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SUMMARY

Post-transcriptional regulation mechanisms control mRNA stability or transla-
tional efficiency via ribosomes, and recent evidence indicates that it is a major
determinant of the accurate levels of cytokine mRNAs. Transcriptional regulation
of Tnf has been well studied and found to be important for the rapid induction of
TnfmRNA and regulation of the acute phase of inflammation, whereas study of its
post-transcriptional regulation has been largely limited to the role of the AU-rich
element (ARE), and to a lesser extent, to that of the constitutive decay element
(CDE). We have identified another regulatory element (NRE) in the 3’ UTR of
Tnf and demonstrate that ARE, CDE, and NRE cooperate in vivo to efficiently
downregulate Tnf expression and prevent autoimmune inflammatory diseases.
We also show that excessive TNF may lead to embryonic death.

INTRODUCTION

The role of excessive TNF in multiple inflammatory diseases such as rheumatoid arthritis (RA), ankylosing
spondylitis, or inflammatory bowel disease (IBD) has been largely documented over the past 25 years, and
the development of anti-TNF therapies has been a milestone in the treatment of RA and many other inflam-
matory conditions. Adalimumab, an anti-TNF biologic used to treat RA, has been the best-selling drug
worldwide for several years. Many signals have been described that may lead to the increase of TNF expres-
sion through the activation of nuclear factor (NF)-kB (Liu et al., 2017). Although the importance of TnfmRNA
3" UTR in post-transcriptional regulation has been recognized early (Han and Beutler, 1990), the mecha-
nisms that regulate Tnf expression post-transcriptionally in vivo have been much less studied, with the
notable exception of the action of tristetraprolin (TTP) (ZFP34/TTP) on the adenylate-uridylate-rich element
(AU-rich element [ARE]) found in Tnf3’ UTR. The ARE is a conserved sequence made of several UAUUUAU
motifs that was first discovered in granulocyte-macrophage colony-stimulating factor mRNA and shown to
target this RNA for rapid degradation (Shaw and Kamen, 1986). AREs are present in the 3' UTRs of many
cytokines including TNF, interleukin (IL)-1, and IL-6 as well as in the mRNAs of factors regulating the cell
cycle (Galloway and Turner, 2017). To date, around 20 ARE-binding proteins (ARE-BPs) have been identi-
fied. Their effects on mRNA turnover are varied, and they may promote the degradation of transcripts or
their stabilization (Otsuka et al., 2019). TTP, a well characterized ARE-BP, plays an important role in Tnf
post-transcriptional regulation. TTP-deficient mice display a complex inflammatory phenotype that in-
cludes arthritis, cachexia, and autoimmunity (Taylor et al., 1996). Treatment of young TTP-deficient mice
with antibodies to TNF prevented the development of essentially all aspects of the phenotype. Subsequent
experiments demonstrated that binding of TTP to the Tnf ARE mediates deadenylation and destabilization
of Tnf mRNA (Lai et al., 2000).

The role of the ARE in the regulation of Tnf expression in vivo was demonstrated 20 years ago when mice
with a deletion of the ARE from the Tnf gene (TNFAARE) were shown to develop severe arthritis and IBD
(Kontoyiannis et al., 1999).

A constitutive decay element (CDE) was also identified in Tnf 3’ UTR (Stoecklin et al., 2003). Following the
observation that a reporter transcript harboring full-length Tnf 3’ UTR remained susceptible to decay in
cells possessing defective ARE-dependent decay machinery, the CDE was identified as a 15-nt conserved
sequence acting independently from the ARE in a constitutive manner. The CDE forms a stem-loop motif
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recognized by Roquin-1, which, similar to the binding of TTP to the ARE, is reported to recruit the Ccrd-Not
complex to mediate mRNA decay (Leppek et al., 2013). Although the mechanisms of CDE-mediated mRNA
decay have been described, the relevance of the CDE in the regulation of Tnf in vivo has not yet been
established.

We recently described BPSM1 mice, a spontaneous mutant mouse in which the insertion of a retrotranspo-
son eliminates most of the 3 UTR of Tnf, causing elevated levels of the cytokine and the development of RA
and heart valve disease (HVD) in these mice (Lacey et al., 2015). We also identified a previously unrecog-
nized regulatory element in Tnf 3’ UTR, which we called the New Regulatory Element (NRE). We now
have further dissected the 3' UTR of Tnf and show that the ARE, CDE, and NRE cooperate to efficiently
regulate the amount of TnfmRNA presentin a given cell at a given time. To further evaluate the importance
of the 3 UTR in the regulation of TNF levels in vivo, we generated mice with deletions of one or two reg-
ulatory elements in Tnf 3’ UTR and show that the phenotypes associated with these deletions vary enor-
mously in severity, two of them even causing embryonic death.

RESULTS
Three Major Regulatory Elements in Tnf 3' UTR

We previously used transient transfection and a series of GFP reporters derived from the pGL3-promoter
reporter (Promega) to investigate the potential interaction of members of the CCCH family of zinc finger-
containing proteins (ZFP) with several engineered variants of Tnf3’' UTR (Lacey et al., 2015). This led to the
identification of a regulatory element, the NRE, located at the distal end of Tnf 3’ UTR, just before the poly-
adenylation signal. To further investigate potential interactions between the different regions (regions 1-6,
Figure 1A) previously defined, we have generated additional reporter constructs with deletions of multiple
regions within Tnf 3’ UTR and performed transient transfection experiments in HEK293 cells. All constructs
were compared to a reporter containing the wild-type (WT) 3' UTR of mouse Tnf (Figure 1B). Deletion of
region 1, 2, 3, or 5 alone had no significant impact on the level of expression of GFP, whereas deletion
of region 4 or 6 led to a 3-fold and 2.5-fold increase in GFP expression, respectively. Deletion of regions
1, 2, and 3 together did not lead to a change in reporter activity, suggesting that these three regions do
not contain any motif of significance regarding post-transcriptional regulation of Tnf expression, at least
in the context of these experiments. Deletion of regions 4 and 5 together led to a 5-fold increase in reporter
activity, suggesting that regions 4 and 5 somehow cooperate to downregulate Tnfexpression. Deletion of
regions 4 and 6 together led to a 25-fold increase in GFP expression, indicating the crucial role of these two
regions in the downregulation of Tnf expression. Surprisingly, deletion of regions 4, 5, and 6 together only
led to a 10-fold increase in GFP reporter expression, and a construct harboring the Tnf 3’ UTR found in the
BPSM1 mice (lacking regions 2-6 replaced by a retrotransposon) reported a 7.5-fold increase in GFP.

Together, these results suggest that the most important elements controlling post-transcriptional regulation of
Tnfexpression reside in regions 4, 5, and 6 of the 3 UTR. While all the results concemning regions 4 and é suggest
that these elements are bound by repressors of Tnf expression, the results obtained with the construct lacking
regions 4 and 5 and the construct lacking regions 4, 5, and 6 suggest that region 5 might have a dual role in the
regulation of Tnfexpression. Region 5 contains the CDE, a 17-nt hairpin loop that is bound by Re3h1 and Re3h2
(also known as Roquin-1 and -2) (Leppek et al., 2013; Mino et al., 2015). Re3h1 was described as crucial for the
limitation of TNF-a. production in resting and activated macrophages (Leppek et al., 2013). As our region 5 covers
more than the CDE itself, it is possible that an as yet undescribed regulatory element lies within the 60 nucleo-
tides of region 5 that are not the CDE. As our aim was to investigate which regulatory elements are crucial in the
regulation of Tnf expression, we used these results to guide our choice as to which deletions we would engineer
in a series of mouse models. We decided on the removal of region 4, region 5, or region 6 alone, and the com-
bined removal of region 4 and 5 or 4 and 6 (Figure 1C). The phenotypes associated with these mutations are
described below and summarized in Table 1.

TNFdel4 Mice

Region 4 of Tnf3' UTR contains the ARE that are bound by TTP to regulate Tnf post-transcriptionally (Taylor
et al., 1996). The mutations in TNFAARE and BPSM1 mice are both dominant and lead to RA of similar
severity (Kontoyiannis et al., 1999; Lacey et al., 2015). Surprisingly, deletion of region 4 in our reporter sys-
tem led to a smaller increase in GFP expression than the increase caused by the BPSM1 mutation (Figure 1).
Moreover, we have shown that the cloning strategy used to produce TNFAARE mice left in region 6 a 132-
nucleotide vector sequence containing a loxP site and several restriction sites. Owing to our results
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Figure 1. Several Elements within Tnf 3’ UTR Cooperate to Regulate its Expression Post-transcriptionally

(A) Schematic representation of the GFP reporter constructs used to assay the effect of the deletion of particular regions
of mouse Tnf 3’ UTR.

(B) Deletion of regions 4, 5, 6, or combinations of those greatly affect the expression of the GFP reporter relative to the
full-length (FL) Tnf 3’ UTR in HEK293 cells. Data represent mean + SEM of three independent experiments.

(C) Schematic representation of the Tnf 3' UTR mutations that were engineered in mice using the CRISPR/Cas9
technology.

See also Figure S1.

showing a strong cooperation of regions 4 and 6, we suspected that this 132-nt insertion in region 6 might
have altered the expression of Tnfmore than a deletion of the ARE alone would have. Therefore, we gener-
ated TNFdel4 mice, in which we deleted the ARE from Tnf 3’ UTR using CRISPR (Wang et al., 2013; Kueh
etal., 2017), carefully leaving any other region of the UTR unmodified (see Figure ST and Table S1). Hetero-
zygous TnfARE* mice developed arthritis, IBD (Kontoyiannis et al., 1999), and HVD (Lacey et al., 2015),
whereas heterozygous Tnf"** mice developed none of these ailments, even at 18 months of age (Fig-
ure 2). Homozygous Tnfdel4/deld mice, by contrast, developed esophagitis, ileitis, and colitis (Figure 2),
but only mild arthritis, and no heart disease (Figure S2). Arthritis became severe in older Tnfée#/deld mice
(>200 days-old), but they never showed heart valve problems. TnfAARE/AARE ice succumbed to disease be-
tween 5 and 12 weeks of age (Kontoyiannis et al., 1999), whereas Tnf#9e mice lived up to 1 year. Like in
TNFAARE mice, concomitant ablation of TNFR1 prevented all pathologies in Tnf%"#d¢ mice (data not
shown). Thus, it appears that the deletion of the ARE from Tnf 3’ UTR is less detrimental to mouse health
than previously reported, this difference most likely stemming from the insertion of a loxP site and some
vector sequences in region 6 of the UTR in TNFAARE mice.

¢? CellPress

OPEN ACCESS

iScience 23, 101726, November 20, 2020 3




¢? CellPress

OPEN ACCESS

Arthritis IBD HVD iBALT Bone Marrow Oily Embryonic Death
Nodules Fur
Tnfdel4/+ _ _ _ + o No No
Tnfdel4/deld + 4+ - +4+ 4+ Yes No
Tfdels/+ _ _ _ - = No No
Tnfdels/dels _ _ - - - No No
Tfdelé/+ _ _ _ - = No No
T fdelé/delé _ _ _ - - No No
Tpfdelddels/+ ++ ERIRE e FIVEFIR o Yes No
Tnfdel4dels/delddels NA NA NA NA NA NA Yes, E16.5
TpfdelddelS/deladels. T .1 +/ 47y " T+t R gt Yes No
Tnfdeldele/s Tpfr1+/+ NA NA NA NA NA NA Yes, stage unknown
Tnfdeldelé/s Tnfr1+/= ot ++ + + ot No 80% death at birth (PN1)
BPSM1™* ++ + ++ 4+ e+ No No
BPSM1™/m ++++ + +H++ A+t No No
TNFAAREZ ++ ++ ++ ++ + No No
TINFAARTARES ettt ISFITINFAS AU I No No

Table 1. Phenotype Summary

iScience

Lifespan

>1 year (n = 24)
300 days (n = 34)
>1 year (NA)

>1 year (n = 31)
>1 year (NA)

>1 year (n = 57)
>200 days (n = 77)
NA

100 days (n = 2)

NA

20 days (n = 19)
200 days (n = 49)
4-8 weeks (n = 68)
200 days

4-12 weeks

Summary of the phenotypes observed in mice with various mutations in Tnf 3’ UTR. For lifespan values, n refers to the number of mice that have reached the

specified age.

We have shown recently that, in addition to RA and HVD, BPSM1 mice (both heterozygotes and homozy-
gotes) also develop tertiary lymphoid organs such as inducible bronchus-associated lymphoid tissue
(iBALT) and nodular lymphoid hyperplasia (NLH) in the bone marrow (Seillet et al., 2019). Likewise, both
TNFdel4 heterozygous and homozygous mice also developed iBALT and NLH (Figure S2, and data not
shown). The absence of any phenotype in Tnf®'"** mice reinforces our previous conclusion that neither
iBALT nor NLH has a pathogenic role, in line with the normal presence of these structures in species
such as rats or rabbits.

In addition to these previously described phenotypes, Tnf%#9¢" mice were immediately identifiable even
before weaning by their wet/oily-looking fur. This was due to the increase in size of their sebaceous glands
(Figure S3), a phenotype that was not present in BPSM1 or TNFAARE mice.

TNFdel5 Mice

Region 5 of Tnf 3' UTR contains the CDE (Stoecklin et al., 2003), a 17-nt stem-loop motif recognized by
Rec3h1 (Roquin-1) and Re3h-2 (Roquin-2) (Leppek et al., 2013; Mino et al., 2015). As Leppek et al. found
that binding of Roquin-1 initiates degradation of Tnf mMRNA and limits TNF-a production in macrophages,
we anticipated that deletion of the CDE from Tnf3’' UTR would cause an inflammatory phenotype in vivo. To
test this hypothesis, we deleted the CDE from Tnf 3’ UTR using CRISPR to generate the TNFdel5 strain.
Contrary to our expectations, Tnf%®* and Tnf"®?/> mice failed to develop any obvious inflammatory
phenotype in a 2-year observation period (data not shown), suggesting that the CDE by itself only has a

minor role in regulating the steady-state expression of Tnf.

TNFdel6 Mice

We have shown that the 76-nt-long region 6 of Tnf3’ UTR contains a regulatory element (NRE) that strongly
cooperates with the ARE in the downregulation of Tnf expression. In our GFP reporter system in HEK293
cells, region 6 appeared involved in the downregulation of Tnf by the RNA-binding proteins (RBPs)
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Figure 2. In Vivo Deletion of the ARE from Tnf 3’ UTR Causes Severe IBD, but Only Mild Arthritis

(A-C) Sections through the esophagus (A), ileum (B), and colon (C) show the infiltration of numerous immune cells
(arrowheads) within these organs in Tnfdel#/del mice.

(D) Sections through the ankle of 200-day-old Tnf®#@e" mice display signs of moderate arthritis (arrowheads).

See also Figures S2 and S3.

Zc3h12a and Zc3h12c¢ (Lacey et al., 2015). To narrow down this effect to a shorter motif within region 6, we
compared the sequences of Tnf 3' UTRs from 18 different species and identified three particularly well-
conserved motifs (denoted 6.1, 6.2, and 6.3; see Figure S4). We then generated additional reporter con-
structs missing both region 4 and one of regions 6.1, 6.2, or 6.3 (see Figures S1 and S4). None of these con-
structs showed a synergy as high as that observed with the construct missing region 4 and the entire region
6. Another set of three reporter constructs (4 + 6.4, 4 + 6.5, and 4 + 6.6, with regions 6.4, 6.5, and 6.6
covering the entire region 6, see Figure S1) led to a similar result (data not shown), and we could not identify
within region 6 a discrete motif that would account for the whole effect of region 6 deletion. However, all
these constructs showed a marked increase in GFP reporter activity relative to the construct lacking region
4 alone (Figure S4), suggesting that all three sub-regions 6.1, 6.2, and 6.3 participate in the effect, maybe by
defining a particular secondary structure of Tnf 3’ UTR. We used CRISPR to delete the 74-nucleotide region
6from Tnf3 UTR and generate the TNFdelé strain. Tnf?/%’* and Tnf?/%/9¢! mice also failed to develop any
obvious inflammatory phenotype within 2 years (data not shown), demonstrating that deleting the NRE
alone is not sufficient to alter Tnf expression enough to cause an inflammatory disease.
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TNFdelddel5 Mice

The deletion of both regions 4 and 5 from Tnf 3’ UTR resulted in higher GFP expression than the deletion of
either region alone in our reporter system (Figure 1). We thus used CRISPR to generate the TNFdel4del5
strain with the Tnf3' UTR lacking both regions. Tnf®"9¢’>* mice presented at weaning with a wet/oily-look-
ing fur (Figure S3) and a slightly smaller size than their WT littermates, a phenotype similar to that observed
in Tnfdel/del fdeladels/+ mice developed esophagitis, ileitis, and colitis, as well as iBALT and NLH
(Figures 3 and S3, and data not shown). Unlike Tnfdel#/del mice, however, they also developed arthritis and
HVD at an early age (Figure S5), and rarely reached 250 days of age. Thus, the concomitant deletion of both
regions 4 and 5 from Tnf3’ UTR drastically increases the severity of the consequences due to the deletion of
region 4 alone and shows that regions 4 and 5 of Tnf 3’ UTR cooperate in vivo to regulate the expression of
Tnf. The complete absence of the heart valve phenotype in TNFdel4 mice and its presence in TNFdel4del5

mice. Tn

mice suggests that the regulation also involves cell type specificity, maybe due to tissue-specific expression
of the proteins that recognize these different regulatory elements of Tnf 3’ UTR.

No Tnfdelddels/deladels |, o mazygote mouse was found in the litters from heterozygote parents. Therefore, we
arranged timed matings to determine the time of death of homozygous embryos. Examination of these
embryos indicated that development proceeded normally until embryonic day (E) 15.5. At E16.5, however,
homozygous embryos appeared smaller, and their limbs, heads, and tails were very pale due to the disap-
pearance of major blood vessels that were clearly visible in their WT and heterozygous littermates (Fig-
ure 3). No homozygous embryo was found alive after E16.5. Light sheet microscopy clearly showed the frag-
mentation of the vascular system in the limbs of these embryos (Video S1). Staining histological sections for
active caspase 3 confirmed the death of endothelial cells in the limbs and revealed massive apoptosis of
hepatocytes in the liver, which was also devoid of most blood vessels (Figure 3). In addition, the proportion
of nucleated erythroblasts was three times higher in Tpfdel4del>/delddels |y o 67vgote embryos than in con-
trols (Figure S5). We conclude that Tnfdel4del5/delddels |y mozygote embryos die of vascular collapse and
liver degeneration around E16.5.

Loss of TNFR1 once again completely prevented all the pathologies observed in Tnfee/4de!>* gnd Tnfiel-
delS/delddels animals, and compound Tnfdel#del/delddels /T f-1=/= mice lived and reproduced without devel-
oping any symptoms (data not shown). Interestingly, loss of a single allele of Tnfr1 also prevented the em-
bryonic death of Tnfdelddel>/deladel5 5nimals (n = 2). However, Tnfdelddel/delddels /rpfoq+/~ mice developed
arthritis, HVD, iBALT, and IBD (Figure Sé) and only lived to ~100 days. This result exemplifies the delicate
balance between TNF and TNFR1 in the signaling of this cytokine.

Altogether, these data show that, as suggested by the results in our GFP reporter system, regions 4 and 5 of Tnf3' UTR
cooperate to regulate expression of TNF in vivo and that this cooperation is necessary to prevent embryonic death.

TNFdelddel6 Mice

Deletion of regions 4 and 6 from Tnf 3’ UTR led to the highest level of GFP expression in our reporter sys-
tem. Therefore, we expected that the phenotype associated with this double deletion in vivo would be
remarkable. To generate TNFdelddel6 mice, we first attempted to create the additional TNFdelé mutation
in Tnfee"#/9e ambryos, or to create the additional TNFdel4 mutation in Tnf®'¢#e" embryos. These ap-
proaches failed to generate viable animals harboring both mutations on the same allele, suggesting
that the TNFdelddelé mutation may be lethal on a TNFR1 WT background. We then designed a strategy
that involved generating the double deletion simultaneously with a repair template and used this approach
in WT embryos and in Tnfr1™/~ embryos. While no animal bearing the double mutation was generated on
the WT background, Tnfdel4dele/delddels /Taf1=/= and Tnfeeldelo’ /Tnfr1=/~ animals were generated suc-
cessfully and did not present with any phenotype (data not shown). To examine the effects of the homozy-
gous deletion of both regions 4 and 6 in vivo, we crossed Tnf@e49!6/*/Tnfr1=/~ animals with WT partners
and examined their progeny. About 80% of Tnf?®#9/%* /Tnfr 1%/~ animals died within a few hours after be-
ing born. Histopathological analysis indicated that these animals had failed to initiate respiration, and all
showed underinflated lungs (Figure 4). Twelve Tnf%#9¢/8”*/Tnfr1*/~ animals survived to 20-33 days. These
animals were very runty and showed signs of arthritis (deformed wrists and ankles) from 7 days of age, but
their fur did not look wet or oily. Histological examination of 20-days old Tnf@"#e'* /Tnfr1*/~ animals re-
vealed the presence of IBD in the gut, large pannus tissue invasion in the synovial joints, and iBALT in the
lungs, but only limited inflammation was seen in the heart valves or aortic root (Figure 4, and data not
shown).
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Figure 3. Concomitant Deletion of Region 5 Increases the Severity of the Inflammatory Phenotype Due to the
Removal of the ARE from Tnf 3’ UTR
(A-C) Esophagitis (A), ileitis (B), and colitis (C) in a 100 day-old Tnfdeldels’+ ouse. Arrowheads indicate immune cell

infiltration in these tissues.
fdel4de/5/dsl4dsl5 (

(D) Homozygote Tn m/m) embryos die at E16.5 and appear devoid of major blood vessels.

(E-I) (E) Active Caspase-3 staining of an E15.5 homozygote TNFdelddel5 embryo (m/m) shows extensive cell death in the
liver. Active Caspase-3-stained liver of WT (F) and homozygote (G) E16.5 TNFdel4del5 embryos at 40x magnification.
20x magnification shows death of blood vessels in the digits of an E16.5 TNFdel4del5 homozygote embryo (I) and the
absence of cell death in WT embryo (H) at the same stage of development.

(J and K) Label-free light sheet imaging of hemoglobin autofluorescence in cleared front paws of WT (+/+) and
homozygote Tnfdel4dels/delddels (i /m) E16.5 embryos. Still image from Video S1.

See also Figures S3, S4 and S5.

The severity of the phenotype in Tnf3#<%* /Tnfr1*/~ animals prevented us from generating Tnf@el4del¢/delddels s

Tnfr1*~ animals or Tnf?49e%"* /Tnfr1*/* animals.
Even though the deletion of region 6 had no consequence on general health, the concomitant deletion of

regions 4 and 6 of Tnf 3’ UTR in vivo led to the most severe phenotype because it was observed in hetero-
zygous mice with a single functional Tnfr1 allele.

iScience 23, 101726, November 20, 2020 7
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TNFdel4del6/+/Tnfr1+/-

¥ R o o

Figure 4. Phenotypes Due to the Combined Deletion of Regions 4 and 6

(A) Underinflation of lungs is the cause of the death of most Tnfdel4dels/s /rpfr1+/~ pups soon after birth. Tnfdeladels/+,
Tnfr1™~ pups that survive develop IBD (B) and extremely severe arthritis (C).

(B) Immune cell infiltration in the cecum of a 20 day-old Tnf#9€%’* /Tnfr1*/~ pbup as seen by H&E staining.

(C) Dislocated and pannus-infiltrated ankle in the same animal as in (B).

To estimate how these mutations affected the levels of circulating TNF in vivo, we took advantage of the
fact that the concomitant loss of Tnfr1 prevented all the pathologies due to an increase in TNF expression.
On the Tnfr1™~ background, we were able to generate healthy adult mice with heterozygote or homozy-
gote TNFdel4del5 or TNFdelddelé mutations. The ELISA results (Figure 5) show that the levels of TNF in the
serum are strikingly similar to those predicted by the reporter assays in HEK293 cells described in Figure 1.
Levels of circulating TNF, however, are not sufficient to explain some of our observations. For example, the
levels of TNF in homozygous BPSM1 (m/m) and TNFdel4ddel6 (both m/+ and m/m) mice are superior to
those of TNFdelddel5 homozygous mutants, yet neither BPSM1™™ nor TNFdel4del6 (heterozygote at

least) mutant mice die at E16.5 as Tnfdeldeld/delddel5 4 nimals do.

Hematopoietic Reconstitution

We have shown previously that the hematopoietic system of lethally irradiated WT C57BL/6 recipients can be
successfully reconstituted with bone marrow cells from BPSM1™™/Tnfr1~/~ healthy animals, and that the recip-
ient mice proceed to develop the disease within 2 months following transplantation (Lacey et al., 2015). We per-
formed similar experiments with WT, Tnfdel/deld /T 1=/ Tpfdelddels/delddels T f—/=  gnd Tpfleldels/deladels
Tnfr1™~ as healthy bone marrow donors. Recipients of Tnf®#%“/Tnfr1== bone marrow cells had
developed NLH, mild HVD, mild IBD, and mild arthritis 5 months after transplantation (Figure S5). Recipients
of Tnfdelddelo/deladels /T 1=/~ calls reconstituted their hematopoietic system, but they became sick 3 weeks after
transplantation. Histological analysis showed that they had developed severe IBD, particularly colitis (Figure S5).
Recipients of Tnfdelddelo/delddeld g1/~ cells became ill 7-9 days following transplantation, with clear signs of
anemia and bone marrow failure (Figure S7). Histological examination revealed the occurrence of acute liver ne-
crosis in all mice transplanted with Tnfdeldelé/delddelé /Tfi1=/= calls (Figure S8). Thus, it appears that the severity
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Serum TNF @® WTIn=8)
4000 = ° B BPSM1m/+(n=8)
A BPSM1m/m (n=3)
3000 ¢ TNFdel5 m/im (n=8)
g 2000 = @ TNFdel6 m/m (n =8)
g B TNFdeld/R1m/m-/- (n=8)
w1000 =
Z A A TNFdelddel5/R1 m/+ -/- (n = 8)
150 m= V¥V TNFdelddel5/R1 m/m -/- (n = 8)
% A @ TNFdelddel6/R1 m/+ -/- (n = 8)
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Figure 5. Serum TNF Levels Vary Greatly According to Mutations in Tnf 3' UTR
TNF levels were determined by ELISA as described. Data represent mean + SEM of the number of animals indicated.

of the phenotypes developing after hematopoietic reconstitution largely depends on the amount of TNF pro-
duced by donor cells and the tolerance of certain organs (e.g., liver, gut in particular) to high levels of TNF.

DISCUSSION

AREs found in the 3’ UTR of many messenger RNAs have long been recognized as the most common de-
terminants of RNA stability in mammalian cells (Shaw and Kamen, 1986; Chen and Shyu, 1995). A number of
RBPs bind to AREs and stabilize the transcripts, whereas others facilitate their degradation (Barreau et al.,
2005). Recent technological advances have allowed the identification of more than 1,500 RBPs, which are
involved in the maturation, stability, transport, and degradation of cellular RNAs (Gerstberger et al., 2014).
RBPs may directly bind to RNA or be integral parts of macromolecular protein complexes that bind to RNA,
such as the RNA exosome. Despite the growing amount of data collected on RBPs, many questions remain
unanswered. Our understanding of how binding specificity is achieved and how the regulatory function of
an individual RBP is influenced by synergy and competition with other RBPs is still far from resolved. In addi-
tion, more than 100 different types of RNA modifications have been identified, mostly in the form of natu-
rally occurring modified nucleosides (Grosjean, 2015). While most of these modifications were discovered
in abundant molecules such as tRNAs, rRNAs, and small non coding RNAs, recent studies have shown that
they occurin all cellular RNAs, including mRNAs, and that they can be reversible (Jonkhout et al., 2017). The
challenge of the new field of epitranscriptomics is to understand the functional consequences of mRNA
modifications (Jones et al., 2020).

The ARE present in Tnf 3’ UTR has been identified as a crucial part of the post-transcriptional regulation of
this gene (Han and Beutler, 1990), and a first mouse model, TNFAARE, demonstrated the importance of this
type of regulation for the prevention of auto-inflammatory diseases such as RA and IBD (Kontoyiannis et al.,
1999). TTP was found to bind Tnf ARE, and its ablation from the mouse genome also led to autoinflamma-
tory symptoms, partly due to Tnf dysregulation (Taylor et al., 1996).

The discovery that the insertion of a retrotransposon in Tnf 3’ UTR was the cause for the development of
chronic polyarthritis and HVD in BPSM1 mice (Lacey et al., 2015) prompted us to reconsider the role of
the 3' UTR in the regulation of TNF levels. Three regions of Tnf 3’ UTR seem to act in concert to regulate
Tnf expression post-transcriptionally. The genetic models described here provide strong evidence that
post-transcriptional regulation of TNF expression is a critical mechanism to maintain low levels of serum
TNF in mice. The variety and the severity of the phenotypes highlight the importance of post-transcrip-
tional regulation in the control of TNF expression in health and disease. In addition, this is the demonstra-
tion that excessive TNF can cause embryonic or perinatal death.

Many studies have documented the role of numerous transcription factors such as the nuclear factor of acti-
vated T cells (NFAT) and NF-kB on Tnfpromoter to explain the sudden increase of TNF in response to many
stimuli (Falvo et al., 2010). Early studies of human TNF transgenic mice showed that, irrespective of the pro-
moter used, the replacement of TNF 3’ UTR in the transgene with that of the B-globin mRNA was sufficient
to drive TNF promoter-driven TNF overexpression and the development of tissue-specific inflammation in
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mice (Keffer et al., 1991). TNF promoter was shown to be constitutively active in a number of cell lines (HeLa,
NIH3T3, and L929), and TNF 3' UTR effectively canceled reporter gene expression in HeLa and NIH3T3cells,
but notin L929 cells (Kruys et al., 1992). In HEK293 cells, we have shown that Tnfpromoter is able to drive a
robust expression of GFP, and that the expression of GFP can be extinguished by swapping the SV40 poly-
adenylation sequence for the 3" UTR of Tnf in the reporter (Figure S9). Although this certainly does not
exclude a role for transcription factors in boosting TNF expression at the promoter level in inflammatory
conditions, it also opens the possibility that some of these transcription factors could produce a similar
result by inhibiting the expression of some of the RBPs that participate in the down-regulation of TNF levels
through the 3 UTR of its mRNA.

The increase in the size of sebaceous glands and the associated oily-looking fur in TNFdel4 and TNFdel4-
del5 mice is rather surprising because it was not observed in TNFAARE, BPSM1, and TNFdel4delé mice. A
recent report indicated that sebaceous gland homeostasis was regulated by a population of innate
lymphoid cells (ILCs) residing within hair follicles in close proximity to the glands (Kobayashi et al., 2019).
These RORyt + ILCs were found to negatively regulate sebaceous gland function by expressing TNF
and lymphotoxins LTa3 and LTa1B2, which downregulated Notch signaling. The authors reported that
sebaceous glands were hyperplastic in the triple knockout (Tnf™"", Lta™", Lt8™"") mice, whereas none of
the single knockout showed the phenotype. The fact that TNF overexpression can generate a similar
phenotype certainly warrants further investigation.

Our results provide strong evidence that several RBPs participate in the post-transcriptional regulation of
TnfmRNA levels in vivo, and that the differential distribution of these proteins within tissues and cell types
is probably the cause of the phenotypic variations observed in our mutant mice. The disintegration of the
vascular system in TNFdel4del5 homozygote E16.5 embryos suggests that a particular RBP is present in
these cells to prevent an excessive expression of TNF, and that this RBP acts through regions 4 and/or 5
of Tnf 3’ UTR. It is remarkable that none of the other mutant mice, in particular those that express higher
levels of circulating TNF, shows this phenotype. Whether these cell type-specific RBPs act as part of a ribo-
nuclease complex such as the RNA exosome (Morton et al., 2018) or the CCR4-NOT complex (Collart, 2016)
will of course require their identification. Interfering with the TNF post-transcriptional regulatory system
may represent a therapeutic avenue for manipulation of TNF expression. Indeed, Allotrap 1258, a synthetic
peptide derived from the heavy chain of HLA Class |, inhibited concanavalin A- and LPS-induced human
and mouse TNF production in vitro and in vivo (lyer et al., 2000). Allotrap 1258-mediated inhibition required
the presence of Tnf 3’ UTR to be effective, suggesting that it may activate a component of the RNA degra-
dation complex for its activity. The clear parallels between our in vivo results and the results obtained with
our reporter system in HEK293 cells indicate that these cells contain at least the critical components of the
Tnfpost-transcriptional regulatory system, suggesting that our reporter system could be used as a basis for
a screening strategy aimed at identifying regulators of TNF expression.

Limitations of the Study

This study provides mouse models demonstrating the importance of three regulatory elements within the
3" UTR of the Tnf gene but does not identify new RBPs that may explain how these elements participate in
the control of Tnf expression.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Philippe Bouillet (bouillet@wehi.edu.au).

Materials Availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed
Materials Transfer Agreement.

Data and Code Availability

The reference Tnf sequence is GenBank Accession: NM_013693.3, Gl : 518831586. The sequences of the
Tnf 3" UTRs found in our mutants have been deposited in GenBank: MW116778 (TNFdel4), MW116779
(TNFdel5), MW116780 (TNFdelé), MW 116781 (TNFdel4del5), MW116782 (TNFdelddel6).
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101726.
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Figure S1. Summary of the deletions that were made in Tnf 3’'UTR. Related to Figures 1, 2, 3 and
4. The blue box indicates the end of Tnf exon 4 (Tnf 3UTR). Grey boxes indicate the ARE and the
CDE. Orange boxes refer to the deletions we made in the GFP reporter system and are labelled del1-
del6. (Please note that del6 also correspond to the region that we defined as the NRE). Deletions shown
by boxes labelled 6.1 to 6.6 indicate smaller deletions within region 6 that were tested in conjunction
with del4 to identify a particular motif within the NRE. Yellow arrows indicate the guide RNAs that were
used to engineer the deletions in the mice (Please note that the 5’ guide used to engineer TNFdel4del5
mice is the same that was used for TNFdel4 mice, marked as TNFdel4 5’ guide.

Magenta boxes show the sequences that are actually deleted in each mouse strain, as verified by
Sanger sequencing of individual alleles after the founder mice had been crossed with wt C57BL/6 mice
(Tnf ¥UTR in TNFdel4del6 mice lacks exactly the sequences missing in TNFdel4 and TNFdel6 mice).
Green arrows show the primers that are used to genotype mice.
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Figure S2. Phenotype of TNFdel4 mice. Related to Figure 2. (A) H&E sections showing the presence
of iBALT in the lungs of Tnf®®#* and Tnf%#de4 mice. (B) H&E sections showing the absence of heart
valve disease in 200 days-old Tnf®#*and Tnfe#del4 mice.
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Figure S3. Increased size of sebaceous glands in Tnff¢/¥de4 and Tnflel4@el5* mice. Related to Figure
2 and Figure 3. Oil red O staining of the tail skin shows the increased size and complexity of the
sebaceous glands in 8 weeks-old Tnf#e#del4 gand Tnfe4del5* mice.
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Figure S4. Deletions of region 4 and conserved elements of region 6 demonstrate the
cooperation between these two regions in Tnf regulation. Related to Figure 1 and Figure S1. (A)
Alignment of region 6 of Tnf 3'UTR from 18 species shows three conserved regions denoted 6.1, 6.2
and 6.3. (Sequences accession numbers: vicugna, XM_006215316.2; tiger, XM_007098808.2;
rousettus, XR_001594076.1; rhino, XM _014782979.1; rat, NM_012675.3, mustela putorius,
XM_004781005.2; mouse, NM_001278601.1; mandrill, XM_012000466.1; macaca, XM_005553562.2;
lemur, XM_012741058.1; human, M10988.1; horse, XM_005603490.1; donkey, XM_014831604.1;
colobus, XM 011944682.1; cheetah, XM 015082146.2; camel, XM 006178751.3; bear,
XM_008711909.1). (B) GFP reporter constructs with deletion of regions 4+6.1, 4+6.2, 4+6.3 were
designed to identify a motif within region 6 that could explain its regulatory effect (a potential stem loop
indicated on Figure S1 would be destroyed by the 4+6.2 deletion). Data represent mean + SEM of two
independent experiments.



https://www.ncbi.nlm.nih.gov/nucleotide/XM_006215316.2?report=genbank&log$=nuclalign&blast_rank=1&RID=N0R30HUR016
https://www.ncbi.nlm.nih.gov/nucleotide/XM_007098808.2?report=genbank&log$=nuclalign&blast_rank=1&RID=N0R7GYGC014
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https://www.ncbi.nlm.nih.gov/nucleotide/XM_012741058.1?report=genbank&log$=nuclalign&blast_rank=4&RID=N0RUNXV0016
https://www.ncbi.nlm.nih.gov/nucleotide/M10988.1?report=genbank&log$=nuclalign&blast_rank=93&RID=N0RX9XV9014
https://www.ncbi.nlm.nih.gov/nucleotide/XM_005603490.1?report=genbank&log$=nuclalign&blast_rank=1&RID=N0S0ERSP014
https://www.ncbi.nlm.nih.gov/nucleotide/XM_014831604.1?report=genbank&log$=nuclalign&blast_rank=2&RID=N0S5JWB8014
https://www.ncbi.nlm.nih.gov/nucleotide/XM_011944682.1?report=genbank&log$=nuclalign&blast_rank=1&RID=N0S84FHT016
https://www.ncbi.nlm.nih.gov/nucleotide/XM_015082146.2?report=genbank&log$=nuclalign&blast_rank=1&RID=N0SA8DE2016
https://www.ncbi.nlm.nih.gov/nucleotide/XM_006178751.3?report=genbank&log$=nuclalign&blast_rank=1&RID=N0SMNBJ7014
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Figure S5. Additional phenotypes in TNFdel4del5 mice. Related to Figure 3. H&E sections arthritis
(A) and heart valve disease (B). (C, D) H&E staining of blood of E15.5 embryos shows a large proportion
of nucleated erythrocytes in homozygote TNFdel4del5 embryo (m/m, D) compared to a WT embryo at
the same stage of development (+/+, C). (E) Quantification of nucleated erythrocytes in E15.5 WT (n=3)
and TNFdel4del5 homozygote (n=3) embryos. Data are presented as mean + SEM. Statistical
significance was assessed by an unpaired Student’s t test. ***, p=0.001.



Figure S6. Loss of one Tnfr1 allele prevents the embryonic death of Tnfe/4del5/delddelS mijce, Related
to Figure 3. 100 days-old Tnfe/4del5/del4dels] Tnfr1*- animals present with very severe arthritis in the ankles
(A) and wrists (B), severe IBD (C, D), as well as iBALT in the lungs (E). Arrowheads indicate pannus
tissue in (A) and (B), immune cell infiltration in (C) and (D), and iBALT in (E). 100 days-old
Thfiel4del5/elddel5| Tnfr1*- animals do not develop heart valve (arrowhead) disease (F).
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Figure S7. Hematopoietic reconstitution. Related to Figure 5. H&E-stained sections through bone
(A\), intestine (B), colon (C), caecum (D), heart valves (E) and ankle (F) of lethally irradiated WT C57BL/6
recipient mice transplanted with 1-2 10® bone marrow cells from WT, Tnf4ael4/Tnfr17- (TNFdel4/R1),
Tnfiel4del5/elddel5/ Tnfr17- (TNFdeld4del5/R1) or Tnflel4delt/del4dels/ Tnfr1-- (TNFdel4del6/R1) donors (n=5
recipients for each BM genotype). Recipients of WT and TNFdel4/R1 BM cells were examined 5 months
post transplantation. Recipients of TNFdel4del5/R1 BM cells became sick and were examined 21 days



post transplantation. Recipients of TNFdel4del6/R1 BM cells failed to reconstitute their hematopoietic
system and were examined 9 days post transplantation. Bars: 0.2mm in A, B, C and D; 0.5 mm in E
and F.

Figure S8. Acute liver necrosis in the recipients of TNFdeld4del6/R1 BM cells. Related to Figure 5
and Figure S7. (A) H&E-stained section of the liver of a lethally-irradiated WT recipient of
TNFdelddel6/R1 BM cells shows the presence of blood vessels filled with the remnants of dead
hepatocytes (B, red arrowhead), perivascular infiltrates of immune cells (C, white arrowhead) and
necrotic zones devoid of live cells (D, black arrowheads). n=5 recipients of TNFdel4del6/R1 BM cells.
Bars: 100um in all panels.
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Figure S9. Tnf promoter is constitutively active in HEK293 cells. Related to Figure 1. Schematic
representation of the GFP reporter constructs used to assay the activity of Tnf promoter in HEK293
cells and relative GFP levels following transient transfection of HEK293 cells. Data represent mean +
SD from 3 independent experiments.

Transparent Methods

Mice. All animal experiments were conducted with the approval of the Animal Ethics Committee of the
Walter and Eliza Hall Institute. BPSM1 mice were the result of a spontaneous mutation. Deletions within
Tnf 3’'UTR were engineered with CRISPR/Cas9 technology {Wang, 2013 #22927} using the protocol
described in {Kueh, 2017 #22912}. Guide RNAs used for each strain are shown in Figure S1. The
deletion in each mutant allele was determined after crossing founder mice with wildtype C57BL/6 mice
for one generation. Actual deletion present in each strain is shown in Figure S1 and Table S1.
Conclusions were reached after examining at least ten mice of each genotype by histology. All mice
were on the C57BL/6 genetic background. The age or developmental stage of all mice used is provided
in the figure legends.

TNF 3’'UTR reporter assays. GFP reporter constructs engineered as in (Lacey et al. 2015) contained
an SV40 early promoter driving the expression of eGFP. Murine Tnf 3UTR (WT, BPSM1-derived, or
containing deletions of regions 1-6 as indicated) were inserted between the Xba1 and BamH1 sites
(complete sequences upon request). HEK293 cells were transiently transfected using Fugene 6
(Promega) with GFP-Thf3’UTR reporter constructs and a pGL3-mCherry control construct, and
analyzed 3 days later using flow cytometry on a LSR IIW (BD Biosciences). GFP Mean fluorescence
intensity was calculated on live mCherry-positive cells and compared to empty vector control.

TNF ELISA. Secreted TNF was measured from mouse serum using the TNF alpha mouse uncoated
ELISA kit (ThermoFisherScientific) and read using the Chameleon plate reader (Hidex, Turku, Finland).

Bone marrow transplantation experiments. Wildtype C57BL/6 recipients were lethally irradiated (2x
550 rad) and injected with 1-2 x 10% BM cells.



Imaging

For routine histology, tissue samples were fixed in 10% neutral buffered formalin for 24 hours, paraffin
embedded, and 5um-thick sections were generated and stained with haematoxylin and eosin (H&E).

For cleaved-caspase 3 immunohistochemistry (IHC), unstained sections were dewaxed in xylene and
subjected to antigen retrieval at low pH with boiling citrate buffer (97°C) for 30 minutes. Sections were
then blocked from endogenous biotin and peroxidase, incubated with anti-CC3 (9661, Cell Signaling
Technology, Danvers, MA) for 1 hour at room temperature followed by goat anti-rabbit biotinylated
secondary (BA-100, Vector Laboratories, Burlingame, CA) for 30 minutes at room temperature. Finally,
sections were stained using the HRP-Avidin-Biotinylated Complex (PK-6100, Vector laboratories,
Burlingame, CA), developed with DAB peroxidase substrate (SK-4100, Vector laboratories,
Burlingame, CA) and counterstained with haematoxylin.

Oil red O staining. Tail skin was removed using blade and forceps, cut in equal pieces and incubated
in PBS/EDTA 5mM overnight at 37°C. Epidermal sheets were carefully separated from the dermis using
forceps, fixed in 4% PFA for 20 minutes at room temperature, washed twice in PBS (5 min each), then
washed in 60% isopropanol for 5 min. Samples were stained in Oil-red-O solution (0,5% Oil red O in
isopropanol, then diluted 3:2 with H20, and filtered) for 1hr at room temperature. Samples were gently
washed twice in 60% isopropanol, then rinsed in PBS before mounting using a gelatin-based mounting
media (in-house: 50% glycerol, 3.5% gelatin in H20).

All slides were scanned on a 3DHISTECH Pannoramic Scan Il scanner and analysed with Case Viewer
2.2.1 for Mac.

Light sheet microscopy imaging. E15.5 embryo paws were cleared using passive clarity (PACT; (23)).
In brief, embryos were harvested and fixed overnight in 4% paraformaldehyde in PBS, pH 7.4. The
paws were resected and immersed in PACT monomer solution containing 4% acrylamide (Biorad) and
Polymerization Thermal Initiator VA044 (0.25% w/v final concentration; Wako) in PBS overnight at 4dC.
The gel was set for 3hrs at 37°C and the tissue was moved into borate-buffered clearing solution (8%
(wt/vol) SDS and 50mM sodium sulphite in 0.2M boric acid buffer, pH 8.5). Once cleared, the tissue
was washed by repeatedly diluting the clearing solution (1:1) with borate-buffered wash solution (1%
TritonX-100 SDS and 50mM sodium sulphite in 0.2M boric acid buffer, pH 8.5) to gradually remove the
SDS. The paws were mounted in 1% low melting point agarose and immersed in Easylndex solution
(LifeCanvas) for refractive index matching.

The tissue was imaged using a Zeiss Z.1 light sheet microscope equipped with a 5x/0.16 detection
objective. Blood vessels were detected using hemoglobin autofluorescence excited with the 405nm
laser line and detected using a 500-545nm GFP band pass filter (24). Multiview data sets were acquired
at 120-degree angles and fused using the Multiview Reconstruction plugin in FIJI (25). 3D
reconstruction was performed in Imaris (Bitplane).

Statistical analysis
Data are presented as mean + SEM. Statistical significance was assessed by unpaired Student’s t

test.

Data and Software availability

The reference Tnf sequence is Genbank Accession: NM_013693.3, Gl: 518831586. The sequences
of the 7nf 3°’UTRs found in our mutants have been deposited in Genbank: MW116778
(TNFdel4), MW116779 (TNFdel5), MW116780 (TNFdel6), MW116781 (TNFdel4delS),
MW116782 (TNFdel4del6).



Mouse Sequence deleted Guide RNAs

TNFdel4 tctatttatatttgcacttattatttattatttatttattatttatttatttgcttatgaatgtatttatt gtgcaaatataaatagaggg
tgcttatgaatgtatttatt
TNFdel5 aggacccagtgtgggaagctgtcticagacagacatgttttctgtgaaaacggagctgagct tgtcctggaggacccagtgt
gtccecacc
ggagctgagctgtccccacce
TNFdel6 gctgatttggtgaccaggctgtcgctacatcactgaacctctgctccccacgggagcecgtga ttgtcttaataacgctgatt
ctgtaatcgcccta
atttctctcaatgacccgta
TNFdel4del5 | ctatttatatttgcacttattatttattatitatttattatttatttatttgcttatgaatgtatttatttgg gtgcaaatataaatagaggg

aaggccggggtgtcctggaggacccagtgtgggaagcetgtcticagacagacatgttttctg
tgaaaacggagctgagctgtccccacctggcectctctaccttgttgectectcttttgcettatgttt tcagcgttattaagacaatt
aaaacaaaatatttatctaacccaatt

TNFdelddel6 | tctatttatatttgcacttattatttattatttatttattatttatttatttgcttatgaatgtatttatt and gtgcaaatataaatagaggg
gctgatttggtgaccaggctgtcgctacatcactgaacctctgctccccacgggagecgt
gactgtaatcgcccta tgcttatgaatgtatttatt
and
ttgtcttaataacgctgatt
atttctctcaatgacccgta

Table S1. Engineered deletions in Tnf 3’ UTR. Related to Figure 1 and Figure S1. This table lists the
guide RNAs that were used to engineer the deletions in Tnf 3’'UTR using CRISPR and the actual
deletion in each mouse strain as determined by sequencing of the mutated alleles.
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