformation of MIF
(fig. S5E). No significant change is observed on the addition of Mg*" to wild-type MIF
or MIF mutants (fig. S5F-I). However, addition of Zn*" promotes large changes in the
spectra indicating significant changes in the structure of the wild-type MIF protein on
Zn”" binding (fig. S5F). MIF E22Q and E22A show a similar CD spectra as wild-type
MIF in the presence of Zn>" (fig. S5, G and H), however the addition of Zn*" to the
C57A;C60A mutant did not cause a change in the CD spectra indicating that MIF binds
Zn”" at the CxxCxxHx(,/C zinc finger domain of MIF (fig. S5I).

Near UV CD spectroscopy was used to further analyze the tertiary structure of MIF
and MIF mutants. The purified proteins have a properly folded tertiary structure since
there are distinct peaks of phenylalanine and tyrosine in the near UV CD spectra (fig.
S5J). MIF mutants, E22Q, E22A and C57A;C60A, show similar near UV CD spectra as
wild-type suggesting that these mutations do not significantly affect the tertiary structure
of MIF (fig. S5, J to M). The addition of Mg*" to wild-type MIF or the MIF mutant
C57A;C60A causes a significant change in tertiary structure indicative of Mg®* binding
(fig. S5, J and M). The E22A shows minor changes in the presence of Mg and the E22Q
shows no significant changes in the near UV CD spectra suggesting that Mg®" binds at or
near E22 (fig. S5, K and L), which is consistent with our finding that Mg*" is required for
MIF’s nuclease activity and E22Q and E22A mutants can block its nuclease activity
completely or partially. The addition of Zn*" to wild-type MIF or MIF mutants E22A and
E22Q causes a significant change in the tertiary structure indicative of Zn>" binding
whereas the MIF C57A;C60A mutant exhibits no significant change consistent with the
Zn*" binding to the CxxCxxHx,C zinc finger domain (fig. S5, J to M).

ChIP Sequencing Analysis of MIF-DNA Binding Properties

Since our data shows that MIF has nuclease activity, next we further studied whether
MIF binds to DNA in HeLa cells treated with DMSO or MNNG (50 uM, 15 min). 5
hours after the treatment, cells were cross-linked and prepared for ChIP assays followed
by deep sequencing. The quality of sheared genomic DNA and the specificity of ChIP
using the MIF antibody was tested and confirmed (fig. S6, A and B). After excluding
overlapped peaks in the DMSO-treated samples, 0.1% of total mapped reads exhibit MIF
peaks after MNNG treatment (fig. S6C). MIF preferentially binds to the promoter and 5’
UTR regions after MNNG treatment (fig. S6D). The representative IGV visualization of
MIF enrichment on the genome is shown in two different window sizes (250 kb (fig.
S6E) and 50 kb (fig. S6F). The average distance intervals between MIF peaks are about
15 to 60 kb, which is consistent with size of DNA fragments observed via pulse-gel
electrophoresis during parthanatos. ChIP-qPCR further confirms that MIF binds to the
peak regions at 55101, 66005, 65892, 36229, 46426 and 62750 but it does not bind to the
non-peak regions after MNNG treatment (fig. S6G).

Mapping AIF-MIF Interactions

To confirm that MIF is an AIF interacting protein, GST pull down experiments were
performed. Wild-type GST-AIF pulls down endogenous MIF and wild-type GST-MIF
pulls down endogenous AIF (Fig. 4A and fig. S10, A to D). The domain that binds MIF
was further defined by GST pull downs with various GST-tagged AIF domains (fig.
S10A). MIF binds to GST-C2b AIF (aa 551-590) and GST C2e AIF (aa 571-612) (fig.




S10, A and B). MIF does not bind to GST-C2aAIF, GST-C2cAIF, GST-C2dAIF or GST
indicating that it does not nonspecifically bind to GST at the experimental conditions
used (fig. S10, A and B). Mutating aa567-592 into polyalanines (AIFm567-592) or
deleting aa567-592 (AIFA567-592) from full length completely abolished MIF and AIF
binding (fig. S10C), suggesting that MIF binds to AIF at aa 567-592.
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EndoG is not required for PARP-1 dependent cell death. (A) Knockout of EndoG
using CRISPR-Cas9 system in SH-SYS5Y cells. EV-CTL, empty vector control. (B)
Effects of EndoG knockout on MNNG-induced cell death. (C) Effects of EndoG
knockout on MNNG caused DNA damage.
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Fig. S2

MIF knock down protects cells from MNNG and NMDA-induced cell death.

(A) Representative images of HeLa cells transduced with human MIF shRNA1-3 IRES-
GFP lentivirus or non-targeting (NT) shRNA IRES-GFP lentivirus. (B) MIF protein
levels in HeL a cells after shRNA transduction. hMIF shRNA 1, 2 and 3 caused 83.3 +
7.1%, 71.6 £ 3.2 %, and 82.7 + 6.3% MIF protein reduction, respectively in HeLa cells.
CTL, control. (C) Quantification of MNNG (50 uM, 15 min)-induced HeLa cell death.
Means + SEM are shown. ***P < 0.001, versus DMSO control. “*P < 0.001, versus WT
with MNNG treatment. (D) Representative images of cortical neurons transduced with
mouse MIF shRNA1-3 IRES-GFP or NT-shRNA IRES-GFP lentivirus. (E) MIF protein
levels in cortical neurons after ShARNA transduction. (F) Quantification of NMDA (500
uM, 5 min)-induced neuronal cell death in MIF knockdown neurons. mMIF shRNA 1, 2
and 3 caused 84.5 + 8.2%, 90.1 = 7.1 %, and 92.2 + 3.3% MIF protein reduction,
respectively in cortical neurons. CSS, controlled salt solution. Means + SEM are shown.
##%P < (.001, versus CSS control. P < 0.001, versus WT with NMDA treatment. (G)
Representative immunoblots of MIF knockdown and overexpression of MIF mutants,
which are resistant to shRNA1 and 3 in cortical neurons. (H) Quantification of NMDA-
induced neuronal cell death in MIF knockdown cortical neurons and cells overexpressing
MIF mutants, which are resistant to ShRNA1 and 3. Means = SEM are shown. ***P <
0.001, versus CSS control. P < 0.001, versus WT with NMDA treatment, one-way
ANOVA. Scale bar, 100 wm. Intensity of MIF signal is shown in C, F & H. The
experiments were repeated in 3 independent trials.
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Fig. S3

MIF contains PD-D/E(x)K nuclease motif. (A) Alignments of the nuclease domains of
MIF from human, mouse, rat, monkey, pig, bovine, sheep, rabbit and Sorex. (B)
Alignments of the CxxCxxHx;)C domain of MIF from human, mouse, rat, monkey, pig,



bovine, sheep, rabbit, and Sorex. (C) Conserved topology of the active site in PD-
D/E(x)K nucleases. Image modified from Kosinski et al., (/9). The alpha helices are
shown as circles and beta strands are shown as triangles. The orientations of the beta-
strands indicate parallel or antiparallel. (D) Crystal structure of MIF trimer (pdb:1GDO).
Each monomer is indicated by a different color. (E) Topology of MIF trimer illustrating
the orientations of the various domains similar to PD-D/E(x)K motif. (F) Crystal
structure of the MIF monomer containing the PD-D/E(x)K domain derived from the
trimer (broken red line in D) by hiding two of the monomers. (G) Topology of a MIF
monomer in the MIF trimer. (H) Illustration that each monomer has a PD-D/E(x)K
domain. The PD-D/E(x)K motif is made of two parallel B-strands (f4 and B5) from one
monomer and two anti-parallel strands (86 and B7) from the adjacent monomer. (I) A
schematic diagram of the similarity in topology of the MIF monomer in the MIF trimer
and EcoRYV illustrating similar orientations of the various domains in their nuclease
domains. The alpha helices are shown as circles and beta strands are shown as triangles.
(J) Topology of EcoRV monomer. (K) Alignment of MIF monomer in the MIF trimer
and EcoRV monomer (red). (L-O) Alignments of PD-D/E(x)K motif in MIF and other
well known nucleases including EcoRI (magenta, pdb: 1QC9), EcoRV (light blue, pdb:
1SX8), ExollI (red, pdb: 1AKO0), and Pvull (orange, pdb 1PVU). All five motifs show
similar orientations of the four beta strands in the beta-sheet against the alpha helices as
observed in a typical PD-D/E(x)K motif active site.
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MIF is a nuclease. (A) Concentration-dependence of MIF incubation with human
genomic DNA (hgDNA, 200 ng) in Tris-HCI buffer pH 7.0 containing 10 mM MgCl, at
37°C for 4 hours. (B) Time course of MIF incubation (4 uM) with hgDNA in the Tris-
HCI buffer pH 7.0 containing 10 mM MgCl, at 37° C. (C) MIF (8 uM) incubation with
hgDNA in the Tris-HCI pH 7.0 buffer with different ions as indicated at 37° C for 4
hours. (D) In vitro pulse-field gel electrophoresis-nuclease assay with purified proteins (4
uM) using human genomic DNA as the substrate. (E) In vitro pulse-field gel
electrophoresis-nuclease assay with different purified MIF mutants (see Fig. 1D for
illustration of MIF’s amino acid sequence) using hgDNA in the Tris-HCI buffer pH 7.0
containing 10 mM MgCl, at 37° C for 4 hours. Coomassie blue staining of purified MIF
WT protein and MIF mutants are shown (lower panel). (F) Mutation of the glutamate
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residue into glutamine, aspartate and alanine. (G) Coomassie blue staining of purified
MIF WT protein and MIF mutants. (H) /n vitro pulse-field gel electrophoresis-nuclease
assay with different purified MIF mutants (see Fig. 1D for illustration of mutations) using
hgDNA in the Tris-HCI buffer pH 7.0 containing 10 mM MgCl, at 37° C for 4 hours.
Coomassie blue staining of purified MIF WT protein and MIF mutants are shown (lower
panel). The experiments were repeated using MIF protein purified in 3 independent
preparations.
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Effects of MIF mutation on protein folding and enzyme activities.

(A) Oxidoreductase activity of MIF proteins. (B) Tautomerase activity of MIF proteins.
Means + SEM are shown in B and C. **P < 0.01, one-way ANOVA. (C) The FPLC
profile of MIF proteins (wild type, E22Q and E22A) (solid line) and protein standard
(broken line). (D) Coomassie blue staining of MIF fractions from the FPLC. (E-M) UV-
CD analyses of purified MIF recombinant proteins in presence and absence of
magnesium chloride (Mg) and/or zinc chloride (Zn). The experiments were replicated 3
times using MIF purified from 3 independent preparations.
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cells. (B) Representative immunoblot images of MIF ChIP. (C) Number and coverage of
the reads from four different libraries including DNA inputs and MIF ChIP samples
prepared from DMSO or MNNG (50 uM) treated cells. (D) MIF ChIP-peak distribution
across different genomic regions in MNNG treated cells. The pie chart shows that MIF
tends to bind to promoters of genes (about 36 % of ChIP regions are in promoters). (E-F)
Representative IGV visualization of MIF enrichment on the genome shown in two
different chromosome window sizes. The top two lines show the tdf file of ChIP-seq data
from DMSO and MNNG treated cells. The third and fourth lines show the bed files for
DMSO and MNNG treated samples. The peaks were only observed in MNNG treated
samples, but not in DMSO treated samples. The last line indicates the hg19 reference
genes. (G) MIF chromatin enrichment in DMSO and MNNG treated cells confirmed by
qPCR with Non-P (non peak regions), P55101, P66005, P65892, P36229, P46426 and
P62750 (peak regions).
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Fig. S7.

MIF binds to single stranded DNA. (A) Alignment of MIF DNA binding motif. (B)
Images of MIF trimer (PDB accession 1FIM) surface showing a groove/binding pocket
(arrows) (Top panel). Models of MIF trimer with dsDNA in the groove (Middle panel).
Right image in the middle panel shows the side view of the overlay of MIF-dsDNA
(PDB accession 1BNA) with MIF-ssDNA (PDB accession 2RPD) models. i-iii, Cartoon
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images showing residues P16 and D17 close to dSDNA and ssDNA whereas E22 is close
to the ssDNA but not the dsSDNA. (C) Binding of MIF to the single strand 5’ biotin-
labeled DNA binding motif (PS*°) as determined by EMSA. Left panel, binding of MIF
in the presence or absence of Mg”". Middle panel, binding of MIF in the presence of MIF
antibody and controls. Right panel, binding of MIF in comparison to MIF mutants. Arrow
indicates DNA/MIF protein complex. Asterix (*) indicates nonspecific bands.
Experiments were replicated for 4 times using MIF protein purified from 3 independent
preparations.
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Secondary structures of different biotin-labeled DNA substrates used in binding and
cleavage assays.
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MIF cleaves stem loop ssSDNA with structure-specific nuclease activity. (A) MIF (2
uM) nuclease assay using dsPS'® (1 uM) as substrate. (B) MIF (2 uM) nuclease assay
using ssPS' (1 uM) and its complementary strand ssPS'°® (1 uM) as substrates. (C)
The cleavage of ssPS30 (1 uM) by different concentrations of MIF (0.5, 1, 2 and 4 uM).
(D) Nuclease assay of MIF (2 uM) and its mutants (2 uM) using ssPS*’ (1 uM) as
substrate in the presence or absence Mg®". (E-G) MIF (2 uM) cleaves ssPS™ in a
concentration (0.025, 0.05, 0.5, 2.5, 5 uM)- and time (10, 20, 30 min and 1, 2, and 4h)-
dependent manner. (H) Nuclease activity of MIF (2, 4, 8 uM) on dsPS*’ (0.2 uM), its
sequence related substrate-dsRF (0.2 uM) and non-related substrate-dsL.3 (0.2 uM). (I-J)
Effects of AIF on MIF (0.5 uM) nuclease activity using (I) human genomic DNA 200
ng/reaction and (J) dsPS* (0.2 uM) as substrates. (K) Coomassie blue staining of
purified AIF protein with commercial histone H3 protein as the control.
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Effects of AIF on MIF’s binding and nuclease activities on double and single
stranded DNAs. (A-B) Effects of AIF on MIF (0.5 uM) nuclease activity using (A)

human genomic DNA 200 ng/reaction and (B) dsPS* (0.2 uM) as substrates. (C)
Coomassie blue staining of purified AIF protein with commercial histone H3 protein as
the control. (D) Effects of AIF on MIF (0.5 uM) binding to ds-5’bPS’’, ss-5°bPS*” and
$s-5’bSL (10 nM). Arrows indicate DNA/protein complex. Star indicates nonspecific
band. (E) Effects of AIF on MIF (0.5 uM) nuclease activity using single stranded
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5'bPS™, 3°bPS, 3°bSL (1 uM) as substrates. (F) Effects of AIF on MIF (4 uM) nuclease
activity using single stranded 5°bPS, 3°bPS>, 5°bSL and 3’bSL (1 uM) as substrates.
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Fig. S11.

MIF interacts with AIF. (A) Schematic representation of the GST-AIF truncated
proteins used in the binding assays. (B) GST pull-down assays visualized by western blot
using an anti-MIF antibody (upper panel). Coomassie blue staining of GST fusion AIF
truncated proteins used in the pull-down experiments (lower panel). (C) Pull-down assay
of AIF mutants visualized by western blot using an anti-MIF antibody. AIFm567-592,
amino acids 567-592 mutated into poly Alanine; AIFA567-592, amino acids 567-592
deletion. (D) GST-MIF and its variants on glutathione beads pulled down AIF protein.
The experiments were replicated in 3 independent trials.
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MIF and AIF and cotranslocate to the nucleus in HeLa cells. (A) Images of nuclear
translocation of AIF and MIF after MNNG treatment in the presence or absence the
PARP inhibitor, DPQ (30 uM) in HeLa cells. Scale bar, 20 wum. The yellow color in the
AIF and MIF merged images shows the nuclear translocation of AIF and MIF. The white
color in the merged images indicates the overlay of AIF, MIF and DAPI, showing the
nuclear translocation of AIF and MIF. (B) Immunoblots of subcellular fractionation of
MIF translocation to the nucleus after MNNG treatment in the presence or absence the
PARP inhibitor, DPQ (30 uM) in HeLa cells. PN, post-nuclear fraction; N, nuclear
fraction. (C) Quantification of nuclear translocation of MIF after MNNG treatment in the
presence or absence the PARP inhibitor, DPQ (30 uM) in HeLa cells. ***P < (.001,
one-way ANOVA. The experiments were replicated in 3 independent trials.

22



DPQ
N-Arg
NMDA

MIF

AlF |

H3

MnSOD

o
[l
1

AlF intensity

o
H
1

0.04

Fig. S13.

PN N
—_ ] =+ +]|=|=] ==+ +]|=] -
it | sz 5] ] =] = | == =] FE|+*
— |+ = +|=|F+|—=|F+|—=]|F+]|—-]+
kDa
N iy 10
- ———— -y _50
> . o gD _10
- D e a— — _25
mm CSS C
== NMDA
=2 DPQ-CSS
— DPQ-NMDA 1
== N-Arg-CSS 12
== N-Arg-NMDA <
b -
2 0.8
)
dkk £ 7
w 0.4
2 —
0.04
PN N PN

mm CSS

== NMDA

= DPQ-CSS

— DPQ-NMDA
== N-Arg-CSS
=3 N-Arg-NMDA

N

MIF and AIF and cotranslocate to the nucleus in cortical neurons in a nitric oxide-

and PARP- dependent manner. (A-C) Nuclear translocation of AIF and MIF after
NMDA treatment in the presence or absence of the PARP inhibitor DPQ or NOS
inhibitor nitro-arginine (N-Arg, 100 uM) in cortical neurons, which was determined by
subcellular fractionation. Intensity of MIF and AIF signal is shown in B and C. The
experiments were replicated in 3 independent trials. ***P < (0.001, versus the DMSO

control group in the nuclear fraction, one-way ANOVA.
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MIF is critical for MNNG-induced DNA damage in HeLa Cells. (A) Representative
images of MNNG-caused DNA damage determined by the comet assay in wild-type
(WT) HeLa cells, non-targeting (NT) shRNA or MIF shRNA lentivirus-transduced HeLa
cells. Dashed lines indicate the center of the head and tail. Scale bar, 20 um. (B-D)
Quantification of (B) % of tail positive cells, (C) tail length and (D) % of DNA in tail.
Means + SEM are shown in B-D. ***P < (0.001, versus its DMSO group, P <0.001,
versus WT group treated with MNNG, one-way ANOVA. The experiments were
replicated in 3 independent trials.

24



DMSO MNNG DMSO

MNNG

Cell Death %

Fig. S15.
Effects of MIF P2G on MNNG-induced DNA damage and parthanatos in HeLa
cells. (A-B) Representative images and (C) quantification of MNNG (50 uM, 15 min)-
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induced cytotoxicity in MIF WT, KO and KO cells expressing MIF WT or P2G. Means +
SEM are shown ****P < (0.0001, versus DMSO control, P < 0.0001, versus WT
group treated with MNNG, one-way ANOVA. (D) Pulse-field gel electrophoresis assay
of MNNG-induced DNA damage 24 h after treatment in MIF WT, KO, and KO cells
expressing MIF WT or P2G. (E) Expression of flag-tagged MIF WT and P2G in MIF KO
cells.
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MIF nuclease activity is required for parthanatos in stroke in vivo.

(A) Intracerebroventricular (ICV) injection with trypan blue dye. (B) Representative
immunostaining images of expression of AAV2-MIF WT in (i) cortex, (ii) striatum and
(ii1 & 1v) hippocampus 79 days after injection. Scale bar, 500 um. (C) Laser-Doppler
flux measured over the lateral parietal cortex in the core of the ischemic region in WT
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(n=16), MIF KO (n=12), MIF KO-WT (n = 11), MIF KO-E22Q (n = 11) and MIF KO-
E22A (n=11) mice.
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MIF nuclear translocation following ischemic brain injury in vivo. (A) Nuclear
translocation of AIF (red) and MIF (green). (B) Quantification of nuclear translocation
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of AIF (red) and MIF (green) in the penumbra 1 day, 3 days or 7 days after 45 min
MCAQO surgery in MIF WT, KO and KO mice which were injected with AAV2-MIF
WT, E22Q or E22A. WT MCAO (n = 15), KO MCAO (n = 15), KO-WT MCAO (n =
15). KO-E22Q MCAO (n = 15), KO-E22A MCAO (n = 15). Means £ SEM are shown.
**%P < 0.001 versus its sham group, “*P < 0.001, MIF nuclear translocation versus AIF
nuclear translocation under the same condition, one-way ANOVA.
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Table S1.

Sequences of MIF Substrates, Templates, Primers and guide RNA targets.

Name Sequence

5’ ACCTAAATGCTAGAGCTCGCTGATCAGCCTCGACTCTCAGCCTCCCAAGTAGC
pS'F TGGGATTACAGGTAAACTTGGTCTGACAGTTACCAATGCTTAATGAGS’

5’ CTCATTAAGCATTGGTAACTGTCAGACCAAGTTTACCTGTAATCCCAGCTACTT
pS'O® GGGAGGCTGAGAGTCGAGGCTGATCAGCGAGCTCTAGCATTTAGGT3’
pS* 5’ CTCAGCCTCCCAAGTAGCTGGGATTACAGG3’
SL 5’CCTGTAATCCCAAGTAGCTGGGATTACAGG3’
LF 5’ AAAAAAACTCAGCCTCCCAAGTAGCTGGGA3’
RF 5’ TCCCAAGTAGCTGGGATTACAGGAAAAAAA3’
PA% 5> AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAS

5'CTCAGCCTCCCAAGTAGCTGGGATTACAGG3'
3E 5'TCCCAGCTACTTGGGAGGCTGAG3'
pS* 5> CTCAGCCTCCCAAGTAGCTGGGATTACAGGTAAACTTGGT3’;
3F1 5> AAAAAAAAAACAAGTAGCTGGGATTACAGG3®
L3 5’ ACCTAAATGCTAGAGCTCGCTGATCAGCCT3’

5’ TGCTGTTGACAGTGAGCGCTCATCGTAAACACCAACGTGCTAGTGAAGCCACA
hMIFshRNA 1 GATGTAGCACGTTGGTGTTTACGATGAATGCCTACTGCCTCGGA3’

5’ TGCTGTTGACAGTGAGCGACGCGCAGAACCGCTCCTACAGTAGTGAAGCCAC
hMIFshRNA2 AGATGTACTGTAGGAGCGGTTCTGCGCGCTGCCTACTGCCTCGGA3’

5’ TGCTGTTGACAGTGAGCGAAGGGTCTACATCAACTATTACTAGTGAAGCCACA
hMIFshRNA3 GATGTAGTAATAGTTGATGTAGACCCTGTGCCTACTGCCTCGGA3’

5’ TGCTGTTGACAGTGAGCGCTCATCGTGAACACCAATGTTCTAGTGAAGCCACA
mMIFshRNA 1 GATGTAGAACATTGGTGTTCACGATGAATGCCTACTGCCTCGGA3’

5’ TGCTGTTGACAGTGAGCGAGCAGTGCACGTGGTCCCGGACTAGTGAAGCCAC
mMIFshRNA2 AGATGTAGTCCGGGACCACGTGCACTGCGTGCCTACTGCCTCGGA3’

5’ TGCTGTTGACAGTGAGCGACGGGTCTACATCAACTATTACTAGTGAAGCCACA
mMIFshRNA3 GATGTAGTAATAGTTGATGTAGACCCGGTGCCTACTGCCTCGGA3’

5’ TGCTGTTGACAGTGAGCGCGGAACCGGCTTCCAGCTACAGTAGTGAAGCCAC
AIFshRNA1 AGATGTACTGTAGCTGGAAGCCGGTTCCTTGCCTACTGCCTCGGA3®
WT-mMIF-fw 5’CGGGATCCGCCACCATGCCTATGTTCATCGTGAAC3’
WT-mMIF-re 5’ CGGAATTCTCAAGCGAAGGTGGAACCGT3’
Rsh1-mMIF-fw 5’CACCATGCCTATGTTTATTGTCAATACGAACGTACCCCGCGCCTCCGTG3’
Rsh1-mMIF-re 5°’CACGGAGGCGCGGGGTACGTTCGTATTGACAATAAACATAGGCATGGTG3’

Rsh3-mMIF-fw

5’GCACATCAGCCCGGACCGCGTGTATATTAATTACTATGACATGAACGCTGCC3’

Rsh3-mMIF-re

5’GGCAGCGTTCATGTCATAGTAATTAATATACACGCGGTCCGGGCTGATGTGCY’

hMIF P2G Fw

5’GGGATCCCCGGAATTCggGATGTTCATCGTAAACACCY’

hMIF P2G Re

5’GGTGTTTACGATGAACATCCCGAATTCCGGGGATCCC3’

P16A-hMIF-fw

5’CCTCCGTGGCGGACGGGTTC3’

P16A-hMIF-re

5’GAACCCGTCCGCCACGGAGG3’

D17A-hMIF-fw 5’CGCGCCTCCGTGCCGGCCGGGTTCCTCTCC3?
D17A-hMIF-re 5’GGAGAGGAACCCGGCCGGCACGGAGGCGCGY
D17Q-hMIF-fw 5’CCGTGCCGCAAGGGTTCCTC3’

D17Q-hMIF-re 5’GAGGAACCCTTGCGGCACGG3’

E22A-hMIF-fw

5’GGGTTCCTCTCCGCGCTCACCCAGCAGCTG3’

E22A-hMIF-re

5’CAGCTGCTGGGTGAGCGCGGAGAGGAACCCY

E22Q-hMIF-fw

5’GGGTTCCTCTCCCAGCTCACCCAGCAGCTG3’

E22Q-hMIF-re

5’CAGCTGCTGGGTGAGCTGGGAGAGGAACCC3’

E22D-hMIF-fw

5’GGGTTCCTCTCCGACCTCACCCAGCAGCTG3’
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E22D-hMIF-re

5’CAGCTGCTGGGTGAGGTCGGAGAGGAACCC3’

P44 A-hMIF-fw

5’GTGCACGTGGTCGCGGACCA3’

P44A-hMIF-re

5’CATGAGCTGGTCCGCGACCA3’

D45A-hMIF-fw

5’GCACGTGGTCCCGGCCCAGCTCATGGCCTTC3’

D45A-hMIF-re

5’GAAGGCCATGAGCTGGGCCGGGACCACGTGCY’

D45Q-hMIF-fw

5’GTGGTCCCGCAACAGCTCAT3’

D45Q-hMIF-re

5’CCATGAGCTGTTGCGGGACC3’

E55A-hMIF-fw2

5’CTTCGGCGGCTCCAGCGCGCCGTGCGCGCTCTGY’

E55A-hMIF-re2

5’CAGAGCGCGCACGGCGCGCTGGAGCCGCCGAAG3’

E55D-hMIF-fw

5’CTCCAGCCAGCCGTGCGCGCY

E55D-hMIF-re

5’GCGCGCACGGCTGGCTGGAG3’

E86A-hMIF-fw

5’GGCCTGCTGGCCGCGCGCCTGCGCATCAGC3’

E86A-hMIF-re

5’GCTGATGCGCAGGCGCGCGGCCAGCAGGCC3’

R87Q-hMIF-fw

5’GCTGGCCGAGCAACTGCGCATCAGS’

R87Q-hMIF-re

5’CTGATGCGCAGTTGCTCGGCCAGC3’

R89Q-hMIF-fw

5’CCGAGCGCCTGCAAATCAGC3’

R89Q-hMIF-re

5’GCTGATGCGCAGTTGCTCGG3’

P92 A-hMIF-fw

5’GCGCATCAGCGCGGACAGGG3’

P92A-hMIF-re

5’CCCTGTCCGCGCTGATGCGC3’

D93A-hMIF-fw

5’CTGCGCATCAGCCCGGCCAGGGTCTACATCAACS’

D93 A-hMIF-re

5’GTTGATGTAGACCCTGGCCGGGCTGATGCGCAG3’

D93Q-hMIF-fw

5’CAGCCCGCAAAGGGTCTACA3’

D93Q-hMIF-re

5’TGTAGACCCTTTGCGGGCTG3’

D101 A-hMIF-fw

5’CATCAACTATTACGCCATGAACGCGGCCY

D101A-hMIF-re

5’GGCCGCGTTCATGGCGTAATAGTTGATG3’

C57A;C60AhMIFfw

5’CGGCGGCTCCAGCGAGCCGGCCGCGCTCGCCAGCCTGCACAGCATCGGC3?

C57A;C60AhMIFre

5’GCCGATGCTGTGCAGGCTGGCGAGCGCGGCCGGCTCGCTGGAGCCGCCGY’

E22D-mMIF-fw

5’GAGGGGTTTCTGTCGGACCTCACCCAGCAGCTGY

E22D-mMIF-re

5’CAGCTGCTGGGTGAGGTCCGACAGAAACCCCTC3’

E22Q-mMIF-fw

5’GAGGGGTTTCTGTCGCAGCTCACCCAGCAGCTGY’

E22Q-mMIF-re

5’CAGCTGCTGGGTGAGCTGCGACAGAAACCCCTC3’

AAV2-mMIFfw

5’CGGATCCGCCACCATGCCTATGTTCATCGTG3’

AAV2-mMIFre

5’CGGAATTCTCACTTGTCGTCGTCGTCCTTGTAGTCAGCGAAGGTGGAACCGT3’

P2GmMIFfw 5’CCACCGGTGCCACCATGggTATGTTCATCGTGAAC3’

P2GmMIFre 5’CGGAATTCTCACTTGTCGTCGTCGTCCTTGTAGTCAGCGAAGGTGGAACCGT3’
hEndoG-fw 5’CGGAATTCATGCGGGCGCTGCGGGCCGGCCT3’

hEndoG-re 5’CCGCTCGAGTCACTTACTGCCCGCCGTGATG3’

hCypA-fw 5’CGGAATTCATGGTCAACCCCACCGTGTTC3?

hCypA-re 5’CCGCTCGAGTTATTCGAGTTGTCCACAGTCAG3’

hMIF gRNA1 5’ GAGGAACCCGTCCGGCACGG3’ (target sequence)

EndoG gRNA1 5’CCGCCGCCGCCAACCACCGC 3’ (target sequence)

EndoG gRNA2 5’GGGCTGGGTGCGGTCGTCGA3’ (target sequence)
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Table S2.

Summary of MIF substrates used for the nuclease assays.

Loop Endo- [Exo-

sequence|Nuclease |Nuclease
Name [Sequence Loop [same? [Activity |Activity
PS*  [5’Bio-CTCAGCCTCCCAAGTAGCTGGGATTACAGG3 Y | Y Y

5’Bio-

CTCAGCCTCCCAAGTAGCTGGGATTACAGGTAAACTTG

Ps*  [GT3 Y N Y Y
3F1  [S’Bio-AAAAAAAAAACAAGTAGCTGGGATTACAGG3 [Y [N Y Y
m2  |5’Bio-/CTCAGCCTCCAAAAAAAAAAGGATTACAGG3’ |Y [N Y Y
m3  |5’Bio-CTCAGCCTCCCAAGTAGCTGAAAAAAAAAA3Z Y [N Y Y
m4  |5’Bio-CTCAGCCAAAAAAATAGCTGGGATTACAGG3’ Y [N Y Y
m5  |5’Bio-CTCAGCCTCCCAAAAAAAAGGGATTACAGG3’ Y [N Y Y
m6  |5’Bio-CTCAAAAAAACAAGTAGCTGGGATTACAGG3’ Y [N Y Y
m7  |5’Bio-AAAAGCCTCCCAAGTAGCTGGGATTACAGG3’ Y |y Y Y
m8  |5’Bio-CTCAAAATCCCAAAAAAAAGGGATTACAGG3’ Y [N Y Y
m9  [5’Bio-CAAGTAGCTGCTCAGCCTCCGGATTACAGG3’ Y [N Y Y
ml10 [5’Bio-CTCAGCCTCCGGATTACAGGCAAGTAGCTG3’ Y [N Y Y
mll  |5’Bio-CTCAGCCTCCCAAGTAAAAGGGATTACAGG3’ Y [N Y Y
ml2  |5’Bio-CTCAGCCTCCCAAGTAAATGGGATTACAGG3’ Y [N Y Y
ml4  |5’Bio-CTCAGCCTCCCAAGTAaacGGGATTACAGG3® Y [N Y Y
ml5 [5’Bio-CTCAGCCTCCCAAGTAGCaGGGATTACAGG3® Y [N Y Y
ml6 [5’Bio-CTCAGCCTCCCttGTAGCTGGGATTACAGG3’ Y [N Y Y
ml17 |5’Bio-CTCAAAATCCCAAGTAGCTGGGATTACAGG3’ Y |y Y Y
ml18 [|5’Bio-CTCAattTCCCAAGTAGCTGGGATTACAGG3’ Y |y Y Y
SL  [5’Bio-CCTGTAATCCCAAGTAGCTGGGATTACAGG3’ Y |y N N
LF  [|5’Bio-AAAAAAACTCAGCCTCCCAAGTAGCTGGGA Y |y N N
m20  |5’Bio-AAAAATCTCAGCCTCCCAAGTAGCTGGGAT3’ Y [N Y Y
RF  |5’Bio-TCCCAAGTAGCTGGGATTACAGGAAAAAAA3’ Y [N Y Y
BS2  [5’Bio-TGGGATTACAGGCGTGAGCCACCACGCCC3’ Y |N Y Y
PA*  |5’Bio-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAS N |- N Y
5'CTCAGCCTCCCAAGTAGCTGGGATTACAGG3';
3E  |S'TCCCAGCTACTTGGGAGGCTGAG3' N |- N Y
L3  |5’Bio-ACCTAAATGCTAGAGCTCGCTGATCAGCCT3’ Y [N Y Y

Note: Bio, Biotin; Y, yes; N, no.
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