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ABSTRACT Tristetraprolin (TTP) is an anti-inflammatory protein that modulates the sta-
bility of certain cytokine/chemokine mRNAs. After initial high-affinity binding to AU-rich
elements in 3’ untranslated regions of target mRNAs, mediated through its tandem zinc
finger (TZF) domain, TTP promotes the deadenylation and ultimate decay of target tran-
scripts. These transcripts and their encoded proteins accumulate abnormally in TTP
knockout (KO) mice, leading to a severe inflammatory syndrome. To assess the impor-
tance of the highly conserved C-terminal CNOT1 binding domain (CNBD) of TTP to the
TTP deficiency phenotype in mice, we created a mouse model in which TTP lacked its
CNBD. CNBD deletion mice exhibited a less severe phenotype than the complete TTP
KO mice. In macrophages, the stabilization of target transcripts seen in KO mice was
partially normalized in the CNBD deletion mice. In cell-free experiments, recombinant
TTP lacking its CNBD could still activate target mRNA deadenylation by purified recom-
binant Schizosaccharomyces pombe CCR4/NOT complexes, although to a lesser extent
than full-length TTP. Thus, TTP lacking its CNBD can still act to promote target mRNA in-
stability in vitro and in vivo. These data have implications for TTP family members
throughout the eukarya, since species from all four kingdoms contain proteins with
linked TZF and CNOT1 binding domains.

KEYWORDS AU-rich regions, CCR4/NOT, RNA binding proteins, deadenylation,
inflammation, tristetraprolin

embers of the tristetraprolin (TTP) family of mRNA binding and destabilizing

proteins often contain two linked functional domains, as well as longer regions of
apparently low complexity (1). The defining domain, found throughout the eukaryotes,
is the 64-amino-acid tandem zinc finger (TZF) domain, which is responsible for high-
affinity binding to AU-rich sequences (AREs) in target mRNAs but which by itself is not
sufficient to promote mRNA decay (1, 2). The second linked domain is a highly
conserved sequence motif that is present at the extreme C termini of the proteins. Early
studies by Lykke-Anderson and Wagner (3) suggested a potential mechanism of action
for TTP that involved an interaction between an amino-terminal domain of the protein
and the CNOT1 component of the CCR4-NOT complex, which includes two deadeny-
lases (4, 5). Later work by Sandler and colleagues (6) suggested that the C-terminal
region of TTP interacted with CNOT1, and they concluded “that mRNA decay mediated
by binding of TTP alone is clearly dependent on the deadenylase scaffold protein Not1.”
More recently, the Sonenberg group solved a crystal structure of a C-terminal fragment
of TTP in complex with a central domain of CNOT1 (7), in which the conserved
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C-terminal peptide of human TTP could form an «-helix that could bind to CNOT1
within a hydrophobic pocket formed by three central helices. Since this C-terminal
CNOTT1 binding sequence is conserved among proteins from this family throughout the
eukaryotes, this interaction between an mRNA binding protein and a complex that
includes effector enzymes (deadenylases) raised the possibility of a universal mecha-
nism of action for TTP family proteins in many eukaryotic organisms.

However, when we assayed human TTP activity in a cotransfection assay, we found
that deletion of the C-terminal CNOT1 binding domain (CNBD; also called CNOT1-
interacting motif [CIM] [7]), significantly inhibited but did not eliminate TTP’s ability to
promote instability of AU-rich transcripts (7). We obtained similar data in cotransfection
assays using the Drosophila Tis11 protein, which contains typical TZF and CNOT1
binding domains and is very active when expressed in mammalian cells (8). The
contribution of the conserved C-terminal CNOT1 binding domain to the activity of
members of this family in intact organisms remains undetermined.

Since deadenylation is thought to be the rate-limiting step in mRNA decay in
eukaryotes (for reviews, see references 9 to 11), we addressed the importance of the
TTP C-terminal CNOT1 binding domain in vivo by knocking in a deletion of this domain
in mice. We used TTP instead of one of the other three mouse TTP family proteins for
two main reasons. First, the phenotype of its complete deletion is quite striking and
readily assessed in adult mice (12). Second, the three mouse proteins with human
orthologues, TTP, ZFP36L1, and ZFP36L2, all have leucine-rich nuclear export sequences
(NES) that are responsible for the nuclear export component of their nucleocytoplasmic
shuttling behavior (13), but in ZFP36L1 and ZFP36L2, the NES sequences overlap the
putative CNOT1 binding domains. Thus, in those two cases, destruction of the CNOT1
binding domain would be expected to prevent nuclear export of the proteins, likely
resulting in a severe phenotype because of nuclear sequestration. In the case of TTP,
the NES is located instead at the amino terminus of the protein; a deletion of the
C-terminal CNOT1 binding domain therefore would not be expected to interfere with
nuclear export. Nonetheless, we expect that the results with TTP will reflect the
importance of this domain in the other mammalian family members and, indeed, in
proteins of this type throughout the eukarya.

Based on our previous results (7, 8), our hypothesis for the present study was that
mice expressing TTP that lacked its conserved C-terminal CNOT1 binding domain
would have a phenotype intermediate in severity between the complete TTP knockout
(KO) and wild-type (WT) phenotypes. We addressed this in two mouse genetic back-
grounds, C57BL/6 (B6) and 129, in both sexes, and in both mono- and diallelic
comparisons. We also investigated the ability of recombinant full-length and
C-terminally truncated TTP to promote deadenylation of target mRNAs by the recom-
binant CCR4-NOT complex from Schizosaccharomyces pombe (14, 15) and to substitute
for the TTP family member Zfs1 in living S. pombe cells (16, 17).

RESULTS

Cotransfection studies. The TZF domain mutations used in this study (Fig. 1A) can
be considered nonbinding mutations. In addition, C-terminal truncations were used
that removed the CNOT1 binding domain (CNBD) and the remaining C-terminal amino
acids (Fig. 1A).

To investigate whether there was an association between TTP lacking its CNBD and
the CNOT1 protein in our cotransfection system, we performed coimmunoprecipitation
assays in transfected HEK 293 cells that expressed full-length human WT TTP fused with
a green fluorescent protein (GFP) tag or an analogous GFP-tagged TTP protein lacking
its 13 C-terminal residues, which contain the TTP CNBD (TTP 1-313, comprising residues
1 to 313). These were coexpressed with the FLAG-tagged central region of human
CNOTT1, previously shown to interact with the TTP C-terminal domain in cell-free
experiments (7). The GFP-tagged WT TTP and the truncated TTP 1-313 version ex-
pressed roughly equal levels of protein in the input sample (Fig. 1B), and the anti-GFP
resin pulled down both GFP-tagged proteins and GFP itself (Fig. 1B). The anti-GFP resin
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FIG 1 Involvement of the TTP CNBD in MIp-TNF3’ fusion mRNA decay. (A) Sequences of the TZF domains and the C-terminal
CNBD from human and mouse TTP, aligned with ClustalW. The locations of the cysteines changed to arginines in the various
mutants discussed in this paper are shown. The residues reported to bind to CNOT1 in human TTP (7) are highlighted in orange.
Asterisks under the alignments indicate amino acid identity at those sites, a colon indicates amino acid conservation, and a single
dot represents less conservation at that site. The numbers at the end of the alignment indicate the numbers of amino acids in
the full-length proteins. (B) Results of a coimmunoprecipitation experiment in HEK 293 cells that had been cotransfected with
a FLAG-CNOT1444_1020 Plasmid and one of three constructs expressing GFP or TTP-GFP fusion proteins: GFP alone (lanes 1 and
2), a C-terminally truncated version of TTP lacking the CNBD (1-313) (lanes 3 and 4), and WT human TTP (lanes 5 and 6). The
Western blot shown on the left was blotted with an anti-GFP antibody, and the blot on the right was blotted with an anti-FLAG
antibody. In both blots, lanes 1, 3, and 5 show the input extracts (In) that were not incubated with the anti-GFP resin, and lanes
2, 4, and 6 show the proteins that were eluted from the anti-GFP resin (P) after incubation with the indicated extracts. The
migration positions of molecular weight standards are shown on the left of the blots, and the migration positions of the fusion
proteins (blot on left) or the CNOT1 protein fragment (blot on right) are shown to the right of the blots. (C) Top, Western blot
of the various hTTP.tag proteins expressed in HEK 293 cells transfected with WT or mutant constructs, as indicated. The migration
positions of molecular weight standards are shown on the left. BS+ indicates cells transfected with the backbone vector alone.
Bottom, results of blotting with an anti-B-actin antibody (BAct). (D) Representative Northern blot of the MIp-TNF3’ fusion mRNA
from HEK 293 cells that had been cotransfected with the MIp-TNF3’ plasmid and one of four constructs expressing GFP or
GFP-TTP fusion proteins: a negative control, GFP (lanes 1 and 2); WT human TTP (lanes 3 to 5); TTP 1-313 mutant construct (lanes
6 to 8); and the known inactive TTP mutant construct C124R (lanes 9 and 10). The transfected cells were treated without (ActD
0) or with ActD for the times indicated (0.5 or 1 h). On the right, the migration position of the endogenous Mlp mRNA (endo)
is indicated by a line, and that of the fusion MIp-TNF3’ mRNA is indicated by double arrows. The lower arrow indicates the
deadenylated form of the MIp-TNF3’ transcript. (E) Results of an RNaseH assay using total cellular RNA from cells not treated with
ActD. On the right, the migration positions of the endogenous Mlp mRNA (endo) are indicated by two lines, and those of the
fusion MIp-TNF3’ mRNAs are indicated by two arrows. For each mRNA, the upper line or arrow indicates the fully polyadenylated
MRNA species, whereas the lower line or arrow indicates the deadenylated form of the mRNA. (F) Relative levels of MIp-TNF3’
mRNA (mean values = SD) from four independent experiments. Both bands shown in panel D were used in the phosphorimager
quantitation of the Northern blots. Darker bars (ActD 0) represent relative MIp-TNF3’ transcript values at steady state, before the
addition of ActD, and lighter bars (ActD 1 h) represent relative transcript levels after ActD treatment. See the text for calculations
and other details.

pulled down the CNOT1 fragment in the presence of the full-length TTP (Fig. 1B) but
not in the presence of TTP lacking its CNBD (TTP 1-313) or GFP alone (Fig. 1B). These
results mirror exactly those shown by Fabian et al. (7) and support a direct interaction
of the CNBD of human TTP with the central region of human CNOT1 in this cellular
context. This cellular confirmation is important, since one or both of the serines in the
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conserved C-terminal regions of TTP (Fig. 1A) have been shown to be phosphorylated
in different cell types (18, 19), and these modifications might be expected to influence
the CNBD-CNOT1 interaction (7).

To investigate the ability of human TTP and its mutants to promote the decay of an
ARE-containing mRNA, we performed experiments at both steady state and after
transcription inhibition by actinomycin D (ActD). In transiently transfected HEK 293
cells, full-length or WT TTP, the TTP 1-313 construct, and a TTP TZF domain C124R
single point mutant (encoding a change of C to R at position 124) (Fig. 1A) expressed
roughly comparable levels of protein (Fig. 1C, lanes 2 to 4). The patterns of immuno-
reactive bands differed somewhat among the three proteins, due in part to the
decreased length of the TTP 1-313 mutant, the possible removal of C-terminal phos-
phorylation sites (see above), and the presumed structural disruption caused by the
cysteine mutation within the RNA binding TZF domain.

We then measured the activity of these proteins in promoting mRNA decay by
monitoring levels of a synthetic target transcript, MIp-TNF3’, expressed from a plasmid
(20) that incorporates the promoter, single intron, and protein-coding sequences from
the mouse MARCKS-like protein 1 (GenBank accession number NP_034937.1) and 540
bases of the mouse tumor necrosis factor alpha (TNF) mRNA containing the TTP binding
sites; transcription of this construct from the MLP promoter is inhibitable by ActD (8).
In the presence of WT TTP, before the addition of ActD, there were lower levels of two
bands corresponding to the synthetic target MIp-TNF3’ transcript (Fig. 1D), with the
lower band representing the deadenylated transcript species (see below) (21). After
ActD treatment, the level of the upper band initially decreased by 30 min, and both
bands were further depleted after 1 h (Fig. 1D, compare lanes 2 and 5). In contrast, the
TTP 1-313 C-terminal deletion construct did not promote the formation of the char-
acteristic two bands of the MIp-TNF3' transcript, and its steady-state level was greater
than with WT TTP (Fig. 1D, compare lanes 1, 3, and 6). Decay of the target also appeared
to be slower after ActD treatment than it was with WT TTP (Fig. 1D, lanes 3 to 8). As
expected, the TZF domain C124R point mutant protein had little or no effect on either
the steady-state levels of the target transcript or its decay (Fig. 1D, lanes 9 and 10).

To demonstrate that the lower band shown in Fig. 1D, lanes 3 and 4, was the
deadenylated species of the target transcript, we removed the poly(A) tails from mRNA
with oligo(dT),,_,5 plus RNase H, as described previously (22) (Fig. 1E). This experiment
provides evidence that the lower bands seen with both the endogenous Mip mRNA
and the fusion MIp-TNF3’ transcript were the deadenylated transcript species (Fig. 1E).

When the results of four independent cotransfection experiments of this type were
analyzed (Fig. 1F), both WT TTP and the TTP 1-313 mutant were shown to have caused
decreased levels of the MIp-TNF3’ transcript in the steady state compared to the results
for either GFP or the C124R mutant (Fig. 1F). When the steady-state levels of the
MIp-TNF3' transcripts were compared statistically, the P values were as follows: WT
versus TTP 1-313 mutant, P = 0.024; WT versus C124R mutant, P < 0.0001; and TTP
1-313 mutant versus C124R mutant, P = 0.002. When the target mRNA levels after 1 h
of ActD incubation were compared to the steady-state levels (Fig. 1F, ActD O versus
ActD 1 h), the P values for each pair were as follows: GFP, 0.1223; WT TTP, 0.002; TTP
1-313 mutant, 0.128; and C124R mutant, 0.539. These comparisons indicate that the
TTP 1-313 mutant protein was not as effective as WT TTP in promoting the decay of the
MIp-TNF3' transcript in this assay but that it still retained some measure of TTP activity
compared to that in the inactive controls.

In separate experiments, we confirmed that the TTP 1-313 mutant was cytoplasmic
when fused to GFP (data not shown), as expected given the N-terminal location of the
nuclear export sequence in this protein but not in other mouse members of the family
(13, 23).

Cell-free deadenylation assays. Full-length mouse TTP partially complements a
deficiency in the TTP family member Zfs1 in S. pombe (24). Therefore, we examined the
activities of recombinant WT and mutant forms of human TTP in a deadenylation assay
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involving purified, recombinant CCR4-NOT complexes from S. pombe that were ex-
pressed in and purified from insect cells (14, 15). Full-length, purified recombinant WT
TTP, in the form of an N-terminal fusion with maltose binding protein (MBP), stimulated
the deadenylation activity of the CCR4-NOT complex when tested against a synthetic
mRNA target that contained a single ARE (Fig. 2A). These assays used protein concen-
trations such that WT TTP retained activity but a zinc finger mutant form of TTP (C118R
mutant, with a change of C to R at position 118), the TTP TZF domain alone, and MBP
alone all had negligible activity (Fig. 2A). Under these conditions, TTP lacking the CNBD
(ACNBD) still retained some ability to stimulate deadenylation but was less active than
WT TTP (Fig. 2A). In both cases, the TTP-activated complex not only completely
removed the poly(A) tail of the target mRNA but it continued to exert 3'-to-5’'
exonucleolytic activity toward the RNA until it reached the site of TTP binding (Fig. 2A),
similar to what was shown recently with the S. pombe TTP family member Zfs1 (25).

Complementation assays in S. pombe. We then tested the ability of the analogous
mutant mouse proteins to complement the molecular phenotype of Zfs1 deficiency in
S. pombe, in which several dozen ARE-containing transcripts accumulate in the absence
of Zfs1 (16, 17). A schematic representation of the WT and mutant mouse proteins
inserted into the S. pombe zfs1 locus is depicted in Fig. 2B, and a Western blot analysis
demonstrating roughly equal expression of each of the three mouse proteins is shown
in Fig. 2C. As a readout of TTP family member activity, we measured the accumulation
of Arz1 mRNA, a prominent Zfs1 target transcript (16, 17). As shown by the results in
Fig. 2D, Arz1 mRNA levels were increased by nearly 5-fold in the Zfs1-deficient cells
compared to the levels in WT cells. As shown previously (24), the expression of WT
mouse TTP largely complemented this defect; however, the zinc finger mutant protein
had no effect, even though it was expressed at comparable levels (Fig. 2C), resulting in
Arz1 mRNA levels that were similar to those seen in the Zfs1-deficient strain (Fig. 2D).
When the C-terminally truncated mutant of mouse TTP was expressed, again at
comparable levels (Fig. 2C), a level of complementation was seen that was intermediate
between the results for the inactive zinc finger mutant and the WT protein (Fig. 2D).

Phenotype of mice with a C-terminal TTP deletion. To better understand the
contribution of the TTP C-terminal CNBD to the function of TTP in an intact animal, we
created a knock-in (KI) mouse model in which the DNA sequence encoding the TTP
CNBD was removed, using standard targeting techniques (Fig. 3). In this model, TTP is
expressed from its normal locus and under normal regulatory control, but the mutant
allele expresses a protein missing the C-terminal 12 amino acids of the sequence with
GenBank accession number NP_035886.1, comprising the CNBD.

The phenotypes of the original TTP KO mice (12) and the recently described TTP TZF
domain mutant mice (26) are essentially identical and quite complex, with failure of
weight gain and cachexia, arthritis, myeloid hyperplasia, autoimmunity, and bone
erosions with generalized osteopenia. The most readily observable external signs of this
phenotype are failure to gain weight over time, beginning several weeks after birth,
and peripheral joint arthritis, as manifested by redness and swelling. In the current
studies, we monitored body weight and peripheral joint appearance as signs of the
“TTP deficiency syndrome”; these were supplemented by molecular studies of TTP-
dependent mRNA stability, as described below.

We analyzed mice of two different genotypes on two genetic backgrounds and in
both sexes. In what we refer to here as the “mixed heterozygote comparison,” we
compared mice with one normal Zfp36 allele and one CNBD deletion mutant allele
(Zfp36/ACNBD; referred to here as TTP+/ACNED mice) to mice derived from the original
KO strain that had one normal Zfp36 allele and one KO allele (Zfp36*/—; referred to here
as TTP*/~) and mice with one KO allele and one mutant allele (Zfp36—/ACNBD; referred
to here as TTP~/ACNBD) |n general, the TTP*/~ heterozygotes have no obvious pheno-
type in terms of weight loss or arthritis. We also performed a homozygote comparison,
in which we compared the homozygous WT mice (Zfp36*/*; referred to here as WT)
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FIG 2 TTP-stimulated deadenylation of recombinant S. pombe CCR4-NOT complexes in vitro, and TTP-stimulated mRNA decay in S. pombe in vivo. (A) Two
independent replicate deadenylation assays (1 and 2). The ARE-containing RNA probe and the purified recombinant CCR4-NOT complexes were
incubated for the times indicated with no additions (=) or in the presence of identical concentrations of various purified recombinant human TTP
proteins, including the WT TTP-MBP fusion protein, the ACNBD-MBP fusion protein, representing the human version of the mouse TTPACNBD mutant, the
C118R-MBP fusion protein, representing the non-RNA binding TZF domain mutant of human TTP, TZF (the human TTP TZF domain alone), and MBP (MBP
protein alone). Numbers on the right indicate the poly(A) tail lengths, and negative numbers indicate the numbers of nucleotides removed immediately
5" of the poly(A) tail. The asterisk indicates the removal of 6 nucleotides (—6) between the TTP binding site sequence and the poly(A) tail. (B) Schematic
representation of the S. pombe zfs1 locus, in which the protein coding domain of zfs7 was replaced by either an epitope-tagged version of Zfs1 or the
indicated full-length mouse TTP or its mutant protein coding sequences (CDS), in all cases epitope tagged. Note that in all cases, the endogenous zfs1
promoter region and 3’ UTR remained intact. (C) Western blot in which each lane contained identical concentrations of protein extracts from cells
expressing the mouse proteins described in panel B, with the first lane containing an extract from the zfs7A cells. (D) Results of a NanoString assay of
Arz1 (SPCC1494.03) mRNA levels, with the first bar labeled WT representing RNA from S. pombe cells expressing full-length, FLAG-tagged Zfs1, as shown
schematically in panel B, and the second bar labeled WT representing RNA from cells expressing WT mouse TTP in place of Zfs1. Each bar represents
the mean value * SD of data from 4 independent isolates. The results were analyzed by one-way ANOVA with Tukey’s multiple comparison test. The
asterisks indicate adjusted P values of <0.0001 in all comparisons.
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with their homozygous CNBD deletion Kl counterparts (Zfp362-NBD/ACNED; referred to
here as TTPACNBD/ACNBD mjce),

Body weights. By the end of the 24-week observation period, there were substan-
tial decreases in body weight in the TTPANBD/— mice compared to the weights of the
TTP*/~ mice, when comparing mice from both sexes and both genetic backgrounds
(Fig. 4A). The average weights of the TTPASNED/~ mice ranged from 76.2% to 80.3% of
the weights of the TTP*/~ mice, with an overall average decrease to 78.8% of the
weights for the control mice. This should be compared with an overall average for the
original TTP KO mice of about 52.2% of WT weights after 24 weeks; however, many KO
mice do not survive until 24 weeks, and the nonsurvivors often have much lower body
weights at the time of death.

The average weights of the TTPACNBD/ACNED myice at 24 weeks were decreased to
89.7% to 94.9% of the WT weights, with an overall average decrease to 92.8% (Fig. 4B).
In only one case was the P value of this average decrease less than 0.05 (Fig. 4B). When
data from mice of both genetic backgrounds were combined, the weights of the
TTPACNBD/= mice of both sexes were found to be significantly lower than those of the

July 2019 Volume 39 Issue 13 e€00029-19 mcb.asm.org 7


https://mcb.asm.org

Lai et al.

A 40+

p=0.0003  <0.0001 0.021 0.0003
35 1
o) Ak,
::: 30 - %
on L 4
Pos. L 7308 &
a %
20— Q%
A
15+
0 T T T T T T T T
/ \/ / / / \/ / \/
X\ &Q x\ &Q x\ &Q X\ &Q
¥ ¥ ¥ ¥
129 M 129 F B6 M B6 F
B 407p=03% 0.390 0415 0.005

Weight (g)
e
4 <
1
<

25 - .9 %
20 v _X_
15+
0 T T T T T T T T
< O&o < c§>° & @“’Q & C§§
\» \v \v \»
@Q,o C&o Cé{,o c}g,o
Avg v \vg v
129M  129F B6 M B6 F
C %9p 00001  <0.0001 0.125 0.038
35 | |

Weight (g)
o

i

£ %

®
204 % * (o]
a
15
0 T T T T T T T T
Q7 Y & N S O
X &Q X &0 Q Géz’ Q C\S’
$ $ R
ol R
¥ s
Male Female Male Female

FIG 4 Body weights at 24 weeks of age. Body weight measurements for mice of all genotypes and both sexes
at 24 weeks of age are shown as scatter plots, in which each dot represents the weight of an individual mouse.
Also shown are the mean values =+ SD, as well as the P value for each comparison, calculated from two-tailed,
unpaired t tests with Welch's correction. (A) Comparisons between TTP*/~ and TTPACNBD/~ mice of the
indicated sex and background. (B) Comparisons between WT and TTPACNBD/ACNED myjce of the indicated sex
and background. (C) Comparisons between mice of the same pairs of genotypes when weights from mice of
each sex of both backgrounds were combined.

TTP*/~ mice (Fig. 4C), whereas there was no significant difference between the
combined weights of the TTPACNBD/ACNBD and WT male mice, and weights for female
mice were only slightly lower (P = 0.038) (Fig. 4C).

These comparisons demonstrated that the TTPACNBD/ACNBD mijce were much less
severely affected than the KO mice. The increased severity of the TTPACNED/= hody
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TABLE 1 Overall frequencies of paw or digit swelling in mice of the TTPACNBD/ACNED gnd
TTPACNBD/= genotypes

% of mice with indicated genotype on indicated genetic background

TTPACNBD/ACNBD TTPACNBD/—

B6 129 B6 129
Parameter Male Female Male Female Male Female Male Female
Swelling? 50 73 71 82 93 65 95 100
Resolved® 29 55 30 22 54 36 0 0
Improved< 29 36 0 0 8 0 0 0

aPercentage of mice that exhibited any swelling of digits or paws that occurred at any time during the 24-
week observation period, even if transient.

bRepresents a subgroup of the “Swelling” group and refers to mice with complete resolution of swelling by
the end of the observation period, i.e., no swelling of any digits at the end of the experiment.

Refers to mice with partial resolution of swelling at the end of the observation period, either less swelling
of affected digits or fewer affected digits.

weight phenotype compared to that of the TTPACNBD/ACNED mice indicates that the
ACNBD allele represents a hypomorphic allele, based on the classical definition that
involves increased phenotype severity when placed in trans from a null allele (27).

Arthritis and dactylitis. In the original TTP KO (TTP~/~) mice, as well as the C116R
Kl mice, a universal aspect of the phenotype is severe peripheral joint arthritis within
the first several months of life, with the front paws generally more severely affected
than the rear paws (12, 26). The arthritis is characterized externally by redness and
swelling of the paws and histologically by invasion of the inflammatory synovium into
the joint, with destruction of bone and cartilage, neutrophil infiltration into soft tissues,
and myeloid hyperplasia. Micro-computed tomography (micro-CT) of the paws re-
vealed extensive bone destruction, and staining indicated increased osteoclast activity.

In the present study, the TTPACNBD/ACNBD mijce on the B6 background generally
exhibited only slight involvement of the front paws, with mild swelling and redness
that was limited to one to a few digits (dactylitis) and was often transient (Table 1). Mice
on the 129 background had higher frequencies of dactylitis (Table 1), and there was
occasional rear limb involvement. The dactylitis, illustrated in Fig. 5B (arrowhead), was
often accompanied by leukocyte infiltration into the soft tissues of the affected digits
(see Fig. 6 and 7 below), but there were no instances of larger joint involvement. No
instances of dactylitis were observed in the WT, TTP*/—, or TTPACNBD/*+ mice monitored
in parallel.

In the mixed heterozygote TTPACNBD/~ mice, the arthritis phenotype was more
severe and more frequent than in the TTPACNBD/ACNED mjce, but it was still less frequent
and less severe than that seen in the TTP~/~ mice (Fig. 5C) or the TZF domain C116R
mutation KI mice (Fig. 5D). In addition, there was occasional involvement of larger
joints. Dactylitis was more common and more severe than in the TTPACNBD/ACNED mjce
(Table 1; Fig. 5E). Swelling and redness of the front digits was seen in most animals on
the B6 background and in almost all mice on the 129 background (Table 1). More digits
were involved in each animal, and the digit swelling was generally more severe than
that seen in the homozygous TTPACNBD/ACNED mjce (Fig. 5E compared with Fig. 5B) and
was still more severe on the 129 background. Swelling and redness of the digits of the
rear limbs were observed in almost all mice on the 129 background by the end of the
study, and there was no resolution or improvement of either front or rear digits (Table
1). When some of the dactylitic digits from the TTPACNBD/— mice were evaluated by
micro-CT, they showed evidence of bone erosions (Fig. 5F, arrows) that were often
limited to the terminal phalanges, whereas in the C116R Kl mice, the erosions involved
almost all bones of the paws (26).

Histologically, the TTPACNBD/— arthritis/dactylitis was associated with swelling of the
soft tissues and increased infiltration of the soft tissues by neutrophils (Fig. 6F and G,
arrows; Fig. 6H shows a more detailed view) but little or no synovitis or destruction of
the bone and cartilage of the synovial joints (Fig. 6G). There were marked increases in
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FIG 5 (A to E) External phenotypes of the front paws. Shown are representative paws from WT (A),
TTPACNBD/ACNBD (B) TTP—/~ (C), C116R Kl (D), and TTPACNBD/= (E) mice. All mice were males. The images
in panels A, B, E, and F were from mice on a 129 background, and the images in panels C and D were
from mice on a C57BL/6 background. (B) The arrowhead indicates a single swollen terminal digit in the
TTPACNBD/ACNBD mouse, (F) Part of a micro-CT image from a TTPACNBD/— mouse paw; the arrows indicate
two of the distal phalanges that were affected by bony erosions, whereas the other two appear to be
unaffected.

Ly6G-positive cells (granulocytes) in the TTPASNBD/— mouse bone marrow (Fig. 6F and
G, arrowheads), indicating myeloid hyperplasia, a universal characteristic of the TTP KO
and C116R Kl mice (12, 26). In the homozygote comparisons, soft tissue infiltration by
neutrophils was observed in a few areas of the TTPACNBD/ACNED pnaws (Fig. 6J, arrows;
Fig. 6L is a detailed view), but there was less bone marrow infiltration of Ly6G-positive
cells in the TTPACNBD/ACNBD moyse paws (Fig. 6K).

In both the TTPACNBD/— gnd TTPACNBD/ACNBD mjce, there were evident increases in
leukocyte infiltration of soft tissues, as seen histologically with CD45-positive cells (Fig.
7C to F), but with little sign of synovial inflammation in either case (Fig. 7C and E).

Response to acute LPS challenge. Myeloid cell-specific TTP KO mice (28) also had
a mild external phenotype, but low-dose lipopolysaccharide (LPS) injections resulted in
signs of severe endotoxemia and extremely high serum levels of TNF, consistent with
the absence of TTP in LPS-responsive leukocytes (28). We therefore investigated the
response of the TTPACNBD/ACNBD mijce to intraperitoneal injections of LPS, at two
different doses of LPS. After injections of LPS at 2 mg/kg of body weight, there were
statistically significant genotype influences on the increases of TNF, granulocyte-
macrophage colony-stimulating factor (GM-CSF), interleukin-6 (IL-6), CXCL1, CXCL2, and
CCL3 (Fig. 8A) in the serum, as well as granulocyte colony-stimulating factor (G-CSF)
(P =0.008) (data not shown). When we analyzed the responses from the two different
sexes, we found that only the increases of CCL3 were significantly influenced by
genotype in both males (P = 0.046) and females (P = 0.009), while only in females were
the increases of GM-CSF (P = 0.029), IL-6 (P = 0.003), CXCL2 (P = 0.046), and G-CSF
(P = 0.029) significantly influenced by genotype. In the hours after the LPS injections,
there were body temperature decreases in response to LPS in both the WT and
TTPACNBD/ACNBD myjce, with a significant genotype influence (P = 0.0141) in the body
temperature changes (Fig. 8B).

Higher-dose injections (10 mg/kg) gave similar results (Fig. 8C), except that there
was no significant genotype effect on levels of CXCL1. When the results were broken
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WT TTPACNBD/— TTPACNBD/ ACNBD

FIG 6 Paw immunohistochemistry with an antibody to Ly6G. Shown are images from sections of WT, TTPACNED/—,
and TTPACNBD/ACNBD paws, Row | shows low-power sections that were treated the same as the rest of the sections
in the figure during the immunostaining process but were incubated with the purified rat IgG2a isotype control
instead of the Ly6G antibody. Row Il shows comparable low-power sections incubated with the Ly6G antibody.
Rows IIl and IV show magnified areas from the sections shown in row II, with row Ill showing synovial spaces and
row IV soft tissues. Arrows in panels F, G, and J point to neutrophil infiltration in soft tissues, and arrowheads in
panels F and G indicate Ly6G-positive cells in bone marrow.

down by sex, only the increases in GM-CSF were significantly influenced by genotype
in both males (P = 0.004) and females (P = 0.023); only in females were the increases
in TNF (P = 0.036), and only in males were the increases in CXCL2 (P = 0.003) and CCL3
(P = 0.025) significantly influenced by genotype. The body temperature decreases were

ACNBD/ACNBD
SRR

FIG 7 Paw immunohistochemistry with an antibody to CD45. Shown are images from sections of WT, TTPACNED/—,
and TTPACNBD/ACNED paws, All sections were incubated with the CD45 antibody. The images in panels A, C, and E
show synovial spaces. The images in panels C, D, and F show cells in bone marrow cavities, with immunoreactive
cells present in the sections shown in panels D and F.
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FIG 8 Serum cytokine concentrations and body temperatures after LPS challenge. (A and C) Levels of cytokines and chemokines
(mean values * SD) in the sera of WT or TTPACNBD/ACNBD mice before and after intraperitoneal injection of LPS at either 2 mg/kg of
body weight (A) or 10 mg/kg (C). The P values beneath the protein name indicate the levels of significance of the differences in
response between the two genotypes (see Materials and Methods for their determination). (B and D) Body temperatures (mean
values = SD) measured before and after injection of LPS at 2 mg/kg (B) or 10 mg/kg (D).

more dramatic with this dose of LPS (Fig. 8D), but there was no influence of genotype
in this case.

Before the LPS injections, there were no discernible differences in serum cytokine
levels between the two genotypes of mice. This is in contrast to the results obtained in
similar experiments in the TZF C116R point mutant Kl mice, which exhibited significant
increases in the basal levels of TNF (P = 0.0224, unpaired t test with Welch's correction)
and CXCL1 (P = 0.0085).

Analysis of mRNA stability in primary BMDM. We first compared levels of TTP
protein expression in bone marrow-derived macrophages (BMDM) from WT, TTP*+/—,
and TTPACNBD/— mice. A Western blot analysis of unstimulated cells and cells stimulated
for 3 h with LPS confirmed the decreased expression of TTP protein in the TTP*/~ cells
(Fig. 9A), but the multiple bands characteristic of this protein under these circum-
stances, reflecting multisite phosphorylation, were present in their normal configura-
tion. In the TTPACNBD/— cells, there was approximately the same level of protein
expression as seen in the TTP*/~ cells, but the banding pattern was slightly modified,
reflecting the decreased size of the protein and perhaps loss of one or more C-terminal
phosphorylation sites (Fig. 9A).
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FIG 9 TTP protein expression and TNF or TTP mRNA decay in TTP*/~ and TTPACNED/~ BMDM after LPS stimulation. BMDM
from WT, TTP*/~, and TTPACNBD/~ mjce were treated with LPS for various times, as indicated. (A) Western blot demon-
strating TTP protein expression in cells of the three different genotypes. Top, extracts from cells under control conditions
(lanes 1, 3, and 5) and from cells treated with LPS for 3 h (lanes 2, 4, and 6). Bottom, results of blotting gels containing the
same extracts with an anti-B-actin antibody (BAct). (B) Representative Northern blots showing TNF (top) and TTP (bottom)
mRNA decay after ActD treatment. BMDM were stimulated with LPS for 1 h, followed by an ActD decay time course assay.
Total RNA samples from TTP*/~ cells were loaded into lanes 1 to 9, and total RNA samples from TTPACNED/— cells were
loaded into lanes 10 to 18. Migration positions of TNF and TTP mRNA are indicated on the right, and a line at the right
of the bottom panel indicates the migration position of a TTP-neo fusion mRNA from the TTP null allele. (C and D) Decay
curves (mean values + SD) from five independent experiments of the type shown in panel B are shown for TNF mRNA
decay (C) and TTP mRNA decay (D). As in the experiment described for panel B, cells were stimulated with LPS for 1 h,
followed by ActD treatment of WT, TTP*/~, and TTPANBD/— cells, as indicated.

Complete TTP deficiency, as well as a non-RNA binding TZF domain mutation in TTP,
has major effects on the stability of several cytokine mRNAs that have been shown to
be direct targets of TTP binding, deadenylation, and destabilization (for reviews, see
references 29 to 31). In a previous study in BMDM from C116R Kl mice, we found that
treatment with ActD following 1h of LPS stimulation provided a greater contrast
between TNF mRNA levels and decay rates in cells of the WT and mutant genotypes
than ActD treatment at either 3 or 6 h after LPS treatment. We therefore compared
BMDM of TTP*/~ and TTPACNBD/— mice after treatment with LPS for 1 h, using Northern
blotting to evaluate effects on TNF mRNA expression and decay. As the example in Fig.
9B shows, there was a slower decay rate of TNF mRNA in the TTPACNBD/= cells than in
the TTP*/~ cells. When data from five different experiments of this type were averaged,
with cells derived from five groups of mice, there was a minor but statistically
significant delay in TNF mRNA decay in the TTPACNBD/— cells compared to that observed
in the WT cells, while there were no differences between WT and TTP*/~ cells (Fig. 9C).
The average times to decay (time at which mRNA decreased to 50% of its original level
[tsos]) (mean values = standard deviation [SD]) were similar in the WT (20 = 1 min) and
in the TTP*/~ (23 = 6 min) cells, and the average t in the TTPACNBD/~ cells was 34 *
11 min (Table 2). For comparison, there was a much more marked delay in TNF mRNA
decay in a previous comparison of WT versus KO cells (26) (Table 2). There were no
apparent differences in the TTP mRNA decay profiles for WT, TTPACNBD/~ and TTP+/—
cells (P = 0.092) (Fig. 9D), in contrast to the behavior of TTP mRNA in the C116R point
mutant cells, in which it was significantly stabilized in the mutant cells (Table 2) (26).

We then performed similar analyses on BMDM from the WT and TTPACNBD/ACNED
mice. A Western blot analysis of TTP showed comparable levels of induced protein after
1 or 3 h of LPS stimulation (Fig. 10A). The slight size decrease and the change in the
protein banding pattern were similar to those noted above for the TTPACNBD/— cells
(Fig. 9A).
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TABLE 2 Time for the TNF mRNA to decay to 50% of its original level in cells of the
various genotypes

Genotype tso (min) (mean * SD)° 95% confidence interval P value®
WT 20 =1 18-22 0.045
TTPACNBD/— 34 = 11 21-47

WT 15+ 2 11-18 0.024
WPACNBD/ACNBD 33+ 9 19-48

WTe 17 =2 14-21 0.003
TTP~/=< 59 =15 41-78

WTe 18+ 3 15-22 <0.0001
'|_|'PC'|'I6R/C'|'I6RC 69 =+ '|5 5‘]_88

aData are from cells derived from 5 mice in each group, except for the WT versus TTPACNBD/ACNBD
comparison, in which there were data and cells from 4 mice in each group.

bDetermined with unpaired, two-tailed t tests with Welch's correction.

<Data from analogous experiments with cells derived from the original TTP KO mice and from the
TTPC116R/C116R mice were taken from a previous paper (26) and are shown here for comparison.

The decay patterns of mRNA after 1h of LPS treatment followed by ActD
incubation indicated a modest delay in the decay of TNF mRNA in the TTPACNBD/ACNED ce||s,
as shown by Northern blotting (Fig. 10B, top). The average t5,s of TNF mRNA decay of
four independent experiments using BMDM from four pairs of mice showed a 2-fold
increase in average ts, of the TNF mRNA in the TTPACNBD/ACNED cells compared to the
results for their WT counterparts (Table 2). The delay was similar in magnitude to
that observed in the WT versus TTPACNBD/— comparison (Table 2). The decay of TTP
mRNA was similar in both WT and TTPACNBD/ACNED ce|s (Fig. 10B, bottom). The average
tsos of TTP mRNA decay were similar (P = 0.955) in the WT (14 = 3 min) and the
TTPACNBD/ACNEBD cells (14 = 2 min).

Using NanoString assays (32), we examined the effects of the TTPACNBD/ACNBD
genotype on the decay of several additional TTP target mRNAs and several internal
controls (26). These assays validated the effectiveness of the ActD treatment; specifi-
cally, the curves from known rapidly decaying internal controls, Dusp2 and Socs3
mRNAs, were very rapidly degraded after ActD addition, with superimposable curves
from cells of the two genotypes (Fig. 10C). Similarly, there were no apparent differences
in the decay curves for TTP mRNA itself (Fig. 10C). We observed comparable results for
these control transcripts and for TTP mRNA when RNA samples from TTP*/~ and
TTPACNBD/= cells were tested in the same assays (not shown).

The decay of TNF mRNA was significantly slowed in the TTPACNBD/ACNED cels
compared to its decay in the WT cells (Fig. 10C; Table 2). This decreased rate of decay
was not as great as that seen in the point mutant cells (26); the average values from
those decay curves are shown in red in Fig. 10C for comparison. Using the same type
of analysis, a significant genotype influence on TNF mRNA decay was also observed
with the TTP*/~ versus TTPACNBD/= comparison (P = 0.002). Significant effects of the
TTPACNBD/ACNBD genotype were also found in the decay curves of Cxcl1, Cxcl2, and
Ptge2 mRNAs (Fig. 10C), transcripts previously identified as TTP targets (26, 33-35); in
these cases, the decreased decay after ActD treatment was more similar to that seen
previously in the cells from the zinc finger mutant mice, but t,, values could not be
calculated for those transcripts because of the unusual decay patterns. There were
minor genotype influences of the TTPACNBD/ACNED genotype on the decay of Myd116
and CD274 mRNAs; these were not significantly different in this experiment.

When the initial values of these mRNAs (before ActD was added) were compared
(Fig. 10D, LPS 1 h), TNF was the only one found to be present at significantly higher
levels in the TTPACNBD/ACNBD group (P = 0.037).

Predictions of disordered regions in human and mouse TTP. Because recent
experiments have demonstrated that Zfs1, the single TTP family member expressed in
S. pombe, can interact with the S. pombe CCR4/NOT complex through unstructured
domains in Zfs1 that are N-terminal to the C-terminal TZF domain in that protein (25),
we analyzed the human and mouse TTP protein sequences for the presence of

July 2019 Volume 39 Issue 13 €00029-19 mcb.asm.org 14


https://mcb.asm.org

TTP CNOT1 Binding Domain Mutant Mice

A B WT TTP ACNBD/ACNBD
WT  TTPACNBACNED ActD(mﬁn)o ©c2 8289888202822 88S8
LPS®H O 1 3 0 13 LPS(lh) - ++++++++-++++++++
49— B - B <TNF
37— .' ..‘TTP
— A ®w e <TTP
12 3 4 5 6 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18
C WT - TTPACNBD/ACNBD_ @' D WT TTPACNBD/ACNBD.
Dusp2 (1 Socs3 (2 2 i
o p=(I)).37C(’> ) p=0.302) 2 307Dusp2 Socs3 TTP
210 3
'S © 20
'U(ﬂ
< = X 10
z £
£ o > oLHE W
Cxcll (4) Cxcl2 (4) ”
58 p=0.005 p=0015 2  307Tnf Cxcll Cxcl2
1 E v 3
gFa eoFs 3 E_,]
g 23
5] ] i N —
= = X 104
< ==
g T T T T T T Z. 0 -
Ptgs2 (5) Myd116 (4) Cd274 (4)
- p=0013 p=0.055 p=0079 £ 307Ptgs2 Mydl116 Cd274
E R S g § i
S lwg L Y= 1%e T TR T ~ 201
s 051 = 104
: NP |
g0 T . . : : - : - : 2 o i s —
0 30 60 90 0 30 60 9 0 30 60 90 1h 1h 1h
Act D (min) Act D (min) Act D (min) LPS

FIG 10 TTP protein expression and TNF and other mRNA decay in WT and TTPACNBD/ACNBD BMDM after LPS stimulation.
BMDM from WT and TTPACNBD/ACNED mjce were treated with LPS for the times indicated. (A) Top, Western blot demon-
strating TTP protein expression in cells of the indicated genotypes under control conditions (lanes 1and 4) and from cells
treated with LPS for 1h (lanes 2 and 5) or for 3 h (lanes 3 and 6). Bottom, results of blotting the same extracts with an
anti-B-actin antibody (BAct). (B) Representative Northern blots illustrating TNF (top) and TTP (bottom) mRNA decay after
1 h of LPS stimulation followed by an ActD time course assay. Total RNA from WT cells was loaded into lanes 1 to 9, and
from TTPACNBD/ACNBD cells into lanes 10 to 18. Migration positions of TNF and TTP mRNA are indicated on the right. (C)
NanoString analysis of BMDM mRNA decay. Total RNA samples from four decay experiments were performed, using cells
from four pairs of mice of the two indicated genotypes. Data are shown as fractions of the original MRNA remaining (mean
values = SD; n = 4) during the ActD time course assay, with a value of 1 set for the samples taken before ActD was added.
The numbers in parentheses following the name of the mRNA indicate the numbers of core TTP binding sites (VAUUUAU)
found in the mRNA 3’ UTR. The P values beneath the mRNA names refer to statistical comparisons between the two
genotypes; see Materials and Methods for their determination. In the panel labeled TNF, the red lines represent mean
values from a previous experiment (26), in which cells from mice with a cysteine point mutation in the TZF domain (open
circles) were compared to cells from WT mice (closed circles). (D) Original mRNA levels, determined by NanoString assays,
from total RNA prepared after 1 h of LPS stimulation but before adding ActD. The data shown are normalized counts (mean
values * SD).

predicted disordered regions. As shown by the data in Fig. 11, the disorder prediction
program DISOPRED3 (36) predicts that there are large unstructured regions in both the
N- and C-terminal halves of both mouse and human proteins that might interact with
the mammalian CCR4/NOT complex in similar ways.

DISCUSSION

Early studies of cells derived from TTP KO mice established that TTP could promote
decay of mMRNAs containing specific AU-rich sequences in their 3’ untranslated regions
(3" UTRs) (26, 35, 37, 38). This process was initiated by high-affinity binding of TTP to
the AU-rich sequences, followed by the stimulation of mRNA deadenylation (22, 39),
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FIG 11 Disordered protein predictions for human and mouse TTP. The protein sequences for human and mouse
TTP (hTTP and mTTP, respectively) were subjected to disordered protein segment predictions using DISOPRED3
(36), using default parameters. The domain structures of the two proteins are illustrated schematically at the top
of the figure. NES, nuclear export signal; TZF, tandem zinc finger domain; CNBD, CNOT1 binding domain. Note that
the TZF domain and CNBD especially are predicted to be ordered, with large regions of disorder predicted for large
stretches of the N- and C-terminal halves of the proteins. Predicted disordered regions are indicated by blue lines,
and predicted protein binding site locations by orange lines.

thought to be the rate-limiting step in eukaryotic mRNA decay (for reviews, see
references 9 to 11). It was clear that the defining characteristic of TTP family proteins,
the TZF domain, was responsible for the RNA binding; however, the nature of the
interactions with deadenylases remained obscure.

A second conserved sequence motif that is found in TTP family members through-
out the eukaryotes is generally found at the extreme C terminus (1, 7). This short motif
in human TTP was found to interact directly with the human CNOT1 protein (7), and a
crystal structure of this interaction demonstrated key residues in the TTP C terminus
that have been conserved throughout eukaryotic evolution. Since CNOT1 is a compo-
nent of the CCR4-NOT complex, a multiprotein complex that contains two 3'-to-5’
exonucleases, or deadenylases, this provided an attractive model for the activity of TTP
and its family members: after binding to mRNA through the TZF domain, the C-terminal
domain would recruit the CCR4-NOT complex to the targeted mRNA, resulting in its
accelerated deadenylation and ultimate decay (7, 40).

However, there are some problems with this model. First, in the cell transfection
studies with both human TTP and Drosophila Tis11, the CNBD deletions did not fully
destroy the ability of the proteins to promote the decay of ARE-containing mRNAs (7,
8). Second, many widely used model organisms express TTP family members, as defined
by the presence of typical TZF domains, that appear to lack any sequences analogous
to the C-terminal CNBD described above (1). Examples of these include the yeasts
Saccharomyces cerevisiae, S. pombe, and Candida albicans and the eudicot plant Arabi-
dopsis thaliana. In many of these cases, the TTP family proteins end shortly after the TZF
domain, without an obvious C-terminal CNBD. This is particularly striking given that
certain primitive fungi and many primitive plants contain more typical metazoan-style
proteins with linked central TZF domains and C-terminal CNBD (1, 41). Despite the
apparent absence of these domains in yeasts, the TTP family members from those
species can still bind to AU-rich-element-containing mRNAs and promote their decay.

The present experiments attempted to determine the importance of the conserved
C-terminal CNBD to the function of TTP in the intact mouse, using knock-in technology
to remove this portion of the protein while leaving the Zfp36 gene otherwise intact and
subject to its normal regulation. Based on our previous cotransfection studies with
human TTP and Drosophila TIS11 (7, 8), our hypothesis was that this C-terminal
truncation would result in a phenotype intermediate in severity between the pheno-
types of normal mice and TTP KO mice. As mentioned above, we chose TTP over the
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other family members expressed in mouse because of its severe and well-described
phenotype in adult mice and because of the overlap of the CNBD of the two other
widely expressed TTP family members, ZFP36L1 and ZFP36L2, with their experimentally
verified nuclear export sequences (13).

The experiments reported here support this hypothesis. In fact, the mutant gene
encoding the C-terminally truncated protein behaved like a hypomorphic allele, with a
phenotype that was more severe when it was in trans with a null allele (27). As in the
case of mice heterozygous for a point mutation in the TZF domain that abrogates RNA
binding, we saw no evidence of a dominant-negative effect of the mutant allele (26).
We conclude from these experiments that TTP lacking this conserved C-terminal
domain is less active than its full-length counterpart in mice but still retains consider-
able activity in the intact organism.

These findings were supported by three very different types of experiments. In
mammalian cell transfection studies, the C-terminally truncated version of TTP was
clearly less active than WT TTP at promoting deadenylation and decay of a target
transcript but more active than either an unrelated protein (GFP) or a TZF domain
cysteine mutant that is incapable of binding RNA. This was despite the facts that, in
transfection experiments in the same cell type, full-length human TTP was able to pull
down the central TTP binding domain of CNOT1 but the C-terminally truncated protein
was not, exactly mirroring the association results using recombinant proteins expressed
in and purified from Escherichia coli (7). These data indicate that the phosphorylation of
one or both serines in the C-terminal fragment, which has been observed in other cell
types (18, 19), might be expected to interfere with association with CNOT1 (7). Similarly,
in cell-free experiments with recombinant human TTP and its mutants and recombinant
CCR4-NOT complexes from S. pombe, the C-terminally truncated mutant of TTP retained
some ability to promote the deadenylation of ARE-containing target RNAs, under
conditions in which WT TTP was active and a TZF domain point mutant, the TZF domain
alone, and MBP were all inactive. Finally, the C-terminally truncated form of mouse TTP
was clearly less active than the full-length protein in an S. pombe Zfs1 complementation
assay, but it was more active than the zinc finger point mutant protein. Taken together,
these data suggest that the removal of the conserved C-terminal sequence from TTP
decreases its activity in vitro and in vivo but does not abolish it.

In general, the mouse phenotype seen when only one copy of TTPACNBD was
expressed, in trans with a null allele, was considerably less severe than the phenotype
seen in the complete TTP KO mice (12) or in mice with a knocked-in point mutation in
one of the zinc-coordinating cysteines within the TZF domain (26). The phenotype in
the homozygous mice expressing two copies of the TTPACNED mutant was still less
severe, in terms of weight gain and peripheral evidence of arthritis, as would be
expected with an apparent hypomorphic allele (27). However, despite the nearly
normal weight gain in the TTPACNBD/ACNBD mice, there were some abnormal pheno-
types that raise the possibility that specific actions of TTP are differentially affected. For
example, both the TTPASNBD/= and many of the TTPACNBD/ACNED mjce developed
dactylitis, with soft tissue swelling and leukocyte infiltration in the digits and bony
erosions that were most severe in the terminal phalanges. This dactylitis was actually
transient in some of the TTPACNBD/ACNED mjce, j.e., they seemed to recover completely,
at least in terms of external physical examination. This kind of transient arthritis is
apparently not uncommon in certain human rheumatologic diseases, such as “palin-
dromic rheumatism” (42, 43), and may reflect less severe arthritogenic stimuli than
found complete in TTP-deficient mice. Both types of C-terminus mutant mice had no or
minimal involvement of the larger joints that are so severely affected in the TTP KO and
TZF domain point mutant mice (12, 26). Dactylitis is frequently seen in human psoriatic
arthritis (44), and it can be used to distinguish this condition from other types of
inflammatory arthritis. We also found that myeloid hyperplasia, a prominent part of the
original TTP deficiency syndrome, was evident in both the TTPACNBD/= and the
TTPACNBD/ACNED mjce. Macrophages from the TTPACNBD/ACNED mijce exhibited stabiliza-
tion of Cxcl1 and Cxcl2 mRNA that was very similar to that seen in the more severe

July 2019 Volume 39 Issue 13 e00029-19

Molecular and Cellular Biology

mcb.asm.org 17


https://mcb.asm.org

Lai et al.

forms of TTP deficiency (26), even though TNF and TTP mRNAs were stabilized to a
lesser extent. It is possible that certain aspects of the phenotype that differ from the
complete KO phenotype are the result of specific effects of the mutant protein on
certain transcripts, the nature of which remain to be determined.

Recently, Zhang et al. (45) described an interesting mouse model in which endog-
enous TTP was tagged with a C-terminal V5 tag. Based on the targeting method used,
the encoded protein should lack the C-terminal seven amino acids of mouse TTP. Based
on the results of Fabian et al. (7), this truncation should decrease or eliminate binding
of the C-terminal domain to CNOT1. To our knowledge, these mice do not have an
evident phenotype, but as in the current study, it may be necessary to put the mutant
allele in trans with a null allele to elicit a high-frequency inflalmmatory phenotype of the
kind seen with the TTPACNED/— mice.

Many possibilities remain for how C-terminally truncated TTP can still promote
deadenylation of its targets. These include binding of other regions of TTP to CNOT1 or
to other members of the CCR4-NOT complex, as suggested by the experiments in the
present paper with purified CCR4-NOT complexes from S. pombe and from previous
work (3, 46), binding to other deadenylases, either directly or through intermediary
proteins, and other possibilities. Regardless of the mechanism of this residual activity,
the present results demonstrate that removal of the conserved C-terminal domain of
TTP has deleterious effects on the function of the protein, suggesting that other family
members throughout the eukarya also may rely on this domain for full activity.

MATERIALS AND METHODS

Animal procedures, genotyping, and sequence analysis of the ACNBD allele. The targeting
scheme was designed to remove the CNOT1 binding domain (CNBD)-coding sequence from exon 2 of
the Zfp36 locus, the gene encoding TTP (Fig. 3). A 9.1-kb fragment spanning the Zfp36 locus and flanking
sequence was shuttled from bacterial artificial chromosome (BAC) RP23-204B7 (Children’s Hospital
Oakland Research Institute, Oakland, CA), using standard BAC recombineering techniques, into a plasmid
containing the MC1-DTA negative-selection marker. Site-directed mutagenesis was used to remove the
coding sequence of the CNBD (5'-CGTCTCCCCATCTTCAATCGTATCTCTGTCTCTGAG-3'), coding for the
extreme C terminus of mouse TTP (GenBank accession number NP_003398.2): RLPIFNRISVSE. This is
analogous to the deletion used to eliminate CNOT1 binding to human TTP in the work of Fabian et al.
(7). An Frt-flanked neomycin resistance cassette from pL451 (NCl, Frederick, MD) was then subcloned into
the Xbal site of the single intron of Zfp36. The linearized targeting vector was electroporated into
129S6-derived embryonic stem (ES) cells (AB2.2). Properly targeted clones were identified by 5" and 3’
Southern blot analysis utilizing probes generated by PCR of 129 mouse genomic DNA (TTP-5'Fwd,
5'-AACCACGTGACTACCCAACC-3’; TTP-5'Rev, 5'-GCAAGTGGCCTCTGGAGAAT-3’; TTP-3'Fwd, 5'-CAGATT
CTCACGCCTCCTGG-3'; and TTP-3'Rev, 5'-ACTGGCTAACTCCTCGGTCT-3'). Proper integration of the
CNOT1 binding site-deficient exon 2 was confirmed by sequencing. Correctly targeted ES cell clones were
microinjected into albino C57BL/6 blastocysts to generate chimeric founders. Germ line-transmitting
chimeras were bred to FLP recombinase-expressing mice (12954, JAX stock number 003946; The Jackson
Laboratory) to excise the FLP recombination target (FRT)-flanked neomycin resistance cassette to
generate the final Zfp36 CNOT1BD allele (Zfp36*/ACNED),

Heterozygous Zfp36*/ANBP mice were bred with C57BL/6 mice to remove the Cre transgene and
then bred with the original TTP*/~ mice (12) on 129 and C57BL/6 genetic backgrounds to generate either
mixed heterozygote mice with one TTP-KO allele and one CNBD deletion mutant allele in the Zfp36 locus
(Zfp36—/ACNBD) or homozygous CNBD deletion (Zfp362CNBD/ACNED) mice. Offspring were genotyped by
Transnetyx Genotyping Services.

The expression of TTP mRNA lacking the CNBD was verified individually in cells from four
Zfp36ACNBD/ACNBD mice with reverse transcription (RT)-PCR, using total RNA isolated from bone
marrow-derived macrophages (BMDM,; see below). The sequence of the 5’ PCR primer was within the
TTP protein-coding region, 5'-CGACAAAGCATCAGCTTCTC-3', and the sequence of the 3’ primer was
located in the 3’ UTR of TTP mRNA, 5'-TGCCCTCTCTTTGAGATCTAG-3'. The resulting 455-bp cDNA
was sequenced, and this confirmed that the coding sequence for RLPIFNRISVSE at the extreme C
terminus of TTP was indeed missing.

All animal procedures were performed according to the U.S. Public Health Service policy on the
humane care and use of laboratory animals, and the National Institute of Environmental Health Sciences
Institutional Animal Care and Use Committee approved all animal procedures used in this study.

Body weights were measured weekly, from 6 weeks after birth until 24 weeks of age. We compared
possible differences in body weights at age 24 weeks between the two pairs of genotypes using the
unpaired, two-tailed t test with Welch'’s correction.

Micro-CT. Front paws from WT, TTP~/ACNBD, and TTPACNBD/ACNED mice were prepared and analyzed
using a microcomputed tomography system (micro-CT) as described previously (26, 47, 48). Briefly, the
isolated paws were fixed in 10% neutral buffered formalin for 24 h and then stored in 70% ethanol. For
micro-CT scanning, the fixed paws were immobilized in 2% agarose gel, vertically set in the tubes, and
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measured in the micro-CT system (uCT40; Scanco Medical AG, Zurich, Switzerland). The scanned images
were analyzed, and three-dimensional (3-D) images were remodeled.

Histology and immunohistochemistry. Animals were euthanized between 4 and 5 months of age,
and front paws were fixed in 10% neutral buffered formalin, embedded in paraffin, and sectioned (5-um
sections). To perform immunohistochemistry, the sections were deparaffined and rehydrated, and
antigens were retrieved by heat and pressure in a decloaking chamber. For Ly6G antibody staining, the
antigen retrieval solution used was 1X antigen decloaker citrate buffer, pH 6.0 (Biocare Medical, Concord,
CA). Hydrogen peroxide (3%) was applied to block endogenous peroxidase. The sections were then
incubated with Dako protein-blocking reagent (Dakocytomation Corporation, Carpinteria, CA) for 10 min,
followed by the avidin-biotin blocking reagent (Vector Laboratories, Burlingame, CA). The sections were
incubated with a Ly6G IgG2a (catalog number 127602, lot number B192830; Biolegend, Inc., San Diego,
CA) primary antibody at a 1:500 dilution for 30 min, or for negative-control sections, the incubation was
with an equivalent dilution of purified rat IgG2a (BD Biosciences San Jose, CA) isotype control. The
sections were then incubated for 30 min with a biotinylated rabbit anti-rat secondary antibody (Vector
Laboratories, Burlingame, CA) at a 1:500 dilution, followed by incubation with the R.T.U. Vectastain elite
ABC reagent (Vector Laboratories, Burlingame, CA) for 30 min. The antigen-antibody complex was
visualized using diaminobenzidine (DAB; Dako, Carpinteria, CA) for 6 min. The sections were counter-
stained with hematoxylin for 10s, dehydrated, cleared, and coverslip mounted. For CD45 antibody
staining, the antigen retrieval solution used was 1X EDTA decloaker retrieval solution (Biocare Medical,
Concord, CA). Hydrogen peroxide (3%) was applied to block endogenous peroxidase. The sections were
then incubated with 2.5% normal goat serum (ImmPRESS anti-rat Ig kit; Vector Laboratories, Burlingame,
CA) for 20 min. The sections were incubated with a CD45 monoclonal IgG2b (catalog number 550539, lot
number 3122745; BD Biosciences, Inc., San Jose, CA) primary antibody at a 1:150 dilution for 60 min, or
for negative-control sections, the incubation was with an equivalent dilution of purified rat IgG2a isotype
control (BD Biosciences San Jose, CA). The sections were then incubated with anti-rat Ig polymer
(ImmPRESS anti-rat Ig kit; Vector Laboratories, Burlingame, CA) for 30 min. Antigen-antibody complexes
were visualized using DAB (Dako Corp., Carpinteria, CA) for 6 min. The sections were counterstained with
hematoxylin, dehydrated, cleared, and coverslip mounted.

Endotoxin challenge, clinical pathology, and cytokine/chemokine multiplex assay. For the low-dose
test (2 mg/kg body weight), four groups (n =5 in each) of 8- to 13-week-old male or female mice, WT
or TTPACNBD/ACNED, \were used for the endotoxin challenge study. Body temperatures were determined
and peripheral blood samples were collected before intraperitoneal injection of a single dose of
lipopolysaccharide (LPS 0111:B4 in normal saline, product number L2630; Sigma) or normal saline alone.
One mouse from each group was injected with normal saline alone. During the whole testing period, the
four saline-injected mice showed stable body temperatures, and their serum cytokines remained at basal
levels. For the high-dose test (10 mg/kg body weight), 9 mice (5 males and 4 females) of each genotype
at 8 to 13 weeks old were used. Body temperature measurements and peripheral blood collections were
repeated at 1.5 h and 3 h after the LPS injection. Peripheral blood was collected via retro-orbital bleeding
into tubes containing serum gel/clotting activator (Sarstedt, Inc., Newton, NC). After clotting, the tubes
were centrifuged for 5 min at 10,000 X g at room temperature. The resulting sera were analyzed with a
mouse cytokine/chemokine magnetic bead panel (Milliplex MAP; EMD Millipore) on a Luminex 200.

Transfection assays. A human TTP (GenBank accession number NP_003398.1) expression construct,
CMV.hTTP.tag, its zinc finger mutant, and its C terminus deletion constructs have been described
previously (7, 21). These constructs were transfected into HEK 293 cells by the calcium phosphate
precipitation method as described previously (49) to express TTP protein (0.5 ug DNA and 4.5 ug of
vector BS+ DNA per 100-mm dish) for Western blotting with a hemagglutinin (HA) antibody (HA probe
[F-7]-horseradish peroxidase [HRP], sc7392; Santa Cruz). The RNA-destabilizing activity of TTP expressed
by these constructs (5 ng DNA/dish) was assessed with HEK 293 cell cotransfection assays (49), using a
reporter construct, MIp-TNF3’ (3 wg DNA/dish), that expressed a fusion mRNA containing 540 bases of
the TNF 3’ UTR (20). Forty-eight hours after transfection of the constructs, the cells were treated without
or with ActD (5 ug/ml, product number A4262; Sigma). Dishes were rinsed in cold phosphate-buffered
saline (PBS) and lysed in lysis solution (illustra RNAspin minikit; GE Healthcare). The lysates from the 3
plates from the same treatment time point were pooled, and cellular RNA was prepared according to the
manufacturer’s protocol.

The ability of TTP expressed by these constructs to degrade the MIp-TNF3’ fusion mRNA was
visualized and quantitated by Northern blotting with an Mip cDNA probe, as described previously (8, 20).
The MIp-TNF3’ fusion mRNA and the endogenous Mip mRNA expression level on each gel lane were
quantitated using a Phosphorlmager and mRNA probe bound volume (volume quantitation by
ImageQuant; Molecular Dynamics). The probe bound volume of MIp-TNF3’ fusion mRNA was corrected
by the bound volume of endogenous MIp mRNA, which served as a loading control. For comparison, the
steady-state (without ActD treatment) levels of MIp-TNF3’ mRNA in the RNA from cells transfected with
the TTP expression constructs were compared to those from cells transfected with the control construct
CMV.EGFP at steady state, and the state of MIp-TNF3’ mRNA decay after 1 h in ActD in the presence of
the TTP expression constructs was compared to that in the presence of the CMV.EGFP control after ActD
treatment of the cells.

RNase H assays were performed as described previously (8, 21, 22). Briefly, total cellular RNA samples
from cells (without ActD treatment) cotransfected with MIp-TNF3’ and various TTP or GFP expression
constructs were incubated at 55°C in 50 mM KCl with or without 0.6 ug of oligo(dT),,_,5 for 5min,
followed by another 20 min at 25°C. All reaction mixtures included 10 ug of RNA, except for the GFP and
C124R mutant samples incubated with RNase H, which included 5 ng. Reaction buffer containing RNase

July 2019 Volume 39 Issue 13 e00029-19

Molecular and Cellular Biology

mcb.asm.org 19


https://www.ncbi.nlm.nih.gov/protein/NP_003398.1
https://mcb.asm.org

Lai et al.

H (1U per reaction sample) was added to samples annealed with oligo(dT),,_,s or reaction buffer
without the enzyme was added to samples without oligo(dT),,_,, followed by incubation at 37°C for 1 h.
After precipitating the RNA, the samples were used for Northern blotting as described above.

Coimmunoprecipitations of TTP and its mutants with a CNOT1 peptide were performed using
extracts of HEK 293 cells cotransfected with a mixture of Lipofectamine 2000 (Invitrogen) and 2.5 pg of
a CMV.FLAG.hCNOT1450_1020 CONstruct that expressed the middle part of the human CNOT1 protein
(GenBank accession no. NP_996882.1, amino acids 800 to 1020) that was previously shown to bind to the
C terminus of TTP (7), together with control plasmid CMV.EGFP or the CMV.hTTP.EGFP constructs of WT
TTP or of TTP 1-313 that lacks the C-terminal CNBD. One day after transfection, the cells were lysed with
1 ml RNP lysis buffer (50 mM Tris-HCl, pH 7.5, 1 mM MgCl,, 150 mM NaCl, 50 mM NaF, 1% [vol/vol] IGEPAL
CA-630, 10% [vol/vol] glycerol) supplemented with 1X cOmplete protease inhibitor cocktail (Roche,
without EDTA), 1 mM dithiothreitol (DTT), and 1 mM sodium orthovanadate. The cleared lysates were
used in immunoprecipitation reactions that were performed with anti-GFP antibodies coupled to an
agarose resin (54) (NIEHS, Structural Biology Core Laboratory, Protein Expression Facility). In addition, 250
units of RNase | (Ambion; Invitrogen) was added to each immunoprecipitation reaction mixture, and the
reaction mixtures constantly mixed at 4°C for 2 h. The agarose resin-bound complexes were next washed
4 times with ice-cold RNP lysis buffer and then boiled at 90°C for 4 min in a mixture of 1X Laemmli buffer
with 80 mM DTT to both liberate and denature the bound proteins on the anti-GFP resin. Twenty percent
(by volume) of the denatured, immunoprecipitated proteins and 10 ug of total protein from the input
lysate (also denatured using the conditions described above) were subjected to SDS-PAGE, followed by
transfer of the proteins from the polyacrylamide gel to a nitrocellulose membrane and then immuno-
blotting the membrane with either anti-GFP (B-2)-HRP antibody (Santa Cruz Biotechnology) or anti-FLAG
M2-HRP antibody (Sigma-Aldrich).

Macrophage cultures, cell treatments, RNA preparation, and Northern blotting. BMDM were
obtained by culturing bone marrow cells in macrophage growth medium (RPMI 1640 medium with 10%
fetal bovine serum [FBS], 30% L929 cell culture supernatant, 100 U/ml penicillin, 100 ug/ml streptomycin,
and 6 MM L-glutamine) in 10-cm tissue culture plates as described previously (26). To prepare for
experiments, the 70% to 80% confluent BMDM monolayers in 10-cm plates were incubated in RPMI 1640
medium (10 ml each plate) supplemented with 1% FBS and the antibiotics for 16 to 24 h.

The mRNA decay assays were performed as described previously (26). For each experiment, 4 plates
of cells of each genotype were used as controls (untreated), and 4 plates were treated with LPS (product
number L6529; Sigma) alone as references. At the end of the 1-h pretreatment period, these reference
plates were quickly rinsed with cold PBS and the cells in monolayers were lysed in lysis solution.
Thereafter, three plates of cells were combined for use for each mRNA decay point. ActD was added to
these plates precisely at the end of the indicated LPS treatment period to stop mRNA transcription, and
the cells were further incubated for the indicated times, followed by cold PBS rinses, cell lysis, and cellular
RNA extraction as described above.

For Northern blotting, each gel lane was loaded with 8 ug of total RNA. Northern blots were
hybridized with the «a-32P-labeled probes for mouse TNF and TTP as described previously (50, 51). The
blots were quantitated using a phosphorimager, and the probe-bound mRNA volumes were obtained
using Volume Quantification (ImageQuant; Molecular Dynamics).

NanoString RNA analysis. Total cellular RNA from BMDM used in the RNA decay assays was
analyzed using the NanoString nCounter method (32) for a specific group of mRNAs. The observed
counts were normalized by a method described previously (26). The internal housekeeping controls for
normalizing the counts were Shfm1 (NM_009169.1), Tbca (NM_009321.2), Pbrm1 (NM_001081251.1),
Gnai2 (NM_008138.4), Psma7 (NM_011969.1), Cox8a (NM_007750.2), and Mom2 (NM_007505.2).
GenBank accession numbers for each transcript presented in Fig. 10 are as follows: Cd274 (NM_021893.3),
Cxcll (NM_008176.1), Cxcl2 (NM_009140.2), Dusp2 (NM_010090.2), Myd116 (NM_008654.2), Ptgs2
(NM_011198.4), Socs3 (NM_007707.2), Tnf (NM_011638.4), and Zfp36 (TTP) (NM_011756.3).

In vitro deadenylation assays. (i) Plasmid constructs. An E. coli expression plasmid encoding
human TTP (RefSeq accession number NP_003398.1), with an N-terminal maltose binding protein (MBP)
tag and a C-terminal 6-residue histidine tag, was a kind gift from Marc R. Fabian, McGill University, and
was described previously (7). The C118R single point mutant, mutated within the TZF domain, and the
C-terminal deletion mutant, lacking amino acid residues 315 to 326 that were previously reported to
comprise the CNOT1 binding site (7), were generated by PCR mutagenesis using the vector encoding
human TTP as the template. The TZF domain of human TTP (residues 103 to 170, based on the sequence
with RefSeq accession number NP_003398.1), was cloned using the Sspl site of a modified pET28/30
vector, as described in reference 24. The modified pMAL-c5x vector encoding MBP was a kind gift from
Lars Pederson, NIEHS (52).

(ii) Protein expression and purification. Human full-length TTP, its full-length C118R mutant, and
its C-terminal deletion mutant proteins fused to MBP were expressed in Rosetta-2(DE3) cells (Millipore-
Sigma) after induction with 0.1 mM IPTG (isopropyl-B-p-1-thiogalactopyranoside) for 16 h at 20°C. Cells
were lysed by sonication, followed by centrifugation at 35,000 rpm at 4°C for 30 min. Supernatants were
applied to HisTrap columns (GE Healthcare Life Sciences) and eluted with 40 mM imidazole. Proteins
were subsequently loaded onto a Superdex S200 size exclusion column (GE Healthcare Life Sciences) in
20 mM HEPES, pH 7.5, 100 mM KCl, 25 uM ZnSO,, 2 mM 2-mercaptoethanol, 5% glycerol, and 10 mM
maltose. Fractions containing purified TTP fusion proteins were pooled and concentrated using a 10,000
molecular-weight-cutoff (MWCO) Vivaspin 20 centrifugal filtering device (GE Healthcare Life Sciences)
and stored at —80°C in buffer with 10% glycerol (final) after flash freezing in liquid nitrogen.
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The human TTP TZF domain fusion peptide was expressed in BL21(DE3) cells (Millipore-Sigma) after
induction with 0.1 mM IPTG for 16 h at 20°C and was purified as described above for full-length and
mutant TTP proteins, with the exception that the affinity tag was removed following elution from the
HisTrap column by incubation with tobacco etch virus (TEV) protease (vector kindly supplied by Traci T.
Hall, NIEHS) for 16 h at 4°C in the presence of 2 mM DTT. Isolated TZF domains were further purified using
a Superdex S200 column in 20 mM HEPES, pH 7.5, 100 mM KCl, 25 uM ZnSO,,, 2 mM 2-mercaptoethanol,
and 5% glycerol. After concentration using a 3,000 MWCO Vivaspin 20 centrifugal device, purified protein
was flash frozen in liquid nitrogen and stored at —80°C.

MBP was overexpressed in BL21(DE3) cells after induction with 0.3 mM IPTG for 16 h at 20°C. Cells
were lysed as described above, and supernatants were incubated with amylose resin (New England
Biolabs) and eluted with 40 MM maltose. Fractions containing MBP were subsequently applied to a
Superdex S200 column. After concentration using a 10,000 MWCO Vivaspin 20 centrifugal device, protein
was stored at —80°C in a final buffer containing 20 mM HEPES, pH 7.5, 100 mM KCl, 10 mM maltose, and
10% glycerol after flash freezing in liquid nitrogen.

Cell-free deadenylation assays were performed as described previously (15, 25), using a target mRNA
sequence at a final concentration of 200 nM that contained a single TTP family member binding site,
5'-[6FAM/fluorescein]-AAUCAUCCUUAUUUAUUACCAUUAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-3'
(the binding site is underlined). Recombinant purified CCR4-NOT complexes from S. pombe were
incubated in the presence or absence of identical concentrations (60 nM) of the following recombinant
MBP fusion proteins: wild-type full-length human TTP, its C-terminally truncated mutant (ACNDB), its
nonbinding C118R zinc finger mutant, its TZF domain alone, or the MBP protein alone. Preliminary
experiments had determined that this concentration of reactants resulted in accelerated deadenylation
in the presence of WT TTP but not in the presence of the C118R mutant. Deadenylation was initiated by
the addition of 20 nM recombinant CCR4-NOT complex. Aliquots of the reaction mixture were removed
at the times indicated and added to tubes containing the denaturing loading dye to stop the reactions.
The RNA products were resolved by urea-TBE (Tris-borate-EDTA) polyacrylamide gel electrophoresis.

S. pombe complementation experiments. These experiments were performed as described previ-
ously (24), except that a zinc finger cysteine mutant and a C-terminally truncated mutant of mouse TTP
were also knocked into the zfsT locus, as illustrated in Fig. 2B. Western blotting of epitope-tagged mouse
TTP and NanoString analysis of Arz1 mRNA levels were conducted as described previously (24).

Antibodies and Western blotting. At the end of the indicated reagent treatment periods, BMDM
cell protein extracts were prepared as described previously (26). Equal amounts of protein (100 ug/lane)
were resolved on 12% SDS-PAGE gels and then transferred onto nitrocellulose membranes (GE Health-
care). The membranes were preincubated in TBS-T (Tris-buffered saline and 0.5% Tween 20) with 5% dry
milk for 1 h, followed by incubation with an antiserum against mouse TTP (53) at a 1:10,000 dilution in
TBS-T-5% dry milk at 4°C overnight. Blots were rinsed with TBS-T and incubated with a secondary
antibody conjugated to horseradish peroxidase (Bio-Rad) at a 1:50,000 dilution in TBS-T-5% dry milk for
60 min at room temperature. After rinsing with TBS-T, the blots were developed using enhanced
chemiluminescence (ECL; Thermo Scientific). Protein loading controls were visualized by incubation of
the membrane with an anti-B-actin antibody (1:25,000; Abcam) followed by incubation with a secondary
antibody conjugated to horseradish peroxidase (goat anti-mouse IgG-HRP; Bio-Rad) at a 1:50,000
dilution.

Statistical analysis. Data are generally presented as mean values = standard deviations (SD). In the
BMDM RNA decay experiments, the value obtained after 1 h of LPS stimulation (i.e., pre-ActD treatment
reference value) was set at 1, with data from the ActD treatment time course assay expressed as a fraction
of that original value. The time to decay (t,) of an assayed mRNA was defined as the time at which the
mMRNA decreased to its 50% level during the ActD treatment time course, as analyzed by interpolation
using nonlinear regression (i.e., finding an X value [ActD min] for Y at 0.5) (Prism 7; GraphPad). The
differences in t;, values between the TTPACNBD/ACNED or the TTPACNED/~ groups and the WT groups were
compared (Prism 7; GraphPad) by the two-tailed unpaired Student’s t test (with Welch's correction) on
the data from 5 individual experiments (unless otherwise indicated); the difference between two groups
was considered significant when the test P value was <0.05. In analysis of the NanoString assay results,
a 2-way analysis of variance (ANOVA) with Sidak’s multiple comparison test was used to determine how
an mRNA decay response was affected by these two factors: (i) the two different genotypes and (ii) the
treatment by LPS followed by an ActD time course assay. The difference in responses of the two
genotypes was considered significant when the test P value was <0.05. Similarly, in the analysis of
cytokine expression in blood after LPS injection, we used a 2-way ANOVA with Sidak’s multiple
comparison test to determine how cytokine accumulation was affected by (i) the two different genotypes
and (ii) the time after LPS injection. The difference in responses of the two genotypes was considered
significant when the test P value was <0.05.
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