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SUMMARY

The human WDR33 gene encodes three major isoforms. The canonical isoform WDR33v1 (V1) is
a well-characterized nuclear mRNA polyadenylation factor, while the other two, WDR33v2 (V2)
and WDR33v3 (V3), have not been studied. Here, we report that V2 and V3 are generated by
alternative polyadenylation, and neither protein contains all seven WD (tryptophan-aspartic acid)
repeats that characterize V1. Surprisingly, V2 and V3 are not polyadenylation factors but localize
to the endoplasmic reticulum and interact with stimulator of interferon genes (STING), the
immune factor that induces the cellular response to cytosolic double-stranded DNA. V2 suppresses
interferon-p induction by preventing STING disulfide oligomerization but promotes autophagy,
likely by recruiting WIPI2 isoforms. V3, on the other hand, functions to ncrease STING protein
levels. Our study has not only provided mechanistic insights into STING regulation but also
revealed that protein isoforms can be functionally completely unrelated, indicating that alternative
MRNA processing is a more powerful mechanism than previously appreciated.
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Liu and Manley report that two noncanonical isoforms of the mRNA poly(A) factor WDR33,
arising from alternative polyadenylation, are not themselves poly(A) factors but are regulators of
the immune factor STING. This study provides a striking example showing that alternative mRNA
processing can produce proteins that are functionally completely unrelated.

INTRODUCTION

The final step of MRNA biogenesis involves the endonucleolytic cleavage of the nascent
mRNA at its 3" end and the synthesis of a poly(A) tail, two coupled reactions known as
cleavage and polyadenylation (CPA). The cleavage and polyadenylation specificity factor
(CPSF) is a core component of the mammalian CPA machinery. It consists of six subunits
and is indispensable for CPA.1-2 Among these, two subunits, CPSF30 and WDR33, confer
CPA specificity by recognizing the AJA/UJUAAA polyadenylation signal (PAS), a highly
conserved RNA element within the polyadenylation site.3-5

The human WDR33genes encode three major isoforms.” The canonical isoform, WDR33v1
(V1), a WD (tryptophan-aspartic acid) repeat protein containing seven N-terminal repeats
that form a B-propeller, recognizes the PAS.%6 Two non-canonical isoforms, WDR33v2
(V2) and WDR33v3 (V3), contain only the first two or three WD repeats, respectively.
Interestingly, the rat V2 homolog was initially discovered over 20 years ago in a nuclear
envelope proteomic study and named NET14 (Nuclear Envelope Transmembrane 14).8
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However, its localization has not been verified and its function is unknown. VV3 has not been
studied.

Approximately 70% of mammalian genes harbor multiple polyadenylation sites, commonly
within 3" untranslated regions (3" UTRs) or introns.%10 Usage of different polyadenylation
sites is known as alternative polyadenylation (APA).11.12 When APA occurs within the

3’ UTR, it alters an mRNA’s 3" UTR length, affecting its stability and/or translation
efficiency. Intronic APA (IPA), in which CPA occurs within intronic sequences, can retain
a portion of the intron, thereby altering the mRNA coding sequence (CDS). Thus, similar
to alternative splicing (AS), IPA can generate distinct protein isoforms and contribute to
proteome diversity.

STING (stimulator of interferon genes) is an immune factor that induces a variety of
immune responses. It localizes to the endoplasmic reticulum (ER) and plays a central role
in the cGAS-STING pathway that is activated in the presence of cytosolic doublestranded
DNA (dsDNA), which often results from DNA virus infection or intracellular damage.13.14
cGAS (cyclic GMP-AMP synthase) recognizes cytosolic dsDNA and produces the second
messenger 2'3’-cyclic GMP-AMP (cGAMP), which binds to and activates STING.15.16
Activated STING oligomerizes by forming disulfide bonds between monomers at Cys14817
and is then exported out of the ER.18 During transport, STING is phosphorylated by TBK1
at Ser366,19 which is required for activation of the transcription factor interferon regulatory
factor 3 (IRF3).20 STING also activates nuclear factor kB (NF-xB) independent of ER exit
or TBK1, but the mechanism is unclear.2! IRF3 and NF-xB activation ultimately leads to
induction of immune cytokines, such as interferons and interleukins. It has been proposed
that STING oligomerization is required for Ser366 phosphorylation, because, based on

the structure of STING-TBKJZ, the kinase domain of TBK1 can only reach Ser366 of the
STING adjacent to the one to which TBK1 binds directly.22 However, whether or not
phosphorylated STING monomers exist has not been determined experimentally. Currently,
no regulators of STING disulfide oligomerization have been identified.

In addition to immune cytokine induction, STING can also activate autophagy, a
lysosome-dependent degradation mechanism, as a means to eliminate invading pathogens.14
Production of autophagosomes, which are vesicles that engulf cytoplasmic components

and deliver them to the lysosome for degradation, is a multi-step process that culminates

in the conversion of the LC3 protein from the inactive form (LC3-I) to the activated
phosphatidylethanolamine-conjugated form (LC3-11).23 Autophagy induction by STING is
independent of Ser366 phosphorylation as well as many early autophagy factors, such as
ULK1 and the Beclin complex.24 It does, however, require the WD protein WIP12, which
directly interacts with STING and other downstream autophagy factors.24-26 Regulation of
STING-induced autophagy is not well understood.

In this study, we characterized V2 and V3 and investigated their regulation and functions.
Our interest in these two WDR33 isoforms arose from a previous RNA-sequencing (RNA-
seq) study from our lab,2” in which we identified an AS event that appeared to generate

V2 as human embryonic stem cells (hESCs) differentiated into trophoblasts and neural
progenitor cells. Subsequent analyses, however, revealed that V2, and V3, do not arise from
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AS, and their expression levels do not change during hESC differentiation. Nevertheless,
we continued analysis of V2 and V3 and found that they are created by IPA-related

MRNA processing. Remarkably, we also found that V2 and V3 are not polyadenylation
factors localized to the nucleus like V1 but instead are immune factors localized to the ER
and function in the regulation of STING-mediated immune responses. Our study not only
provides unexpected insights into the cGAS-STING pathway but also, more broadly, serves
as a striking example of how protein isoforms produced by alternative mRNA processing
can have completely unrelated functions.

V2 and V3 mRNAs are generated by APA

The human WDR33gene encodes three major mMRNA isoforms. According to RefSeq,’
complete removal of all 21 introns generates the canonical full-length mRNA, V1 (initially
called WDC14628). Both V2 and V3 mRNAs terminate in intron 7. Intron 6 is retained

in V2, and a portion of intron 7 is removed in V3 using an upstream alternative 3’

splice site (SS) (Figure 1A). V2 and V3 CDSs end within introns 6 and 7, respectively.

By analyzing published RNA-seq datasets,2%:39 we found that both A549 and HeLa cells
have virtually identical WDR33 isoform expression profiles (Figure 1B). V1 is the most
abundant, followed by V2 (~50% of V1), while expression of V3 is very low (~5% of VV1).
We detected expression of all three isoform mRNAs by RTPCR in HeLa, 293T, U20S, U87,
Raji, H9 hESCs, and differentiating embryoid bodies derived from H9 cells, indicating that
WDR33 isoform expression is not cell-type specific (Figure 1C). This is consistent with
findings by Ito et al. with various mouse tissues.28 While expression of V1 was significantly
decreased during hESC differentiation, V2 and V3 levels were largely unchanged (Figure
S1A).

We next wished to gain insight into how V2 and V3 are formed. We therefore examined
human WDR33 genomic regions corresponding to V2 and V3 mRNA 3’ ends and identified
multiple potential PASs (Figure S1B). V2 PASs are scattered in introns 6 and 7, and in

exon 7; there are five PASs downstream of the stop codon (PAS1-5), and there is one PAS
within the CDS (PASO0), 12 nt upstream of the stop codon. For V3 there are six PASs, all
within intron 7 and downstream of the stop codon. Based on rapid amplification of cDNA
3" ends (3" RACE), PASO, PAS3, and PAS5 for V2, and PAS1, PAS3/4, and PASS5 for V3
are functional (Figures 1D and S1C). V2 PAS usage is especially noteworthy. PASO usage
(intron 6) generates a 3" UTR-less mMRNA with an unaltered CDS, as the associated cleavage
site is within the stop codon (Figure 1E). PAS3 usage (exon 7) is an unusual exonic APA
event and results in intron 6 retention. Since PAS3 is only 16 nt downstream of the intron 6
3’ SS, assembly of the CPA machinery there likely interferes with 3" SS recognition (Figure
1F). PAS5 usage (intron 7) also causes intron 6 retention, but it is not clear how this is
achieved. Thus, V2 mRNA can terminate not only in intron 7 but also in intron 6 and exon
7. V3 PAS usage, in contrast, appears unexceptional. These results suggest that V2 and V3
mRNAs are generated by IPA as well as exonic APA.
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V2 and V3 proteins interact with and stabilize each other

V1 is a large protein with seven N-terminal WD repeats. V2 and V3 proteins would be much
shorter, with only the first two or three WD repeats, respectively (Figure 2A). The C termini
of V2 and V3, which result from the retention of a portion of introns 6 and 7, respectively,
are distinct and specific to each protein. While we were unsuccessful in obtaining antibodies
(commercial or custom) that could detect VV2/V3 proteins, we did detect association of V2
mRNA with ribosomes by analyzing a published ribosome profiling dataset of 293 cells,3!
which indicated that V2 mRNAs are actively translated (Figure S2A). Also, as mentioned in
the introduction, rat \V2 was detected in a previous proteomics analysis.8 We did not detect
V3 mRNAs, likely due to its much lower expression (see above).

It has been shown that artificially truncated WD proteins with an insufficient number

of repeats can interact to form a complete -propeller /n vitro.32 In light of this, we
performed co-immunoprecipitation (colP) using an FLAG antibody with extracts of 293T
cells expressing co-transfected 33FLAG-V2 and HA-V3 (see STAR Methods and Figure
S2B for mRNA levels of exogenous V2 and V3). By western blot (WB), we detected
interaction between V2 and V3 (Figure 2B). Notably, when co-expressed, V2 and V3
protein levels increased significantly, by ~8-fold and ~1.5-fold, respectively (Figure 2C).
No changes in mRNA levels were observed (Figure S2C). However, when we inhibited
proteosome-mediated protein degradation by MG132 in VV2-/V3transfected cells, V2 and
V3 protein levels remained unchanged when co-expressed (Figure 2D). Thus, rather than
increasing each other’s production, V2 and V3 reduce degradation, signifying a stabilization
effect. While it is unclear if V2 and V3 together form a complete p-propeller, our findings
nevertheless suggest that WD proteins with insufficient numbers of repeats can interact with
and stabilize each other /in vivo. We term this phenomenon WD repeat complementation
(WDRC).

V2 and V3 are not polyadenylation factors

We next investigated whether V2 and V3 are parts of the CPA machinery by examining
their interactions with other CPSF subunits. By colP using an FLAG antibody, we

detected interaction of 3x FLAG-V1 with all other CPSF subunits, as expected (Figure

2E). However, interactions with these proteins were not observed with 3XxFLAG-V2/V3,
expressed individually or together (Figures 2E and S2D). These results are consistent with
the finding that rat \/2 is a transmembrane protein.® Indeed, V2’s C terminus (118 amino
acids [aa]) is highly hydrophobic and is predicted (~100% confidence) by both TMHMM?2
and TMPred to contain at least one transmembrane domain (TMD)33:34 (Figures S2E and
S2F). No TMD was predicted when the V2 C-terminal sequence was removed (FigureS2G).
V3’s C terminus (16 aa) is likely too short to contain a functional domain.

To extend the above findings, we examined, using immunofluorescence, the subcellular
localization of the 33FLAG-tagged WDR33 isoforms. As expected, V1 localized exclusively
to the nucleus (Figure 2F). Even though discovered as an NET protein, V2 appeared to
localize to the cytoplasm, although signals were strongest just outside of the nucleus (Figure
2F). Notably, NET proteins, but not ER proteins, interact with the nuclear lamina and

are resistant to Triton pre-extraction before immunofluorescence fixation.8 As expected,
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the authentic NET protein emerin was resistant to Triton, while V2, like the ER marker
calnexin, was sensitive to Triton (Figure S2H). V2 is thus likely an ER protein (ER
localization is in fact confirmed below; see Figure 4). V3 displayed strong cytoplasmic
signals similarly to V2 and weak nuclear signals (Figure 2F). Based on these findings, we
conclude that V2 and V3 are not polyadenylation factors and expect their function(s) to be
completely unrelated to that of V1.

V2 and V3 are immune factors regulated by the NF-xB pathway

We next set out to determine the functions of V2 and V3. A previous genome-wide RNAI
screen found that WDR33, the function of which was unknown at the time, facilitates
influenza A virus (IAV) infection when knocked down.3> Additionally, IAV infection was
found to downregulate \/2, but not V1 or V3, expression.36 These two studies suggest

that WDR33 gene product(s) might be involved in antiviral immune responses. To test

this possibility, we first treated HelLa cells with poly(l:C), a synthetic doublestranded

RNA (dsRNA) that triggers an immune response associated with RNA virus infection.3”
By RT-gPCR, we confirmed induction of the immune cytokines interferon-p (IFNB1) and
interleukin-6 (IL-6) (Figure S3A). Analysis of total WDR33 mRNA levels suggested a slight
increase, although the difference was not significant (Figure 3A). However, while V1 levels
were not significantly changed, both V2 and V3 levels were markedly increased by ~3-fold
(Figure 3A).

To extend these results, we next examined the dsDNA immune response using CGAMP,

an endogenous second messenger produced in response to cytosolic dsSDNA.18 For this
analysis, we used a derivative of BJ-5ta (BJ) immortalized human fibroblasts that, as
described further below, are cGAS ~~ .38:39 This was because many commonly used

cell lines, including HeLa, fail to induce endogenous immune cytokines upon cGAMP
stimulation.“% We confirmed induction of IFNB1 and IL-6 in these cells following cGAMP
treatment (Figure S3B). While total WDR33 mRNA levels were reduced slightly, no change
was detected for V1 (Figure 3B). Interestingly, however, V2 and V3 mRNA levels were
significantly reduced, by ~50% (Figure 3B). It is notable that V2 and V3 mRNAs exhibited
different responses to poly(1:C) and cGAMP. This is not surprising, however, as mMRNA
expression of immune genes is known to vary significantly depending on the stimulus.*!

We also performed transcript-level differential expression analyses on a published RNA-seq
dataset of SARS-CoV-2-infected cells3? (Figure 3C and Table S1). We detected a significant
upregulation (~2.7-fold) of V2 in ACE2-transfected A549 cells (wild-type [WT] A549 cells
do not express ACE2, a cell-surface receptor used by SARS-CoV-2 to infect the host?2). An
increase (~3.3-fold) in V3 was also detected, although the difference was not judged to be
significant. V1 expression increased, but only very modestly (~22%). We could not obtain
DNA virus infection RNA-seq datasets from cell lines with a functional cGAS-STING
pathway. Together, these results imply that V2 and V3, but not V1, may function as immune
factors.

We next investigated which immune pathway(s) might regulate V2 and V3 expression.
Neither IFNB nor IRF3 are involved, as direct IFNB treatment did not alter V2/V3
expression (Figure S3C), and IRF3 knockdown (KD) did not suppress poly(l:C)-induced
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V2/V3 upregulation (Figure S3D). However, when we inhibited the NF-xB pathway with
the drug BMS-345541, VV2/V3 upregulation following poly(l:C) treatment was no longer
detected (Figures 3D and S3E). NF-xB inhibition also prevented cGAMP-induced V2/V3
downregulation in cGAS™- BJ cells (Figures 3E and S3F). Expression of all three WDR33
isoforms was reduced by ~50%-— 70% after BMS-345541 treatment regardless of stimulation
or cell line (Figures 3D and 3E), likely reflecting a non-canonical function of the 1B

kinase (BMS-345541’s target3), which is to regulate stability of certain mRNAs.** Thus,
expression of V2 and V3 is regulated by the NF-xB pathway under both dsRNA and dsDNA
immune responses, even though their expression changed in opposite directions.

V2 suppresses cGAMP-induced IFNB1 expression

We next used transient expression assays to investigate VV2/V3 function. First, we examined
the possible effects of V2 or V3 exogenous expression on poly(l:C)-induced IFNB1 and
IL-6 activation in HeLa cells, but no significant effects were observed (Figures S3G and
S3H). We next investigated whether V2 and/ or V3 might function in cGAMP-induced
immune responses. For this, we used the cGAS™~ BJ cells mentioned above because WT BJ
cells with functional cGAS may induce an unwanted immune response by recognizing the
transfected plasmid. Importantly, we found that VV2-transfected but not V3-transfected cells
exhibited significantly lower IFNB1 mRNA levels following cGAMP treatment (Figures
S3l and 4A). No change in IL-6 mRNA levels was detected in either VV2-or V3-transfected
cells (Figure S3J). We note that the observed reduc-tion of IFNB1 mRNA appeared modest
(~25%). However, the transfection efficiency in these experiments was also very low (~20%)
(Figure S3K), as cGAS™ BJ cells are difficult to transfect.3° Thus, the reduction in IFNB1
mRNA per cell by V2 was in fact much greater than 25%. Given that cGAMP functions

as an STING ligand, 16 these data suggest that V2 specifically suppresses STING-mediated
IFNB1 induction. Furthermore, these data also indicate that high exogenous V3 expression
(see Figure S2B) did not alter IFNB1 or IL-6 levels, confirming the specificity of our
transient expression approach.

V2 and V3 co-localize and interact with STING

Interestingly, STING was also originally identified as an NET protein (NET23) in

the same study that identified V2 (NET14).8 However, STING was later shown to

localize predominately to the ER,*° as our data above suggest is the case for V2

and V3. We therefore examined possible co-localization of V2/VV3 with STING, by co-
immunofluorescence of 33FLAG-V1, -V2, or -V3 and STING-HA expressed in 293T cells
in the presence or absence of cGAMP (293T cells do not express STING20). Strikingly, we
detected strong co-localization of both V2 and V3 with STING without cGAMP, confirming
that they indeed localize together to the ER (Figures 4B and S4A). We also observed

limited V2/V3 (but not STING) cytoplasmic staining outside the ER, indicating that V2 and
V3 can localize to additional subcellular regions. We did not identify areas that contained
STING but no V2 and V3 signals. Upon cGAMP stimulation, STING oligomerizes and

is exported out of the ER.17:18:46 \We confirmed this localization in our cGAMP-treated
transfected cells, and, strikingly, observed essentially complete co-trafficking of both V2 and
V3 with STING (Figures 4B and S4A). As expected, V1 remained in the nucleus and was
physically separate from STING regardless of cGAMP treatment (Figure S4A). While we
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always observed co-trafficking of V2 with STING, V3 remained in the cytoplasm following
cGAMP treatment in ~20% of cells (Figure S4B).

Since V2 contains a predicted C-terminal TMD, we wondered whether a V2 TMD deletion
mutant (V2-dTM, aa 1-208) co-localizes and associates with STING. In the absence of
cGAMP, 33 FLAG-V2-dTM localized to both the nucleus and cytoplasm but not the ER,

as no V2-dTM/STING overlapping areas were observed (Figure 4C). Following cGAMP
treatment, despite formation and trafficking of STING aggregates, V2-dTM did not change
its localization and remained unassociated with STING (Figure 4C). Thus, the V2 C
terminus indeed contains a TMD that is important not only for V2 ER localization but also
for its association with STING, indicating that V2-dTM is a loss-of-function (LOF) mutant.
We note that STING-HA localization was exactly as observed with endogenous STING,24
strongly supporting the validity of our transfection-based approach.

We next examined the possible physical association of these proteins. For this, we
performed colP, using an FLAG antibody for immunoprecipitation with extracts of 293T
cells expressing 33FLAG-V1/V2/V3 and STING-HA and an HA antibody for WB to
detect STING-HA. Consistent with the co-localization results, we detected interaction
between STING and V2 and V3 but not between STING and V1 (Figure S4C).

These interactions persisted following cGAMP stimulation (Figure 4D), consistent with
co-trafficking of STING with V2 and V3. Following cGAMP treatment, STING is
phosphorylated at Ser366,1° and interestingly no interaction was detected between V2 or V3
and phosphorylated STING (p-STING) by WB using a Ser366 p-STING antibody (Figure
4D). Taken together, these results confirm that V2 and V3, but not V1, are part of the
CGAS-STING innate immune pathway.

V2 decreases STING disulfide bond-mediated oligomer accumulation, and both V2 and V3
increase p-STING monomer accumulation

STING oligomerization by disulfide bond formation is required for IFNB1 induction.1” It is
thus possible that V2 suppressed cGAMPinduced IFNB1 expression by preventing STING
disulfide oligomerization. To investigate this, we first transiently co-expressed STING-HA
with 33FLAG-V2/V3 or empty vector (EV) in 293T cells and examined STING disulfide
oligomerization by non-reducing denaturing WB (Figures 5A and S5A). In the absence of
cGAMP, V2-transfected cells exhibited increased levels of STING monomers but decreased
levels of disulfide dimers (apparent molecular weight [MW] ~75 kDa) compared to the EV
control cells, and following cGAMP treatment fewer STING disulfide hexamers (apparent
MW ~220kDa) were also detected in the V2-transfected cells. Thus, V2 decreases STING
disulfide oligomer accumulation independent of STING activation. V3-transfected cells,
however, exhibited increased levels of all STING species (Figure S5B), suggesting that V3
increased overall STING levels. Additionally, levels of 33FLAG-V2 or -V3 were equivalent
with or without cGAMP, indicating that there was no cGAMP-dependent regulation of
V2/V/3 protein levels (Figure S5C).

Since STING Ser366 phosphorylation is required for IFNB1 induction,2 we also used
a Ser366 p-STING antibody to examine p-STING disulfide oligomers. Consistent with
the decrease in STING hexamer levels, decreased p-hexamer levels were also detected
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in V2-transfected cells following cGAMP treatment (Figures 5A and S5A). Surprisingly,
however, in addition to p-dimers and p-hexamers, we also detected p-monomers. Notably,
we detected increased p-monomer accumulation in both VV2- and V3-transfected cells
(Figures 5A, S5A, and S5B), suggesting a functional redundancy between the two isoforms
in regulating p-STING monomer accumulation. Disulfide dimers in the absence of cGAMP
and p-monomers were also detected with endogenous STING in cGAS™~ BJ cells (Figure
S5D).

The above experiments all involved transient expression of the V2/V3 isoforms. We
therefore next wished to verify these findings using LOF assays, concentrating on V2, which
had the most pronounced effects on STING. We were unable to achieve isoformspecific
KD of V2 (or V3), by either small interfering RNA or short hairpin RNA, and therefore
employed two different approaches. First, we used the NF-xB inhibitor BMS-345541
employed above to downregulate all WDR33 isoforms (~70%, Figure S5E). Consistent
with what we expected based on the above experiments, BMS-345541 treatment of
STING-HA-transfected 293T cells increased STING disulfide dimer levels significantly, by
~50%, while correspondingly decreasing monomer levels (Figure 5B). Following cGAMP
stimulation, STING disulfide hexamers were also detected at higher levels (~1.6-fold) in
BMS-345541-treated cells (Figure 5B). Thus, BMS-345541, which reduces expression of
all WDR33 isoforms, induces STING disulfide hyper-oligomerization, consistent with the
transient expression experiments described above. However, BMS-345541 of course alters
the expression of many genes, and we therefore next examined whether restoration of V2
expression by transient expression (to physiological levels, based on mRNA, Figure S5E) in
the BMS345541-treated cells was sufficient to restore levels of STING monomers, dimers,
and hexamers to levels detected in untreated cells. This was indeed the case (Figure 5B),
indicating that STING hyper-oligomerization induced by BMS-345541 was due, at least

in part, to downregulation of V2 expression. Moreover, p-STING monomer levels were
also decreased significantly, by ~30%, in BMS-345541-treated cells and were also largely
rescued by restoration of V2 expression (Figure 5B).

As a second, and more direct, approach to verify V2 function in STING disulfide
oligomerization, we used CRISPR-Cas9 to remove the CDS of the V2 C-terminal TMD

in 293T cells without affecting V1 and V3 CDSs (see STAR Methods). We used 293T cells
because they are not only well established for studying STING functions’:24 but are also
highly suitable for CRISPR-Cas9 genome editing.*”:48 This generated a VV2-dTM mutant
protein with one additional serine residue at the C terminus (Figures S5F and S5G). Since
V2-dTM is an LOF mutant as described above, the CRISPR-Cas9-edited homozygous clone
constitutes an isoform-specific V2 knockout clone (V2-KO). We did not perform V3 KO,
both for technical reasons (see STAR Methods) and because it plays a less prominent role in
STING regulation than does V2.

We next examined STING protein levels and disulfide oligomerization in STING-HA-
transfected V2-KO cells. For this, cells were lysed directly in SDS sample buffer, either
under reducing conditions (DTT™) to allow detection of total STING (as monomers) or
non-reducing conditions (DTT-) to detect STING disulfide oligomers as well as monomers,
and proteins were resolved by SDS-PAGE and analyzed by WB. Not unexpectedly, WT and
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V2-KO cells expressed equivalent levels of total STING (Figure 5C, middle right panel,
DTTY). The V2-KO cells, however, displayed strikingly lower (~5-fold) levels of STING
monomers and dimers compared to WT cells, with or without cGAMP stimulation (Figure
5C, DTT; quantitation on bottom). Hexamers also appeared to be reduced in the V2-KO
cells, but levels were low and difficult to quantitate. (Differences in oligomers were more
apparent in experiments with native gels described below.) VV2-KO cells also displayed
significantly (~50%) fewer p-STING monomers following cGAMP stimulation (Figure 5C).
The p-monomer fold change was lower than the overall monomer fold change, consistent
with the functional redundancy of V2 and V3 in increasing p-monomer accumulation (see
above).

To extend these findings, we performed blue native (BN) gel analysis to evaluate STING
oligomerization under native states.1’ Similar to the non-reducing denaturing WB results
above, STING-HA-transfected VV2-KO cells also exhibited strikingly lower levels of STING
dimers and oligomers than did WT cells (Figure 5D). We also used the Ser366 p-STING
antibody to detect p-STING levels and again detected p-monomers, confirming that STING
monomers can indeed be phosphorylated (Figure 5D). Both p-monomer and p-dimer levels
were lower in V2-KO cells than in WT cells (Figure 5D). However, despite lower STING
oligomer levels in the V2-KO cells, STING p-oligomer levels were similar between V2-KO
and WT cells (Figure 5D), indicating that STING oligomers were phosphorylated more
efficiently in V2-KO cells. Moreover, even though p-oligomers were detected in WT cells
only weakly by non-reducing denaturing WB, they were more abundant when analyzed with
BN gels (Figure 5D), suggesting that p-oligomers are not always linked by disulfide bonds.

It is notable that equivalent amounts of total STING protein were present in WT and
V2-KO cells, but sharply reduced levels of monomers and oligomers were detected when
measured by both non-reducing SDS-PAGE and BN gels. This suggests that there was a
significant accumulation of higher-order STING oligomers/polymers in the VV2-KO cells
compared to WT, and, likely reflecting the hydrophobic nature of the STING TMD, these
were unable to enter the gel and/or were entirely insoluble under non-reducing conditions,
even in SDS sample buffer.4? To investigate this possibility, we lysed the cells with Triton/
NP-40, separated the extracts into soluble and insoluble fractions, and analyzed them by
SDS-PAGE/WB in the presence or absence of DTT (Figure 5E). In the soluble fraction
(Supernatant [Sup]), lower levels of STING monomers (and dimers in the absence of DTT)
were detected in the V2-KO compared to WT cells, even in the presence of DTT, suggesting
that higher-order disulfidelinked oligomers were indeed lost from the soluble fraction.
Strikingly, and consistent with this idea, we recovered significant amounts of STING from
V2-KO compared to WT cell pellets (Pel), but only under reducing, denaturing conditions.
These results confirm that higher-order STING oligomers/polymers were formed in V2-KO
cells and were indeed insoluble in the absence of DTT. Overall, our findings demonstrate
that in VV2-KO cells, STING tends to exist not as monomers or dimers but as large, highly
insoluble oligomers/polymers linked by disulfide bonds, indicating that loss of functional V2
leads to STING hyper-oligomerization.

It is also notable that depletion of V2 by BMS-345541 increased STING disulfide
dimer/hexamer levels, while VV2-KO cells exhibited lower STING oligomer levels. These
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apparently contradictory results likely reflect the extent of V2 depletion. BMS-345541-
treated cells retained significant amounts of V2 (~30%, based on mRNA, Figure S5E),

but functional VV2 was completely absent in V2-KO cells. Thus, we suggest, STING
oligomerization becomes entirely unregulated by V2 in the V2-KO cells, and STING
therefore forms higher-order insoluble oligomers/polymers instead of lower-order oligomers,
such as dimers, which were detected in the BMS-345541-treated cells. Overall, however, the
results obtained from these two independent LOF assays are entirely consistent with what
we observed using the transient expression approach, and confirm that V2 functions as an
important regulator of STING oligomerization.

Since STING oligomerization facilitates phosphorylation of TBK1 at Ser172 (p-TBK1),22
which in turn activates downstream IFNB1 induction,1® we wondered whether V2

affects p-TBK1 levels. Using the V2 rescue approach, we found that BMS-345541
treatment increased p-TBK1 levels in STINGHA-transfected 293T cells by ~2-fold upon
cGAMP stimulation (Figure S5H). Importantly, physiological expression of V2 largely
restored p-TBK1 levels to those in untreated cells (Figure S5H). Together, these findings
demonstrate that V2 decreases STING disulfide oligomerization, leading to reduced TBK1
phosphorylation, which in turn contributes to decreased IFNB1 induction.

V2 facilitates STING-mediated autophagy

STING also induces autophagy upon cGAMP stimulation.24:25 We next investigated whether
V2 or V3 might be involved in this process. To this end, we first co-transfected STING-HA
and 33FLAG-V2 or -V3 into 293T cells and performed WB with an antibody that detects
LC3-11, a lipidated protein that serves as a marker for autophagosomes, in the presence

or absence of chloroquine (CQ), which inhibits autophagosome-lysosome fusion.®? In the
absence of CQ, a condition under which autophagosomes can be freely degraded, we
observed an ~2-fold increase in LC3-11 levels in VV2-transfected cells compared to EV
control cells following cGAMP treatment (Figure 6A). A similar increase was also detected
following CQ treatment, which prevents autophagosome degradation, indicating that V2
promotes STING-mediated autophagosome production (Figure 6A). Expression of V3 did
not affect LC3-11 levels, with or without CQ treatment (Figure S6A), suggesting that only
the V2 isoform functions in this process as well as providing further evidence for the
specificity of our transient expression results.

We next investigated how V2 promotes autophagy. To do so, we examined the WD protein
WIPI2, the earliest known autophagy factor required for STING-induced autophagy.2*
According to RefSeq, there are six annotated WIPI2 isoforms, termed a— f (Figures S6B and
6B). WIPI2b/d, but not WIPI2a/c, are considered the canonical isoforms.>! Transfection of
the WIPI2b plasmid, which produces both the b and d isoforms, caused only a mild increase
(~20%) in LC3-11 in STING-HA-transfected 293T cells following cGAMP stimulation and
CQ treatment (Figure S6C). We next repeated this experiment with WIPI2f, which was

of interest because, similar to V2, it lacks multiple WD repeats (Figure 6B). Notably,
transfection of the WIPI2f plasmid produced an additional, unannotated isoform, which we
named g (Figures 6B and 6C). Expression of WIPI2f/g resulted in a small but significant
~1.5-fold increase in cGAMP-induced LC3-11 levels following CQ treatment (Figure 6C).
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In light of the results reported above, we investigated the functional relationship between
V2 and WIPI2f/g. Given that WIPI2f/g each contain only four WD repeats, they are strong
candidates for WDRC. Indeed, by colP using an FLAG antibody, we detected interaction of
33FLAG-V2 with HA-WIPI2f/g (Figure 6D) but not with HA-WIPI2b/d (Figure S6D). We
also examined the effect of V2 and WIPI2f/g on LC3-I1 levels. Similar to V2/V3 WDRC,
co-expression of V2 and WIPI2f/g also led to strong increases in levels of the three proteins
(all ~2-fold; Figure S6E). More importantly, we observed a further increase (~35%) in
LC3-11 levels when these proteins were co-expressed with STING in 293T cells following
cGAMP stimulation and CQ treatment (Figure S6E). Additionally, to determine whether
the V2 and WIPI2 isoforms are co-regulated, we examined WIPI2 isoform expression upon
cGAMP stimulation in cGAS™~ BJ cells. We found that WIPI2f/g, but not WIP12b/d,
MRNA levels were down-regulated by ~50% (Figure 6E), equivalent to what we observed
for V2 (see Figure 3B). Thus, V2 and WIPI2f/g likely function together, perhaps via
WDRC, to increase the production of autophagosomes.

We next wished to verify V2’s function in promoting STINGinduced autophagy by using
the two LOF approaches described above. First, BMS-345541 treatment of STING-HA-
transfected 293T cells significantly reduced LC3-11 levels, by ~50%, following cGAMP
stimulation, with or without CQ (Figure 6F). Importantly, however, restoration of V2
expression, again to physiological levels, restored LC3-11 levels, indicating that the lower
autophagic activity in BMS-345541-treated cells was due at least in part to reduced

V2 expression (Figure 6F). This effect of V2 on LC3-I1I levels was entirely STING
dependent, as no differences were observed in the absence of STING (Figure S6F). We
next examined LC3-11 levels in V2-KO cells. Surprisingly, we detected a ~2-fold increase
in cGAMP-induced LC3-I1I levels in STING-HA-transfected V2-KO cells compared to WT,
with or without CQ (Figure S6G). This appeared to contradict findings from both our
transient expression and V2 rescue experiments. To investigate the possible cause, we
examined mRNA expression of WIPI2 isoforms in V2-KO cells by RT-qPCR. Strikingly,
we found that WIPI2b/d and WIPI12f/g mRNA levels were increased, by ~2-fold and ~4-
fold, respectively (Figure S6H). These findings suggest that the increased autophagosome
production in V2-KO cells was likely due to increased WIPI2 expression, revealing an
unexpected compensatory mechanism for loss of V2.

V2 and V3 emerged after STING

Finally, given that cGAS and STING co-evolved,%23 we were interested in determining the
evolutionary relationship between V2/V3 and STING. Both V2 and V3 are only annotated
for some vertebrates, so we manually examined the War33 genes of several invertebrates
and were able to identify V2 homologs in D. melanogasterand N. vectensis. No invertebrate
V3 homologs were found. These homologs are also produced by APA, and the proteins

are also predicted to contain only the first two WD repeats and to harbor C-terminal

TMDs (Figure S7TA). Examination of conservation patterns of STING, WDR33 isoforms,
autophagy, interferons, and NF-xB in several organisms revealed that STING emerged
before V2, and V2 emerged before V3 (Figure S7B). V2 appeared to co-evolve with NF-xB,
and V3 appeared to co-evolve with interferons (Figure S7B). Notably, C. elegans is known
to have lost the cGAS-STING pathway during evolution,>2:53 and we did not find a C.
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elegans V2 homolog (Figure S7B). These analyses provide further evidence that V2 and V3
are functionally related to STING.

DISCUSSION

In this study, we have shown that two isoforms of the well-studied core nuclear mRNA
polyadenylation factor WDR33, produced by APA, are not themselves polyadenylation
factors but instead localize to the ER and function in STING-mediated innate immune
responses. To our knowledge, there is only one other example in which alternative mRNA
processing gives rise to protein isoforms with completely unrelated functions. In that case,
an isoform produced by a combination of AS and APA of transcripts from the CUXZ

gene, which itself encodes a transcription factor, was shown to encode a Golgi membrane
protein.>* It is notable that WDR33 and CUX1 are similar in the sense that a non-canonical
isoform of a nuclear protein is a transmembrane protein, although the significance of this, if
any, is unknown. In any event, our findings highlight how the coding potential of the human
genome can be expanded by using the same sequence information to produce proteins with
entirely distinct functions and that this can be achieved solely via APA.

Our analyses of WDR33 APA identified an interesting mode of exonic APA. V2 PASO is
within its CDS, and usage of this site produces an mRNA lacking a 3" UTR. A similar mode
of CDS APA has been reported previously.>> PAS3, however, is located within exon 7, and
its usage unexpectedly causes retention of intron 6. Nazim et al. reported that usage of a
PAS within alternative exon 5 of the human acetylcholinesterase (AChE) pre-mRNA causes
retention of intron 4.56 However, the AChE exonic PAS is far downstream of intron 4 (~350
nt), in contrast to V2 PAS3, which is only 16 nt away from the intron 6 3" SS, indicating that
these are likely two distinct mechanisms. Intron 6 retention by PAS3 usage could be due to
blockage of the 3" SS by the CPA machinery.

Our study has revealed unexpected insights into STING function and regulation. We found
that V2 suppresses STING disulfide bond-mediated oligomerization, possibly by preventing
Cys148 disulfide bond formation through direct protein-protein interaction.1” This function
of V2 has the potential to be of considerable importance. For example, uncontrolled STING
activation, which could be caused by the hyper-oligomerization we observed in the absence
of V2 in the V2-KO cells, can lead to autoimmune diseases, including Aicardi-Goutiéres
syndrome®’ and STING-associated vasculopathy with onset in infancy.>8 Further studies

to investigate the possible role of V2 in these diseases, and in the regulation of STING
oligomerization more generally, will be informative.

In canonical autophagy, WIPI2 recruits the ATG12-5-16L complex through its WD repeats 2
and 3.59.60 These two repeats are missing in WIPI2f/g. Thus, an interesting possibility is that
V2 contributes its two WD repeats, by the WDRC mechanism we proposed, for recruitment
of the downstream factors. It should be noted that we do not rule out roles for WIPI12b/d

in STING-induced autophagy, and indeed Wan et al. demonstrated recently that STING
interacts directly with WIPI2 (the exact isoform was not specified).28 Our findings that
WIPI2f/g also promote cGAMP-induced autophagosome production, possibly by interacting
with V2, and that WIPI12b/d/f/g are all upregulated in VV2-KO cells, suggest that STING can
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induce autophagy in multiple ways. It will also be of interest to determine the mechanism by
which loss of V2 leads to upregulation of WIPI2 isoforms, which our data show occurs at
the transcript level.

We also unexpectedly detected phosphorylated STING monomers and showed that their
accumulation can be promoted by both V2 and V3 expression and decreased by V2-KO.
These findings, however, seem inconsistent with those of Zhang et al., who suggested,
based on structural data, that oligomerization of both TBK1 and STING is required for
STING phosphorylation.22 However, Zhang et al. also reported that the direct binding
between TBK1 and STING was flexible and variable in vitro.22 It is possible that an
additional protein that bridges STING and TBK1 was missing from their structures. Given
that WD proteins generally facilitate protein-protein interactions,1 we suggest that VV2/V3
can facilitate TBK1-STING interaction, allowing the phosphorylation of STING monomers
by TBK1.

Our discovery of p-monomers potentially reconciles two longstanding opposing views
regarding the function of Ser366 phosphorylation. Liu et al. suggested that Ser366
phosphorylation by TBK1 is required for IFNB1 induction.2? Konno et al., however,

had previously reported that a phosphomimetic S366D STING mutant activated the NF-

xB pathway but failed to induce IFNB1.52 We suggest that this S366D mutant mimics
p-monomers, as opposed to p-oligomers, and as a result our findings that V2 increases
accumulation of p-monomers and suppresses IFNB1 but not IL-6 are entirely consistent with
the findings of Konno et al.52 STING monomer phosphorylation thus likely serves as an
inhibitory regulation of IFNB1 induction.

Itis of interest that V2 and V3 mRNA levels were increased similarly following

poly(I:C) but were reduced, and again to the same extent, following cGAMP treatment.
These results suggest that V2/VV3 might play distinct roles in different types of immune
responses. Different immune stimuli or different cell types may differentially regulate
V2/\V/3 expression. Indeed, as reported by Miller et al., IAV infection decreases V2, but does
not affect V1 or V3, expression.36 Recently, Wilton et al. reported an increase in V2, but not
V1 or V3, in primary human macrophages as they were polarized into a pro-inflammatory
state or were co-cultured with cancer cells.%3 This finding also suggests that V2 might
contribute to macrophage anti-tumor activity. This is not surprising, given that V2 can
increase autophagic activity and that autophagy regulates many macrophage functions, such
as antigen presentation54 and several other functions.%> V2 might then also play a role in
macrophage accumulation at tumor sites, which can be STING dependent.56 It will thus be
of interest to expand our current findings of V2/V3 regulation and function in future studies
in more complex systems, such as VV2/V3 transgenic mice.

Based on our findings, we propose the following model for V2 in STING-mediated
immune responses. When V2 expression is low, STING can freely form disulfide oligomers
upon cGAMP activation, efficiently inducing IFNB1 (Figure 7Ai). A fraction of STING
molecules exists as monomers due to their interaction with V2, which recruits WIPI2f/g

for autophagy induction (Figure 7Aii). However, when highly expressed, V2 prevents
accumulation of STING disulfide-linked oligomers, thereby decreasing IFNB1 induction
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(Figure 7Bi). Levels of STING monomers are in turn increased, allowing V2 to recruit more
WIPI2f/g to promote autophagosome production (Figure 7Bii). The role of V3 seems less
significant, and it does not function in autophagy at all.

In summary, our study has shown that V2 and V3, non-canonical isoforms of the
polyadenylation factor WDR33, are regulators of STING-mediated innate immune
responses. Arising from IPA and a splicing-modulating form of APA, V2 localizes to

the ER and interacts with STING to prevent STING oligomerization and reduce IFNB1
induction while also functioning to promote autophagy. V3, on the other hand, also
localizes to the ER and appears to increase STING levels, perhaps by inhibiting V2 via

a proteinprotein interaction mechanism we described termed WDRC. Our study thus not
only provides unexpected insights into regulation of STING-mediated immune responses but
also demonstrates that alternative mRNA processing is a more powerful mechanism than
previously appreciated, allowing production of proteins with totally different functions from
the same gene.

Limitations of the study

While we have provided multiple lines of evidence that V2 exists as a protein, endogenous
V2/V/3 protein levels remain unclear, due to the lack of appropriate antibodies. WDRC
was studied by colP and requires structure determination to be characterized fully. We
relied on exogenous expression of STING in 293T cells to study V2/V3 functions in
STING regulation. While this is a well-established system to study STING,17:19.20,.24,62
and, as noted throughout the article, exogenous STING functioned properly in all our
assays, complementary studies with endogenous STING will be of value. LOF assays were
performed using BMS-345541 and by generation of an endogenous VV2-KO mutant. While
these approaches have confirmed the role of V2 in STING regulation, it is possible that
BMS-345541 also affects other genes that function with STING and that the V2-KO mutant
affects other cellular processes.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, James L. Manley (jim2@columbia.edu).

Materials availability—Materials and reagents generated in this study are available from
the lead contact upon request.

Data and code availability

. This paper analyzes existing, publicly available data. Accession numbers for the
datasets are listed in the key resources table.

. This paper does not report original code.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed using cultured human cell lines. Human cervical cancer
HelLa (female), human embryonic kidney 293T (female), human osteosarcoma U20S
(female) and human glioblastoma U87 (male) were obtained from ATCC. H9 human
embryonic stem cells (female)%8 were obtained in a previous study from our lab.2’ cGAS™~
immortalized human foreskin fibroblast BJ-5ta (male)38 were described in Ng et al.3°
WDR33v24TM/ATM (v/2_KO) 293T cells were generated in this study. All cells were cultured
at 37°C with 5% CO,, and were passaged every 3—4 days. Experiments were performed on
cells with no more than 20 passages after thawing. Morphologies of cells were consistent
with those described by ATCC. Growth rate of VV2-KO cells did not deviate significantly
from the parental cells.

METHOD DETAILS

Cell culture—HeLa, 293T, U20S and U87 cells were cultured in DMEM supplemented
with 10% FBS. H9 hESCs were cultured in Essential 8 medium (Stem Cell Technologies)
on Matrigel (Corning)-coated plates. Derivation of EBs is described in Yamazaki et al.2’
Briefly, H9 cells were first dissociated using ReLeSR (Stem Cell Technologies), and were
then resuspended in EB medium (DMEM/F12, 15% FBS, 15% knock-out serum, 0.1 mM
nonessential amino acid, and 0.5% penicillin and streptomycin) on the Nunclon Sphera
(Thermo Scientific) dishes. cGAS™~ BJ cells were cultured in a 4:1 mixture of DMEM and
Medium 199 (Gibco) supplemented with 10% FBS and 10 pg/mL hygromycin.

Molecular cloning—WDR33v2 (GenBank: NM_001006622), WDR33v3 (GenBank:
NM_001006623), EMD (GenBank: NM_000117), CANX (GenBank: NM_001746),
STING (GenBank: NM_198282), and WIPI2b (GenBank: NM_016003)/f (GenBank:
NM_001278299) CDSs were directly amplified by PCR. For WDR33v1 (GenBank:
NM_018383), the ~4 kb CDS was separately amplified as four ~1-kb pieces and assembled
together using overlapping extension PCR. The V2-dTM mutant plasmid was derived

from wildtype V2 plasmid. Vector backbones used were pcDNA3 and pCXS (for V2, V3
and WIPI2b/d/f/g). pCXS was derived from the pCXLE plasmid’> (Addgene #27082) by
removing the EBNA1 episomal cassette. WDR33v1-transformed bacteria were cultured at
room temperature (RT). The STING plasmid was subjected to site-directed mutagenesis to
produce the Arg232 variant, which is considered “wildtype”.”® All plasmids were sequenced
to ensure that there were no mutations.

Transfection—For 293T and HeLa cells, DNA transfection was performed using
Lipofectamine 2000 (Invitrogen). For BJ cells, GeneXPlus transfection reagent (ATCC)
was used. Transfected BJ cells were cultured in medium containing 20% FBS for the

first 24 h. We have performed RT-gPCR to quantify expression of exogenous V2 and V3
MRNAs in 293T cells under maximal plasmid levels, and observed ~8-fold increase in total
V2 mRNA levels in VV2-transfected cells (Figure S2B). VV3-transfected cells, on the other
hand, exhibited more than 150-fold increase in V3 mRNA levels, likely owing to its low
endogenous levels (Figure S2B). In several experiments, we included samples transfected
with less plasmid (Figures 4B-4D and S4A-S4C), created an expression gradient (Figures
5A, S5A, and S5B) or used 50% of the amount of plasmid for co-expression (Figures
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2C, 2D, S2C, S2D, and S6E). In these experiments, exogenous V2 mRNA levels were
expected to be much lower. We did not examine exogenous V2 and V3 mRNA levels in
transfected HelLa or BJ cells, but exogenous expression in these cells was likely much
lower than in 293T cells, as 293T cells are more transfectable, especially compared to BJ
cells. For V2 rescue experiments (Figures 5B, S5E, and 6F), the amount of V2 plasmid
used to restore V2 expression was much lower than what was used for transient expression
functional assays, and insufficient to affect STING functions in these assays. To ensure
that VV2/V3 transfection did not induce ER stress that could affect STING functions, we
examined ER stress by RT-qPCR in transfected cells according to Oslowski et al.”” We did
not detect induction of ER stress markers BiP, ATF4 and GRP94 (Figure S7C). siRNAs were
transfected using DharmaFECT 1 (Dharmacon). silRF3 sequence was from Jiao et al.59
Non-targeting negative control sSiRNAs were from Sigma-Aldrich.

Immune stimulation and drug treatment—Poly(l:C) (Tocris) dissolved in 0.9% NaCl
was introduced into HeLa cells using Lipofectamine 2000 at 500 ng/mL for 6 h. cGAMP
(Invivogen) was delivered into cells either by direct treatment at the indicated concentrations
and durations or by digitonin permeabilization.”® For digitonin permeabilization, cells were
incubated with the permeabilization buffer (50 mM HEPES, 100 mM KCI, 3 mM MgCl2,
0.1 mM DTT, 85 mM sucrose, 0.2% BSA, 1 mM ATP, 0.1 mM GTP, and 10 ug/mL
digitonin) with or without cGAMP at 4 uM for 30 min at 37°C. The permeabilization buffer
was then replaced with fresh DMEM, and the cells were further incubated at 37°C for 3

h before harvest. Interferon-g (Bio-Techne) was dissolved in 10 mM citric acid, 1% BSA,
and 0.5% CHAPS. Dissolved interferon-p was diluted in DMEM at 10 ng/mL for direct
treatment for 24 h. MG132 (MedChemExpress) treatment was carried out at 20 pM for 12
h. BMS-345541 (Adooq Bioscience) treatment was performed at 50 pM for 1 h prior to and
during poly(l:C) or cGAMP stimulation, or for a total of 7 h for rescue experiments. For
chloroquine (Sigma-Aldrich) treatment, cells were incubated with the drug at 50 uM for 30
min prior to cGAMP stimulation, during the stimulation, and during the post-stimulation
incubation for a total of 4 h.

cDNA synthesis, PCR and 3’"RACE—Total RNA was extracted using Trizol (Ambion).
Raji cell RNA samples were from Yamazaki et al.5” cDNA was synthesized using

the Maxima reverse transcriptase (Thermo Scientific) and the random hexamer primer
(Invitrogen). gPCR was performed using SYBR Green PCR Master Mix (Applied
Biosystems) on the StepOnePlus qPCR system (Applied Biosystems). gPCR data were
analyzed using the -AACt method. RPL13a was used as the endogenous control for

hESC differentiation samples.”® GAPDH was used as the endogenous control for immune
experiments.80 3"RACE was performed according to Scotto-Lavino et al.81 Briefly, cDNA
was synthesized using the oligo(dT) primer (QT) containing two tandem adaptors at the

5" end. The first PCR reaction was performed using a PAS-specific primer and the outer
adaptor primer (QO). Products were diluted 20 times and were used as the templates for
the second PCR reaction, where another PAS-specific primer downstream of the first one
and the inner adaptor primer (QI) were used. Since different primer pairs were used for
different PASs, band intensities are not comparable between PASs in Figure 1D. The final
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PCR products were sequenced to ensure specificity of the reactions. Primer sequences are
listed in Table S2.

Western blot—Unless otherwise noted, protein samples were directly lysed in SDS sample
buffer. 100 MM DTT was included in samples designated for reducing WB, and the

samples were boiled for 5 min before loading onto a gel. For non-reducing WB, DTT was
omitted from the sample buffer, and samples were not boiled. Instead, samples were passed
through a 20G syringe needle 12 times on ice to shear genomic DNA. To detect insoluble
STING oligomers/polymers, cells were first lysed in IP buffer containing Triton and NP-40
(see Coimmunoprecipitation section below). Lysates were then rotated at 4°C for 15 min
followed by a centrifugation at 15000 rpm for 15 min. Equal volume of 2X SDS sample
buffer with or without DTT was added to the supernatants. The pellets were resuspended in
1X SDS sample buffer with or without DTT. The final volumes of the supernatant and pellet
samples were the same. Proteins were separated in 10% SDS-PAGE and transferred for 90
min at 90 V to a nitrocellulose membrane (0.45 um pore) using standard transfer buffer
(10% methanol). For LC3 WB, 14% SDS-PAGE was used, and proteins were transferred
using buffer containing 20% methanol to a nitrocellulose membrane (0.2 um pore) for 90
min at 90 V. Membranes were blocked in 4% non-fat milk or 2% BSA (for p-STING) in
0.1% tween in PBS/TBS (for phosphorylated antigens). After blocking, membranes were
incubated with primary antibodies diluted in the blocking buffer overnight at 4°C. After
three washes with 0.1% tween in PBS/TBS, membranes were incubated with the appropriate
HRP-conjugated secondary antibodies (Sigma-Aldrich) diluted in the blocking buffer for

1 h at RT. ECL (Kindle Biosciences) chemiluminescence signals were detected using the
ChemiDoc MP Imaging System (Bio-Rad). GAPDH was used as the endogenous loading
control.

Blue native gel—Blue native PAGE was performed using a modified protocol based on
Ergun et al.1” Mock-or cGAMP-treated STING-transfected WT and V2-KO cells were lysed
in a buffer containing 10% glycerol, 25mM NaCl, 20mM HEPES pH 7.0 and 1% Triton,
with protease and phosphatase inhibitors. After clearing the lysates, Coomassie brilliant blue
G250 was added to the lysates at an 8:1 detergent/G250 ratio.82 Samples were loaded onto

a PAGE gel without SDS and electrophoresis was performed at 4°C, followed by regular
western blot procedures described above.

Co-immunoprecipitation—Confluent transfected 293T cells on 10-cm dishes were lysed
in IP buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,

01% NP-40, and 1X protease inhibitor cocktail (Bimake)). For cells treated with cGAMP,
phosphatase inhibitor cocktail (Bimake) was also included. RNase A (Sigma-Aldrich) was
always added to the cell lysates to eliminate potential RNA-mediated interactions. After
saving 10% lysates as inputs, the remaining cell lysates were mixed with anti-FLAG
antibody (Sigma-Aldrich, F1804) and rotated at 4°C overnight. Next day, the mixtures were
incubated with protein A/G magnetic beads (Thermo Scientific) at 4°C with rotations for 3
h. After four washes with 0.1% Triton/TBS, proteins were eluted either by directly boiling
the beads in SDS sample buffer for 5 min or by incubating in 0.1 M Glycine pH 2 for 10 min
at RT.
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Immunofluorescence—293T cells seeded on coverslips were fixed using ice-cold 4%
paraformaldehyde in PBS for 15 min at RT. For Triton pre-extraction, living cells were
treated with pre-extraction buffer (1% Triton X-100, 10 mM Tris-Cl pH 7.5, 1.5 mM MgCl,,
2 mM CacCl,) for 30 s at RT before fixation.8 0.1% Triton/PBS was used to permeabilized
cells for 5 min. Cells were blocked in 10% goat serum (Sigma-Aldrich) in PBS for 1 h at
RT. Subsequently, cells were incubated with primary antibodies diluted in blocking buffer
either for 1 h at RT or overnight at 4°C. Following three PBS washes, cells were incubated
with Alexa Fluor Secondary Antibodies (Invitrogen) diluted in 0.1% Triton/PBS for 1 h at
RT. The coverslips were mounted onto microscope slides with mounting medium containing
DAPI (Abcam). Imaging was performed using the LSM700 Confocal Microscope (Zeiss)
under the 63X objective lens. For Triton pre-extracted 293T and BJ, cells were imaged using
the Nikon Eclipse Ts2-R FL Inverted Fluorescence Microscope (Nikon) under the 20X and
5X objective lenses, respectively.

CRISPR/Cas9 genome editing—The WDR33gene in 293T cells was edited according
to Ran et al.#” gRNAs targeting the vicinities of the 5" or 3" ends of intron 6 were

cloned into PX458 (Addgene #48138, with eGFP) or PX459 V2.0 (Addgene #62988,

with puromycin resistance). The plasmids were transfected into 293T cells, and puromycin
selection was performed 24 h after transfection for 3 days. Single clones were selected,
screened by RT-PCR genotyping and confirmed by sequencing (see Figures S5F and S5G).
The 5" and 3" gRNA sequences are listed in the key resources table. These two gRNAs
removed a ~1.5 kb region of WDR33intron 6, which contains the CDS of V2 TMD. We
did not perform V3 KO, because V3 does not contain a unique functional domain like V2,
and the associated intron 7 is too large (>36 kb) to remove and likely contains many cryptic
polyadenylation sites.

Bioinformatic and RNA-seq analyses—Transmembrane prediction was performed
using TMHMM 2.033 and TMPred.34 Hydrophobicity plot was generated by TMPred, and
transmembrane probability plots were generated by TMHMM. Ribosome profiling dataset
of 293 cells (GSE112353) was generated by Clamer et al.3! HeLa (GSE123105) and A549
(GSE147507) RNA-seq datasets were generated by Kamieniarz-Gdula et al.2% and Blanco-
Melo et al.,30 respectively. RNA-seq reads were first subjected to quality control and adaptor
trimming by Cutadapt.”? Afterward, they were pseudo-aligned to the GENCODE human
transcriptome (GRCh38.p13)74 using kallisto, which specializes in RNA quantification at
the transcript level.”2 The TPM numbers obtained from kallisto were used for within-sample
abundance comparison between WDR33 transcript variants and for detection of V1, V2 and
V3 mRNASs’ association with ribosomes. Quantification results from kallisto were imported
into sleuth on R for transcript-level differentiation expression analyses.’3 Analyses were

run according to developers’ recommendations and sample preparation provided by the
depositors of the original data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Band intensityes from WB and RT-PCR gels were quantified by F1J1 ImageJ’? and
normalized to endogenous control intensities. For autophagy western blots, LC3-11 levels
normalized to GAPDH were analyzed (LC3-1 levels should not be used to evaluate
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autophagy®3).Pairwise comparison was performed using Student’s t-test on Microsoft Office
Excel. For gPCR data, t test was performed on AC+. p < 0.05 was considered statistically
significant. For transcript-level differential expression analyses using sleuth, the built-in
Wald test option was used. FDR <0.05 was considered statistically significant. All statistical
analyses were performed on data obtained from three experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Alternative polyadenylation of WDR33 transcripts produces 3 isoforms: V1,
V2, and V3

V1 is a nuclear poly(A) factor, but V2 and V3 are ER proteins that regulate
STING

V2 interacts with STING and represses IFNB1 by preventing STING
oligomerization

V2 also interacts with WIPI2 isoforms to promote STINGinduced autophagy
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Figure 1. WDR33 isoform mRNAs are generated by APA
(A) Schematics of WDR33 mRNA variants (not drawn to scale).

(B) Relative mRNA abundances (transcripts per million [TPM]) of WDR33 isoform mRNAs
normalized to V1 based on HelLa and A549 RNA-seq data. Data are shown as means +
standard deviation (SD) from three replicates.

(C) WDR33 isoform mRNA expression measured by RT-PCR in the indicated cell lines. EB,
embryoid body. See also Figure S1A.

(D) Functional V2 and V3 PASs detected by 3" RACE using HeLLa RNA. See also Figures
S1B and S1C.

(E and F) Schematics showing how V2 PASO usage generates a 3" UTR-lacking mRNA

(E) and how V2 PAS3 usage causes intron 6 retention by interfering with splicing (F). pA,
polyadenylation site.
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Figure 2. V2 and V3 are not polyadenylation factors
(A) Schematics of WDR33 protein isoforms (not drawn to scale). AA, amino acid.

(B) Co-immunoprecipitation (colP) western blot (WB) of co-transfected 33FLAG-V2 and
HA-V3 in 293T cells. EV, empty vector.
(C) Protein levels of co-transfected 3xFLAG-V2 and V3 measured by WB (top) in 293T
cells and quantifications (means = SD from three replicates) of 3xFLAG-V2 (bottom left)
and V3 (bottom right). Student’s t test was performed, with p < 0.05 considered significant.

See also Figure S2C.

-25
DMSO MG132
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—— e G w—— — - 37

3XxFLAG-WDR33v2
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(D) Protein levels of 3xFLAG-V2 (left) and V3 (right) measured by WB with or without
HA-V3 or V2 co-expression, respectively, after DMSO or MG132 treatment in 293T cells.
(E) ColP WB of 33FLAG-EV/V1/V2/V3 with the indicated CPSF subunits in 293T cells.

See also Figure S2D.

(F) Localization of WDR33 isoforms determined by immunofluorescence in 293T cells.

Scale bar, 10 pm. See also Figure S2H.
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Figure 3. V2 and V3 are involved in immune responses and are regulated by the NF-xB pathway
(A and B) mRNA expression of total WDR33, V1, V2, and V3 measured by RT-gPCR in

HeLa cells treated with vehicle or poly(l:C) (A; see also Figure S3A) and in BJ cells treated
with mock or cGAMP at 50 uM for 6 h (B; see also Figure S3B).
(C) Fold changes (logarithmic scale) of V1, V2, and V3 mRNAs by RNA-seq analysis of
ACE2-transfected A549 cells after SARS-CoV-2 infection. See also Table S1.
(D and E) mRNA expression of V1 (left), V2 (middle), and V3 (right) measured by RT-
gPCR in HeLa cells treated with DMSO or BMS-345541 with or without poly(l:C) (D;
see also Figure S3E) and in BJ cells treated with DMSO or BMS-345541 with or without
cGAMP (E; see also Figure S3F).
All bar graphs are shown as means + SD from three replicates except for (C), where data
are shown as log e fold changes + standard error from three replicates. Student’s t tests were
performed except for (C). For (C), Wald test was performed, and the reported p values were
adjusted for false discovery rate. p < 0.05 was considered significant. NS, not significant.
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Figure 4. V2 and V3 are functionally related to STING

(A) IFNB1 mRNA expression measured by RT-gPCR in EV/V2/V3-transfected BJ cells
with or without cGAMP at 50 uM for 6 h. Data are shown as means + SD from three
replicates. EV, empty vector. Student’s t tests were performed, with p < 0.05 considered

significant. NS, not significant. See also Figures S31-S3K.

(B and C) Co-localization of transfected 33FLAG-V2/V3 (B) or 33FLAG-V2-dTM

(C) with STING-HA with or without cGAMP at 100 pM for 30 min determined by
immunofluorescence in 293T cells. Scale bars, 15 pm. See also Figures S4A and S4B.

(D) ColP WB of 33FLAG-EV/V2/V3 with STING-HA and Ser366-phosphorylated STING

with or without cGAMP in 293T cells. See also Figure S4C.
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Figure 5. V2 decreases STING disulfide oligomer accumulation and increases p-STING

monomer accumulation

(A) STING oligomerization detected by non-reducing WB of STING-HA and p-STING
(Ser366) in 293T cells transfected with empty vector (EV) or 3xFLAG-V2 with or without
cGAMP. See also Figure S5A.
(B) STING oligomerization with or without cGAMP detected by non-reducing WB (top)

of STING-HA and p-STING (Ser366) in 293T cells treated with DMSO or BMS-345541,
with or without V2 rescue, and quantification (bottom right) of levels of STING monomers,
dimers, hexamers, and p-STING monomers under cGAMP stimulation. See also Figure S5E.
(C) STING oligomerization detected by non-reducing WB (top) of STING-HA and p-
STING (Ser366) in WT and VV2-KO 293T cells with or without cGAMP, and quantification
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(bottom) of levels of STING monomers, dimers, and p-STING monomers (with cGAMP)
and levels of total STING (with DTT, without cGAMP). See also Figures S5F and S5G.
(D) STING oligomerization detected by BN gel of STING-HA and p-STING (Ser366) in
WT and V2-KO 293T cells with or without cGAMP.

(E) STING protein levels from WT and V2-KO cells detected by WB in the Triton/NP-40
soluble (Sup) or insoluble (Pel) fractions with or without DTT.

All bar graphs are shown as means + SD from three replicates. Student’s t tests were
performed, with p < 0.05 considered significant. NS, not significant.
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Figure 6. V2 facilitates STING-mediated autophagy
(A) Protein levels of LC3-1 and LC3-11 measured by WB (left) in 293T cells transfected with

empty vector (EV) or 33FLAG-V2 with or without cGAMP or CQ, and quantification (right)
of LC3-1I (with cGAMP).
(B) Schematics of WIPI2f/g protein domains (not drawn to scale). See also Figure S6B.

(C) Protein levels of LC3-I and LC3-11 measured by WB (left) in 293T cells transfected with
EV or 33FLAG-WIPI2f/g (f/g) with or without cGAMP or CQ, and quantification (right) of
LC3-1I (with cGAMP).
(D) ColP WB of co-transfected 33FLAG-V2 and HA-WIPI12f/g (f/g) in 293T cells. See also
Figure S6D.
(E) mRNA expression of WIPI12b/d and WIPI2f/g measured by RT-gPCR in BJ cells treated
with mock or cGAMP at 50 uM for 6 h.
(F) Protein levels of LC3-1 and LC3-11 with or without cGAMP or CQ measured by WB
(left) in 293T cells treated with DMSO or BMS-345541, with or without V2 rescue, and
quantification (right) of LC3-11 (with cGAMP).

All bar graphs are shown as means + SD from three replicates. Student’s t tests were
performed, with p < 0.05 considered significant. NS, not significant.
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Figure 7. Model of V2 in STING-mediated innate immune responses
(A) When V2 expression is low, STING freely forms disulfide oligomers to induce IFNB1

upon cGAMP activation (i). Some STING monomers interact with V2/WIPI12f/g to induce

autophagy (ii).

(B) When V2 expression is high, there is less STING disulfide oligomers to induce IFNB1
(i), but more STING monomers to interact with V2/WIPI2f/ g to induce stronger autophagic

activity (ii).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-FLAG Sigma-Aldrich Cat# F1804; RRID: AB_262044
Mouse anti-HA Biolegend Cat# 901533; RRID: AB_2801249

Goat anti-HA

Rabbit anti-GAPDH

Mouse anti-CPSF1

Rabbit anti-CPSF1

Mouse anti-CPSF2

Mouse anti-CPSF3

Rabbit anti-CPSF73

Rabbit anti-FIP1L1

Rabbit anti-CPSF30

Rabbit anti-TMEM173/STING
Rabbit anti-phospho-STING (Ser366)
Rabbit anti-TBK1

Rabbit anti-phospho-TBK1 (Ser172)
Rabbit anti-LC3B

Bethyl Laboratories
Sigma-Aldrich

Santa Cruz Biotechnology
Abclonal

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abclonal

Abclonal

Bethyl Laboratories
Proteintech

Cell Signaling Technology
Proteintech

Proteintech

Cell Signaling Technology

Cat# A190-138A; RRID: AB_2631894
Cat# G9545; RRID: AB_796208

Cat# sc-166281; RRID: AB_2084362
Cat# A17144; RRID: AB_2769032
Cat# sc-165983; RRID: AB_2084371
Cat# sc-393001

Cat# A2222

Cat# A7138; RRID: AB_2767693
Cat# A301-584A; RRID: AB_1078872

Cat# 19851-1-AP; RRID: AB_10665370

Cat# 19781S; RRID: AB_2737062
Cat# 28397-1-AP; RRID: AB_2881132
Cat# 82383-1-RR; RRID: AB_3076688
Cat# 2775S; RRID: AB_915950

Bacterial and virus strains

DH5a Invitrogen Cat# 18265017
Sthl2 Invitrogen Cat# 10268019
Biological samples

Raji cell total RNA Yamazaki et al.5” N/A
Chemicals, peptides, and recombinant proteins

Poly(l:C) Tocris Cat# 4287
2’3’-cGAMP Invivogen Cat# tlrl-nacga23
Interferon-p Bio-Techne Cat# 8499-IF
MG132 MedChemExpress Cat# HY-13259
BMS-345541 Adooq Bioscience Cat# A11318
Chloroquine Sigma-Aldrich Cat# C6629
Deposited data

293 Ribosome profiling Clamer et al.3! GSE112353
HeLa RNA-seq Kamieniarz-Gdula etal.?®  GSE123105
A549 SARS-CoV-2-infection RNA-seq Blanco-Melo et al.30 GSE147507
Experimental models: Cell lines

Hela ATCC CCL-2
HEK293T ATCC CRL-3216
U-20S ATCC HTB-96

U-87 MG ATCC HTB-14

WAO09 (H9 human embryonic stem cells)

Thomson et al.58

NIHhESC-10-0062
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REAGENT or RESOURCE SOURCE IDENTIFIER
cGAS™~ BJ-5ta Bodnar et al 38 N/A

Ng et al.3®
WDR33v2dT™MIATM HEK 293T This paper N/A

Oligonucleotides

MISSION® siRNA Universal Negative Control #1 Sigma-Aldrich Cat# SIC001
silRF3 5" UAUCAGAAGUACUGCCUCC 3’ (anti-sense) Jiao et al.®® N/A

Human WDR33 Intron 6 5 gRNA 5’ This paper N/A
TTCTGTAGTCCCTATTGTCA 3

Human WDR33 Intron 6 3" gRNA 5’ This paper N/A

TGAATGTCGTCAGCTAACAT 3’
RT-PCR primers This paper Table S2

Recombinant DNA

pcDNA3-3xFLAG-WDR33v1 This paper N/A
pcDNA3-3xFLAG-WDR33v2 This paper N/A
pcDNA3-3xFLAG-WDR33v3 This paper N/A
pcDNA3-HA-WDR33v2 This paper N/A
pcDNA3-HA-WDR33v3 This paper N/A
pcDNA3-STING-HA This paper N/A
pcDNA3-3xFLAG-CANX This paper N/A
pcDNA3-EMD-3xFLAG This paper N/A
pCXS-3xFLAG-EV This paper N/A
pCXS-3xFLAG-WDR33v2 This paper N/A
pCXS-3xFLAG-WDR33v3 This paper N/A
pCXS-3xFLAG-WIPI12bd This paper N/A
pCXS-3xFLAG-WIPI2fg This paper N/A
PX458 Ran et al.47 Addgene# 48138
PX459 V2.0 Ran et al.47 Addgene# 62988

Software and algorithms

F1JI ImagelJ Schindelin et al.”® https://imagej.net/software/fiji/

TMHMM 2.0 Krogh et al.33 https://services.healthtech.dtu.dk/services/
TMHMM-2.0/

TMPred Hofmann and Stoffel34 http://embnet.vital-it.ch/software/
TMPRED_form.html

Cutadapt Martin’® https://cutadapt.readthedocs.io/en/stable/

kallisto Bray et al.”2 https://pachterlab.github.io/kallisto/

Sleuth Pimentel et al.”3 https://pachterlab.github.io/sleuth/

GENCODE human transcriptome (GRCh38.p13) Frankish et al.”# https://www.gencodegenes.org/
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