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ABSTRACT

Macroautophagy/autophagy is a tightly regulated cellular process integral to homeostasis and innate
immunity. As such, dysregulation of autophagy is associated with cancer, neurodegenerative dis-
orders, and infectious diseases. While numerous factors that promote autophagy have been char-
acterized, the key mechanisms that prevent excessive autophagy are less well understood. Here, we
identify CSNK2/CK2 (casein kinase 2) as a negative regulator of autophagy. Pharmacological inhibi-
tion of CSNK2 activity or siRNA-mediated depletion of CSNK2 increased basal autophagic flux in cell
lines and primary human lung cells. Vice versa, ectopic expression of CSNK2 reduced autophagic flux.
Mechanistically, CSNK2 interacted with the FLN (filamin)-NHL domain-containing tripartite motif
(TRIM) family members TRIM2, TRIM3 and TRIM71. Our data show that recruitment of CSNK2 to the
C-terminal NHL domain of TRIM3 lead to its robust phosphorylation at serine 661 by CSNK2.
A phosphorylation-defective mutant of TRIM3 was unable to reduce autophagosome numbers
indicating that phosphorylation by CSNK2 is required for TRIM-mediated autophagy inhibition. All
three TRIMs facilitated inactivation of the ULK1-BECN1 autophagy initiation complex by facilitating
ULK1 serine 757 phosphorylation. Inhibition of CSNK2 promoted autophagy upon influenza A virus
(IAV) and measles virus (MeV) infection. In line with this, targeting of CSNK2 or depletion of TRIM2,
TRIM3 or TRIM71 enhanced autophagy-dependent restriction of 1AV, MeV and human immunodefi-
ciency virus 1 (HIV-1). Thus, our results identify the CSNK2-TRIM2, -TRIM3, -TRIM71 axis as a key
regulatory pathway that limits autophagy. Targeting this axis may allow for therapeutic induction of
autophagy against viral infections and in diseases associated with dysregulated autophagy.

Abbreviation: ATG5: autophagy related 5; BafA1: bafilomycin A;; BECN1: beclin 1; CCD: coiled-coil
domain; CSNK2/CK2: casein kinase 2; CSNK2A1: casein kinase 2 alpha 1; CSNK2A2: casein kinase 2
alpha 2; CSNK2B: casein kinase 2 beta; FLN: filamin; HeLa GL: HeLa cells stably expressing eGFP-LC3B;
HIV-1: human immunodeficiency virus 1; IAV: influenza A virus; MAP1LC3B/LC3B: microtubule asso-
ciated protein 1 light chain 3; MeV: measles virus; MTOR: mechanistic target of rapamycin kinase;
RING: really interesting new gene; SQSTM1/p62: sequestosome 1; TRIM: tripartite motif; ULK1: unc-51
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Introduction

Macroautophagy (hereafter called autophagy) is a crucial cel-
lular homeostatic pathway that governs the turnover of obso-
lete proteins or organelles. During autophagy, cytoplasmic
cargo is engulfed by double-membrane vesicles called auto-
phagosomes and then degraded through fusion of the mature
autophagosome with lysosomes. Cargo can either be subjected
to unselective “bulk” degradation (e.g., upon starvation) or it
can be precisely earmarked making it recognizable by specific
autophagy receptors such as SQSTM1/p62 (sequestosome 1),
which is degraded along the cargo [1]. Impaired autophagy
leads to the accumulation of defective organelles and proteins,
and eventually contributes to limiting nutrient availability [2].
Conversely, excessive autophagy promotes cell death via auto-

digestion, called autosis [3]. Thus, as a central homeostatic
pathway, autophagy has to be tightly regulated [4].
Autophagy is regulated by cellular kinases including ULK1
(unc-51 like autophagy activating kinase 1) and 5 AMP-
activated protein kinase (AMPK) that are required for its initia-
tion. While many autophagy promoting kinases have been char-
acterized, little is currently known about kinases that restrict
autophagy. A notable exception is the MTOR (mechanistic
target of rapamycin kinase) complex 1 (MTORCI), which
reduces ULK1 activation by phosphorylation and thus sup-
presses autophagy initiation. Negative regulators of autophagy
are highly clinically relevant therapeutic targets, enabling an
increase of autophagic flux. For example, targeting MTOR
using rapamycin or its derivatives is a clinically approved treat-
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ment against cancer [5]. The human genome encodes for more
than 500 protein kinases, and many of those were found to
contribute to cellular homeostasis, although their functions in
autophagy remain little understood. Among those is CSNK2/
CK2 (casein kinase 2) [6], a highly conserved, constitutively
active Ser/Thr protein kinase that is usually present in
a tetrameric complex made up by two catalytically active sub-
units, either CSNK2A1/CSNK2a and/or CSNK2A2/CSNK2d/,
and two CSNK2B/CSNK2( regulatory subunits. While the
CSNK2A1 and CSNK2A2 subunits alone are sufficient to confer
kinase functionality, CSNK2B increases the stability and activity
of the complex and modulates substrate specificity [7]. The
CSNK2 complex is found both in the nucleus and the cytoplasm
and is described to also associate with the plasma membrane,
mitochondria, and the cytoskeleton [7]. CSNK2 activity influ-
ences many cellular pathways via hundreds of proposed sub-
strates [8]. However, the exact role(s) and molecular
mechanism(s) of CSNK2 in autophagy regulation have just
begun to be elucidated.

Besides kinases, tripartite motif (TRIM) proteins are well-
established to regulate autophagy [9,10]. TRIMs are highly versa-
tile E3 ligases comprised of a conserved N-terminal Really
Interesting New Gene — BBox - coiled-coil domain (RING-BBox-
CCD) motif and a variable C-terminal region, containing domains
with a wide range of functions [9,11]. The RING domain confers
E3 ligase activity and mediates post translational modification
(PTM) of targets, usually conjugation of ubiquitin or ubiquitin-
like proteins. These PTMs can influence the stability and/or activ-
ity of the target, and thus the associated pathways [12]. The
function mediated by the BBox is largely unknown and the CCD
is thought to be involved in oligomerization of the TRIMs, which is
often required for full activity [13]. The variable domains at the
C-terminus usually define substrate specificity through protein-
protein interactions but may also have other functions such as
binding of nucleic acids or confer enzymatic activity [9]. For
example, TRIM5/TRIM5a induces autophagy through an interac-
tion with mammalian Atg8-family proteins such as MAP1LC3B/
LC3B (microtubule associated protein 1 light chain 3), whereas
TRIM23 interacts with TBK1 (TANK binding kinase 1), promot-
ing SQSTM1-induced autophagy [10,14]. While several members
of the TRIM family have been identified to promote basal or virus-
induced autophagy, little is currently known about specific TRIM
proteins that reduce autophagic flux.

Emerging evidence established autophagy as an integral part of
innate immune defenses by targeting viruses and viral components
for lysosomal degradation and by exposing viral pathogen-
associated molecular patterns (PAMPs) to pattern recognition
receptors (PRRs) like TLR (toll like receptor) proteins [2].
Furthermore, autophagic degradation can provide peptide frag-
ments for presentation on major histocompatibility complex/
MHC molecules in antigen-presenting cells. Viral infection
induces autophagy; however, pathogenic viruses like influenza
A virus (IAV), measles virus (MeV), severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) or human immunodefi-
ciency virus 1 (HIV-1) have evolved strategies to avoid the restric-
tion by autophagy [15-19]. Moreover, exogenous induction of
autophagy, e.g., by rapamycin, has been shown to restrict replica-
tion of diverse viruses [16,19].
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Here, we establish that CSNK2 negatively regulates both
basal and virus-induced autophagy. Our mechanistic studies
revealed that CSNK2 interacts with the FLN-NHL containing
TRIM proteins TRIM2, TRIM3 and TRIM71, which reduces
autophagic flux. To prevent autophagy induction, CSNK2
activates TRIM3 by phosphorylation of Ser661 in the NHL
repeats. Finally, we show that pharmacological inhibition of
CSNK?2 enhances virus-induced autophagy and consequently
restricts replication of IAV, MeV or HIV-1. Our data identi-
fies the CSNK2-TRIM2, -TRIM3, -TRIM71 axis as a key
negative regulatory pathway of basal and virus-induced auto-
phagy that may be targeted for therapeutic modulation of
autophagy induction.

Results

Identification of CSNK2 as negative regulator of
autophagy

To identify kinases that negatively regulate autophagy, we
determined the impact of 81 kinase inhibitors on autophagy
(Figures 1A, S1A, Table S1). To probe for autophagy, we
applied a previously established flow cytometry-based assay
using HelLa cells stably expressing eGFP-LC3B (HeLa GL) to
measure autophagy induction [20]. Mild permeabilization of
the cells retains eGFP-tagged, autophagosome-bound LC3B-II
in the cells so that the eGFP MFI can be used as a proxy for
autophagosome abundance per cell. To selectively probe for
kinases that reduce autophagic flux, we treated the cells with
saturating concentrations of bafilomycin A, which leads to an
accumulation of autophagosomes. Thus, treatment with inhi-
bitors targeting kinases that negatively regulate autophagy
would increase autophagosome levels beyond the bafilomycin
A, base line (dotted line, Figure 1A). Wortmannin, that inhi-
bits autophagy initiation and rapamycin that increases auto-
phagic flux served as negative and positive control,
respectively. This analysis revealed that two kinase inhibitors
markedly increased autophagic flux: the PRKC (protein kinase
C) inhibitor PKC412 and the CSNK2 inhibitor CX-4945.
Notably, both inhibitors did not alter cell viability at the
concentrations used (10 uM) and increased autophagosome
abundance also in the absence of bafilomycin A,
(Figures 1B, S1A). Whereas PKC412 is a broad-spectrum
inhibitor of PRKC and PRKC-like kinases, CX-4945 is well
known to specifically prevent CSNK2 activity [21]. We con-
firmed this using an endogenous CSNK2 activity assay (Figure
S1B). In line with the assessment of autophagosome levels by
flow cytometry, quantification of eGFP-LC3B-positive puncta
in HeLa GL cells showed that treatment with CX-4945
increased the number of autophagosomes per cell in a dose-
dependent manner (Figure 1C,D). To assess the half maxi-
mum effective concentration 50 (ECsy) of CSNK2 inhibition
for autophagy induction, we performed dose-response experi-
ments in the presence and absence of bafilomycin A;. CX-
4945, which inhibits CSNK2 activity at an half maximum
inhibitory concentration 50 (ICsy) of 1nM in vitro and ~3
uM in cell-based assays [21], induced autophagy at an ECs, of
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Figure 1. CSNK2 inhibition induces autophagy. (A) Autophagosome levels in HelLa GL cells treated with kinase inhibitors (10 uM) and bafilomycin A, (BafA1, co-
treatment, 250 nM) as assessed 4 h post stimulation by flow cytometry (eGFP-LC3B MFI). Selected agents are annotated, full list in Table S1. Lines represent the mean
+ SEM, n = 3. (B) Cell metabolic activity in samples from (A) was assessed via MTT assay 4 h post-treatment depicted as a heatmap of means as indicated, n = 3. (C)
eGFP-LC3B puncta quantification in Hela GL cells treated with increasing concentrations of CX-4945 (3.12-25 pM) for 24 h as indicated. Treatment with torin-1 (5 uM)
and bafilomycin A; (BafA1, 250 nM) for 24 h served as control. Lines represent the mean + SEM, n = 29-33 (individual cells). (D) Representative fluorescence confocal
laser scanning fluorescence microscopy images from (C). eGFP (green), nuclei (DAPI, blue). Scale bar: 25 pm. (E) Autophagosome levels (eGFP-LC3B MFI) in Hela GL
cells treated with increasing concentrations of CX-4945 or GO289 (0.25-32 pM), co-treated with bafilomycin A; (BafA1, 250 nM) for 4 h. Dots represent the mean +
SEM, n= 3. EC50 of CX-4945 and GO289 are indicated next to the respective legend. Student’s t-test with Welch correction. *, p < 0.05; ***, p <0.001.

3uM (Figures 1E, SIC,D). To corroborate this, we used
another specific CSNK2 inhibitor, GO289, which was
reported to inhibit CSNK2 in vitro with an ICsy of 7nM
[22]. Similar to CX-4945, the ECs, of GO289 for autophagy
induction was ~1.5 uM (Figures 1E, S1E,F).

Taken together, these results show that pharmacological
inhibition of CSNK2 by CX-4945 and GO289 induces auto-
phagic flux at a low micromolar concentration.

CSNK2 restricts autophagic flux in cell culture and
primary human cells

To corroborate our finding that autophagic flux is enhanced by
CSNK?2 inhibition, we depleted the endogenous CSNK2 com-
plex in HeLa cells using a pan-CSNK2 siRNA pool. Knockdown
efficiency was ~90% for the individual subunits (Figure S2A).
Upon depletion of the CSNK2 complex autophagosome levels
were significantly increased and co-treatment with bafilomycin
A; confirmed that de novo autophagic flux was induced

(Figure 2A). Similarly, targeting of MTOR (positive control)
also resulted in increased levels of autophagosomes
(Figure 2A). Inversely, overexpression of the individual subunits
of CSNK2 (CSNK2A1, CSNK2A2 and CSNK2B), or the whole
CSNK2 complex (where the three subunits were expressed to
similar levels), led to a robust reduction of autophagic flux in
a dose-dependent manner (Figures 2B, S2B). To establish the
relevance of CSNK2 in the regulation of autophagy in primary
cells, we monitored endogenous LC3B processing and SQSTM1
protein abundance-two major hallmarks of autophagy - in pri-
mary human lung fibroblasts (NHLF). Treatment of NHLF cells
with CX-4945 resulted in a dose-dependent increase of lipidated,
processed LC3B-II levels and the ratio of LC3B-II to LC3B/
LC3B-I, similar to the positive controls torin-1 and bafilomycin
A, (Figure 2C). Concurrently, CX-4945 treatment reduced
SQSTM1 protein levels (compared to the mock control) in
a dose-dependent manner (Figure 2D), indicating an increase
of autophagic flux by CSNK2 inhibition. To corroborate that
CSNK2 regulates classical autophagy, we compared the impact
of CSNK2 inhibition in ATG5 wild type (WT) and knockout
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Figure 2. CSNK2 activity reduces autophagy. (A) Autophagosome levels (eGFP-LC3B MFI) in HEK293T GL cells depleted by siRNA of CSNK2 or MTOR quantified 48 h post
transfection with/without co-treatment of bafilomycin A; (BafA1, 250 nM, 4 h) using flow cytometry. Bars represent mean + SEM, n = 3. (B) Autophagosome levels (eGFP-
LC3B MFI) in HEK293T GL cells transiently expressing indicated CSNK2 subunits or the whole complex as assessed by flow cytometry. (right panel) Representative
immunoblot showing expression of the HA or V5 tagged CSNK2 subunits. Mock, no transfection. (C) Quantification of LC3-Il:LC3-I levels relative to the untreated control
(mock) in whole cell lysates of normal human lung fibroblasts (NHLF) treated with CX-4945 (50-0.39 pM) for 24 h as indicated. Bars represent mean + SEM, n=3,
(independent experiments). (bottom panel) Representative immunoblots. (D) Quantification of SQSTM1:GAPDH in whole cell lysates of NHLF treated with CX-4945 (50-0.39
uM) for 24 h as indicated, relative to the control. (bottom panel) Representative immunoblots. Torin-1 (5 uM) and bafilomycin A (BafA1, 250 nM) served as positive controls.
Bars represent mean + SEM, n = 3 (independent experiments). Student’s t-test with Welch correction. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

(KO) A549 cells. Whereas CX-4954 treatment effectively
reduced SQSTMI1 levels in WT cells, it did not lead to
a marked decrease of SQSTMI1 levels in ATG5 KO cells
(Figure S2C).

Taken together, these data demonstrate that CSNK2
reduces autophagic flux in cell lines and primary human cells.

The FLN-NHL containing TRIM proteins TRIM2, TRIM3 and
TRIM71 reduce autophagic flux

There is accumulating evidence that TRIM proteins are key
regulators of autophagy [10]. Our previous findings suggested
that among all 61 TRIMs tested, TRIM2 and TRIM3 may have
the strongest inhibitory effect on autophagy [14]. Both are
part of the same subfamily of TRIMs that is characterized by
a FLN-NHL domain at their C terminus. Of note, the third
member of this subfamily, TRIM71, also inhibited autophagic

flux upon overexpression, albeit to a lesser extent than TRIM2
and TRIM3 [14]. Thus, these FLN-NHL containing TRIM
proteins emerged from our screen as a TRIM subfamily of
which all members inhibit autophagy. Of note, their closest
relatives, TRIM32, TRIM45 and TRIM56, lack either the NHL
repeats or the FLN domain, or both [23] (Figure 3A). Flow
cytometry analysis in HEK293T cells stably expressing eGFP-
LC3B (HEK293T GL) and transiently transfected with the
individual TRIM proteins showed that only FLN-NHL con-
taining TRIMs, but not closely related TRIMs, robustly
reduced autophagosome abundance (Figure 3B). Consistent
with this, all three FLN-NHL containing TRIM proteins sig-
nificantly reduced the number of eGFP-LC3B-positive puncta
(indicative of autophagosomes) area per cell (Figure 3C,D).
Treatment with chloroquine (CQ) served as a positive control.
In line with this, expression of TRIM2, TRIM3 or TRIM71 in
HEK293T cells led to a significant accumulation of SQSTM1
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Figure 3. TRIM2, TRIM3 and TRIM71 inhibit autophagy initiation. (A) Schematic depiction of the domain organization of the FLN-NHL TRIMs (TRIM2, TRIM3, TRIM71)
and closely related TRIM proteins. TRIM, tripartite motif. (B) Quantification of autophagosome levels in HEK293T GL cells transiently expressing the indicated FLAG-
tagged TRIMs at 48 h post transfection by flow cytometry. Lines represent mean + SEM, n = 3. (right panel) Representative immunoblot of whole cell lysates. (C)
Representative confocal laser scanning fluorescence microscopy images of Hela GL cells transiently expressing indicated TRIMs (48 h) or treated with chloroquine
(CQ, 10 uM, overnight). TRIMs (FLAG, red), eGFP-LC3B (green), nuclei (DAPI, blue). Scale bar: 10 um. (D) Quantification of eGFP-puncta area per cell in the images from
(Q). Lines represent mean + SEM, n =61-139 (individual cells). (E) Representative immunoblots of whole cell lysates of HEK293T cells transiently expressing indicated
TRIMs (48 h post transfection). Blots were stained with anti-SQSTM1 and anti-GAPDH. Torin-1 (5 uM) and bafilomycin A; (BafA1, 250 nM) treatment were used as
positive controls. (F) Quantification of the immunoblotting data of (E). Lines represent mean = SEM, n = 3. (G) Representative confocal laser scanning fluorescence
microscopy images of HelLa GL cells (48 h post transfection) depleted of the indicated TRIMs by siRNA or treated with chloroquine (CQ, 10 pM, overnight). eGFP-LC3B



protein, indicative of reduced autophagic flux (Figure 3E,F).
Vice versa, depletion of endogenous TRIM2, TRIM3 or
TRIM71 by siRNA increased eGFP-LC3B-positive puncta
area per cell in HeLa GL cells (Figure 3G,H). Knockdown
efficiencies of TRIM2 and TRIM3 were above 75% (Figure
S3A). Low levels of TRIM71 mRNA prevented efficient detec-
tion in HeLa cells. Of note, unlike many other TRIM proteins,
TRIM2 and TRIM3 mRNAs are not induced, but slightly
reduced upon interferon treatment in HEK293T cells (Figure
S3B). To understand the impact of TRIM2, TRIM3 and
TRIM71 on autophagy, we analyzed their effect on core com-
ponents of autophagy, as well as on autophagy initiation
complex activity. Endogenous protein levels of BECN1/
Beclin-1 and other key components of the autophagic
machinery (i.e., ULK1, ATG5, ATG16L1, PRKAA/AMPKa,
and ZFYVE1/DFCP1) were unaffected by TRIM2, TRIM3 or
TRIM71 depletion or overexpression (Figures 3I, S3C-E).
Autophagy initiation is guided by the ULKI1, BECN1 and
PIK3C3/VPS34 complex [24,25]. Complex activity is regulated
by several PTMs including activating Serl5 phosphorylation
on BECNI1 and inhibitory Ser757 phosphorylation on ULK1
[25,26]. Depletion of TRIM2, TRIM3 or TRIM71 led to
a robust reduction of ULK1 Ser757 phosphorylation, while
there was no appreciable effect on BECN1 Serl5 phosphor-
ylation (Figures 3L], S3F). Conversely, overexpression of
TRIM3 increased ULK1 S757 phosphorylation but had no
effect on BECNI1 Serl5 phosphorylation (Figure 3K,L).
These results show that the three FLN-NHL domain con-
taining TRIM2, TRIM3 and TRIM71 proteins, but not other
closely related TRIMs, negatively regulate autophagy likely
due to sustained inhibitory phosphorylation of ULK1 at S757.

FLN-NHL containing TRIM proteins interact with the
CSNK2 complex

To investigate the molecular mechanism underlying autopha-
gy inhibition by CSNK2 and FLN-NHL domain containing
TRIMs, we analyzed if these proteins interact. Co-
immunoprecipitation of ectopically expressed CSNK2AIL,
CSNK2A2 and CSNK2B in HEK293T cells indicated an inter-
action of TRIM2, TRIM3 and TRIM71 with the CSNK2
complex (Figure 4A). In line with this, TRIM2 and TRIM3
lacking the RING domain (TRIM2ARING and
TRIM3ARING) readily interacted with the whole endogenous
CSNK2 complex (comprising CSNK2A1, CSNK2A2 and
CSNK2B), as assessed by mass spectrometry upon large-scale
purification from HEK293T cells (Figures 4B,C, S4A,B, Table
S2). TRIM2ARING and TRIM3ARING were used to avoid
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putative degradation of the interaction targets by the E3
ubiquitin ligase function of the RING domain. CSNK2A1
and CSNK2A2 were among the top interacting proteins
(rank 2 and 5), 88- and 48-fold enriched in the
TRIM2ARING pulldown and 33- and 6-fold enriched by the
TRIM3ARING purification, respectively. Confocal micro-
scopy studies examining co-localization indicated that all
components of the CSNK2 complex colocalized with the
three FLN-NHL containing TRIM proteins in the cytoplasm
of HeLa cells (Figure S4C). Proximity ligation assays (PLA) of
FLAG-tagged TRIM2, TRIM3 or TRIM71 and the three sub-
units of CSNK2 transiently expressed in HeLa cells indicated
that the TRIMs and CSNK2 are in close proximity in the
cytoplasm (Figure 4D). Next, we examined the interaction
between endogenous CSNK2 and TRIM3. PLA and co-
immunoprecipitation studies in NHLF and HEK293T cells,
respectively, showed binding and colocalization of endogen-
ous TRIM3 with endogenous CSNK2 (Figures 4E, $4D) con-
firming the results of the overexpression experiments.

These experiments show that the CSNK2 complex interacts
with the FLN-NHL containing TRIM proteins 2, 3, and 71 in
the cytoplasm.

CSNK2 binding to the NHL domain of TRIM3 is required
for autophagy regulation

TRIM2, 3, and 71 have high sequence homology, with ~70%
of the amino acid identical in TRIM2 and TRIM3 and ~ 35%
between TRIM3 and TRIM71 [27]. Expression profiles of the
Human Protein Atlas (proteinatlas.org) indicate that TRIM3
is ubiquitously expressed, whereas TRIM2 is predominantly
found in the brain, and TRIM71 in male tissues (Figures 5A,
S5A) [28]. Thus, we focused on TRIM3 to understand the
mechanistic details of the functional connection between the
CSNK2 complex and FLN-NHL containing TRIM proteins.
As expected, inhibition of CSNK2 by CX-4945 alleviated the
negative impact of ectopic TRIM3 expression on autophago-
some abundance (Figure 5B). To map the domains of TRIM3
that are required for autophagy inhibition and interaction
with CSNK2, we constructed deletion variants (Figure 5C).
TRIM3ARING is truncated from the N terminus (aa 64-744),
whereas TRIM3ANHL is truncated from the C-terminus (aa
1-473), thus lacking the full E3 ligase RING domain or the six
NHL repeats, respectively. Co-immunoprecipitation assays
revealed that the NHL repeats of TRIM3 are required for
interaction with CSNK2A2, whereas the RING domain is
dispensable for the interaction (Figure 5D). This is in line
with studies from many different groups showing that the
C-terminal domains of TRIM proteins (e.g., the NHL repeats)
usually serve as protein-protein interaction platforms [11]. To

(green), nuclei (DAPI, blue). Scale bar: 10 um. (H) Quantification of the eGFP-puncta area per cell in the images from (F), Lines represent mean + SEM, n=61-117
(individual cells). (I) Representative immunoblots of whole cell lysates of HDF cells depleted of the indicated TRIMs by siRNA at 40 h post transfection. Blots were
stained with anti-p-ULK1 (S757), anti-ULK1, anti-p-BECN1 (Ser15), anti-BECN1 and anti-ACTB. (J) quantification of the band intensities of p-ULK1 (Ser757) to total
ULK1 of the immunoblotting data of (I). Bars represent mean + SEM, n = 3. (K) Representative immunoblots of whole cell lysates of HEK293T cells that transiently
expressed empty vector or TRIM3 at 40 h post transfection. Blots were stained with anti-p-ULK1 (Ser757), anti-ULK1, anti-p-BECN1 (Ser15), anti-BECN1, anti-FLAG and
anti-ACTB. (L) Quantification of the band intensities of p-ULK1 (Ser757):ULK1 levels of the immunoblotting data of (K) at highest TRIM3 transfection levels. Bars
represent mean + SEM, n=5. Student’s t-test with Welch correction. *, p < 0.05; **, p < 0.01; ***, p <0.001.
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Figure 4. CSNK2 interacts with FLN-NHL TRIMs. (A) Representative Immunoblots of an anti-V5 immunoprecipitation of whole cell lysates of HEK293T cells transiently
expressing FLAG-tagged TRIM2, TRIM3 or TRIM71, and V5-tagged CSNK2 subunits as indicated. Blots were stained with anti-FLAG, anti-HA and anti-ACTB. WCL, whole
cell lysate. (B) Scatter plot depicting enrichment of proteins co-purifying FLAG-tagged RING deleted mutants of TRIM2 and TRIM3 of a large-scale affinity isolation in
HEK293T cells. Enrichments calculated relative to the vector control as label free quantification signal. CSNK2 subunits are highlighted in red. (C) Co-enrichment of
the CSNK2 subunits with RING deleted versions of TRIM2 and TRIM3 extracted from the data in (B). Log, of the label free quantification signal is shown as a heatmap
as indicated. n.D., not detected. (D) Representative confocal microscopy images showing the colocalization of overexpressed CSNK2-V5 with each FLAG-tagged
TRIM2, TRIM3 and TRIM71 in Hela cells compared to the single stained mock controls by PLA (red). Nuclei, DAPI (blue). Scale bar: 25 pm. (right panel) quantification
of the PLA signal as pixel per cell. Lines represent mean + SEM, n = 22-47 (individual cells). (E) Representative confocal microscopy images showing the colocalization
of endogenous CSNK2A1 and TRIM3 in NHLF cells compared to the single stained mock controls by PLA (red). Nuclei, DAPI (blue). Scale bar: 10 um. (right panel)
quantification of the PLA signal as puncta per cell. Lines represent mean + SEM, n =41-94 (individual cells). Student’s t-test with Welch correction. ***, p < 0.001.

assess the function of the domain deletion TRIM3 mutants,
we performed autophagosome analysis using flow cytometry
and immunofluorescence. Analysis of autophagosome levels
by flow cytometry showed that only full-length TRIM3
reduced autophagosome levels significantly; in contrast,
TRIM3ARING had no impact on autophagy while
TRIM3ANHL increased autophagosome levels (Figure 5E).
Expression of TRIM32 served as a positive control [20,29].
In accord with the flow cytometry analyses, only expression of
WT TRIM3 decreased the number of eGFP-LC3B-positive
puncta per cell, while TRIM3ANHL drastically increased
eGFP-LC3B-positive puncta and TRIM3ARING having no
significant effect (Figure 5F,G). In line with this, accumulation
of SQSTM1 was only induced by WT TRIM3 (Figure S5B).

These results indicate that the CSNK2-NHL interaction
regulates the function of TRIM3, whereas the RING domain
serves as the effector domain. Of note, the NHL domain may
have an auto-inhibitory effect.

CSNK2 activates TRIM3 via phosphorylation of the
C-terminal domain

As both CSNK2 and TRIMs have enzymatic activities — phos-
phorylation and ubiquitination, respectively - we sought to
understand the hierarchy between CSNK2 and the TRIMs
(Figure S6A). Ubiquitination of a target can have several
functions, most commonly their degradation (via K48-linked
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Figure 5. TRIM3 mediated autophagy modulation is dependent on its NHL domain. (A) Schematic depiction of the expression patterns of TRIM2, TRIM3 and TRIM71
across the human body. See Figure S5A. (B) Quantification of autophagosome levels (eGFP-LC3B MFI) in HEK293T GL cells transiently expressing TRIM3 or a vector
control. 48 h post transfection, cells were treated with increasing concentration of CX-4945 (4 h) and autophagosome levels (eGFP-LC3B MFI) were quantified using
flow cytometry. Treatment with bafilomycin A; (BafA1, 250 nM) was used as a positive control. Lines represent mean = SEM, n = 3. (C) Schematic depiction of the
domain organization of TRIM3 and the ARING and ANHL truncation mutants. (D) Anti-FLAG immunoprecipitation (IP) in whole cell lysates of HEK293T cells transiently
expressing HA-tagged CSNK2A2 and indicated FLAG-tagged TRIM3 constructs. 48 h post transfection whole cell lysates (WCLs) and precipitates were analyzed by
immunoblotting. Blots were stained with anti-HA, anti-FLAG and anti-ACTB. (E) Quantification of autophagosome levels (eGFP-LC3B MFI, 48 h post transfection) in
HEK293T GL cells transiently expressing indicated TRIM3 truncation mutants. Lines represent mean +SEM, n=3. (F) Representative confocal laser scanning
fluorescence microscopy images of Hela GL cells transiently expressing indicated FLAG-tagged TRIM3 constructs (48 h post transfection). TRIMs (FLAG, red), eGFP-
LC3B (green), nuclei (DAPI, blue). Scale bar: 10 um. (G) Quantification of the eGFP-puncta area per cell in the images from (F). Lines represent mean + SEM, n = 42-57
(individual cells). Student’s t-test with Welch correction. *, p < 0.05; ***, p < 0.001.
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Figure 6. CSNK2 phosphorylates TRIM3 at S661 to inhibit autophagy. (A) Ubiquitination status of indicated HA-tagged CSNK2 subunits purified by anti-HA
immunoprecipitation from whole cell lysates (WCLs) of transfected HEK293T cells at 40 h post transfection. IPs and WCLs were analyzed by immunoblotting. Blots
were stained with anti-ub (ubiquitin), anti-FLAG and anti-HA. (B) Quantification of CSNK2 activity in whole cell lysates of HEK293T cells transiently expressing
indicated proteins and/or treated with CX-4945 (10 uM) by ELISA. Data are relative to the vector control. Lines represent mean + SEM, n = 3. (C and D) Analysis of the
phosphorylation status of TRIM3 in HEK293T cells transiently expressing TRIM3 or a vector control by (C) PhosTag acrylamide gel analysis (the white arrow indicates
the shifted phosphorylated TRIM3) and (D) enrichment of the FLAG-tagged TRIM3 and immunoblot analysis using phospho-specific antibodies. Blots were stained
with anti-FLAG, anti-p-Ser and anti-p-Thr/Tyr. CalA, Calyculin A. (E) Analysis of the phosphorylation status of TRIM3 purified from HEK293T cells expressing TRIM3 or



polyubiquitination) or activation (mediated by various poly-
ubiquitin-chain linkages other than K48-polyubiquitin).
Western blot analysis showed that ectopic expression of
TRIM3 did not induce ubiquitination of endogenous
CSNK2A1 or CSNK2A2 (Figure 6A), nor affected their endo-
genous expression levels in HEK293T cells (Figure S6B). In
vitro kinase activity assays revealed that the presence of the
TRIMs did not significantly alter CSNK?2 activity (Figures 6B,
S6C). In contrast, treatment with CX-4945 (control) reduced
CSNK2 activity. This suggested that the TRIMs do not alter
the enzymatic activity or stability of the CSNK2 complex.
Thus, we asked whether CSNK2 phosphorylates TRIM3.
Strikingly, analysis of TRIM3 phosphorylation using
PhosTag gels showed that almost 100% of cellular TRIM3 in
HEK293T cells is phosphorylated (Figure 6C). This was con-
firmed by western blot analysis of immunoprecipitated
TRIM3 wusing phospho-Ser and phospho-Tyr antibodies
(Figure 6D). To clarify whether CSNK2 mediates the phos-
phorylation of TRIM3, we depleted CSNK2A1, CSNK2A2 and
CSNK2B from HEK293T cells using specific siRNAs.
Phosphorylation levels of immunoprecipitated TRIM3 were
markedly reduced upon knockdown of CSNK2 subunits
(Figure 6E). Kinase consensus site prediction analysis revealed
three putative CSNK2 phosphorylation motifs in TRIM3: T40
in the RING domain of TRIM3 (also found in TRIM?2), S83
and S84 located just before the BBox of TRIM3 (also found in
TRIM2), and S661 in the fifth of six NHL repeats of TRIM3
(also found in TRIM2 and TRIM71) (Figure 6F). Mutation of
residue S661, but not T40 or S83 S84, to alanine rendered
TRIM3 unable to reduce autophagosome levels in immuno-
fluorescence analysis (Figure 6G,H). In line with this, expres-
sion of WT TRIM3 and the T40A and S83A S84A mutants
were able to reduce autophagosome levels as assessed by flow
cytometry, whereas TRIM3 S661A failed to do so (Figure 6I).
This suggests that S661 is crucial for TRIM3’s autophagy
regulatory activity. In line with this, mutation of S661 drasti-
cally reduced the phosphorylation of TRIM3 (Figure 6]).

Taken together, these data show that CSNK2 phosphor-
ylates S661 in the NHL domain of TRIM3, and that this
phosphorylation event is required for TRIM3 to reduce
autophagic flux.

Targeting the CSNK2-TRIM2, -TRIM3, -TRIM71 axis
promotes anti-viral autophagy

Autophagy is induced during viral infection as part of an
innate immune defense program. To determine whether
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CSNK2 suppresses anti-viral autophagy, we infected HeLa
GL cells with IAV and MeV [30,31] that induce low levels
of autophagy 5h and 24h post infection (Figure 7A,B).
Treatment with CX-4945 drastically increased the number
of autophagosomes in IAV or MeV infected Hela GL
cells by 6- or 3-fold, respectively (Figure 7A,B). To
understand whether this additional induction of autopha-
gy is anti-viral, we treated A549 cells with CX-4945 1h
prior to infection and monitored the replication of IAV-
GFP or MeV-GFP, using high-throughput live-cell micro-
scopy (Figures 7C,D). Quantification of GFP-positive (i.e.,
infected) cells showed that CX-4945 treatment reduced
the replication of IAV-GFP and MeV-GFP in a dose-
dependent manner up to 5-fold (Figures 7C,D, S7A,B).
As CSNK2 is a kinase known for its many targets [8], we
determined the contribution of autophagy to the anti-viral
effect, by comparing WT and ATG5 KO A549 cells
(Figure S7C). Of note, treatment with CX-4945 affected
cell viability of both cell lines (WT and ATG5 KO A549)
at highest concentrations in a similar manner (Figure
S7D). While CX-4945 treatment inhibited IAV-GFP and
MeV-GFP replication in both WT and ATG5 KO cells in
a dose-dependent manner, the magnitude of the inhibi-
tory effect was significantly reduced in ATG5 KO cells
(Figure 7C,D). Treatment with CX-4945 had reduced
anti-viral effects in ATG5 KO A549 cells (Figure 7E,F),
suggesting that autophagy contributes to the anti-viral
impact of CSNK2 inhibition. Analysis of the infectious
titers of IAV-GFP and MeV-GFP confirmed the anti-
viral impact and partial autophagy dependency of CX-
4945 treatment (Figures 7G,H, S7E,F). In WT A549
cells, CX-4945 reduced the infectious titers of IAV or
MeV by 8.5-fold and ~ 40-fold, respectively, at the highest
concentration used (25uM). To further corroborate our
finding that targeting the CSNK2-TRIM2, -TRIM3, -
TRIM71 axis induces anti-viral autophagy, we tested the
impact of CSNK2 inhibition on HIV-1. CX-4945 treat-
ment reduced infectious virus yields of HIV-1 NL4-3 in
a dose-dependent manner in WT but not ATG5 KO
HEK293T cells (Figure 7I). CX-4945 also inhibited the
primary HIV-1 strain CHO077 (Figure S7G). In line with
this, siRNA-mediated depletion of TRIM2, TRIM3 or
TRIM71 reduced HIV-1 replication in TZM-bl cells by
60-90% (Figure 7J).

In summary, these data indicate that pharmacological
inhibition of CSNK2, or depletion of TRIM2, TRIM3 and
TRIM71, exert anti-viral activity against IAV, MeV and
HIV-1. Our results also show that the anti-viral effect of
CX-4945 is partially dependent on autophagy.

a vector control and depleted of the indicated proteins using siRNAs targeting individual components of the CSNK2 complex (as indicated) or the whole complex (si.
CSNK2) as assessed by immunoblotting. Blots were stained with anti-FLAG and anti-p-Ser. (F) Schematic depiction of the domain organization of the indicated TRIMs
and the position and sequence context of the predicted putative CSNK2 phosphorylation sites. (G) Exemplary representative laser scanning confocal microscopy
images of HEK293T GL cells transiently expressing the indicated TRIM3 mutants or a vector control 48 h post transfection. TRIMs (FLAG, red), eGFP-LC3B (green),
nuclei (DAPI, blue). Scale bar: 10 um. (H) eGFP-LC3B-puncta area per cell from the pictures in (G) was quantified. Lines represent mean + SEM, n =59-112 (individual
cells) (1) Quantification of autophagosome levels (eGFP-LC3B MFI, 48 h post transfection) in HEK293T GL cells transiently expressing indicated TRIM3 mutants or
a vector control. Bafilomycin A; (BafA1, 250 nM, overnight) was used a positive control. Lines represent mean + SEM, n = 3. (J) Analysis of the phosphorylation status
of TRIM3 WT and TRIM3 S661A purified by anti-FLAG IP from whole cell lysates of HEK293T cells transiently expressing indicated TRIM3 constructs or a vector control
and analyzed by immunoblots. Blots were staiend with anti-FLAG and anti-p-Ser. Student'’s t-test with Welch correction. *, p < 0.05; **, p < 0.01; ***, p <0.001.
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Discussion

Key factors of the core machinery of autophagy and many
cellular factors that promote autophagy especially during viral
infection have been characterized in the recent decades. In
comparison, little is currently known about cellular pathways
that keep autophagy in check. Here, we identified that the
CSNK2-TRIM2, -TRIM3, -TRIM71 axis is a major signaling
cascade in limiting autophagic flux. Our mechanistic analyses
revealed that CSNK2 binds and phosphorylates TRIM2,
TRIM3 and TRIM71 in their common NHL domain, which
activates these TRIM proteins to inhibit autophagy induction.
Thus, our data identifies CSNK2 as a pivotal kinase for main-
taining innate immune homeostasis.

While our studies clearly established a negative impact of
CSNK2 on autophagy in multiple cell lines and also primary
human cells, the role of CSNK2 in autophagy was previously
debated [32-34] and the mechanistic details have remained
unknown. In agreement with our data, it had been proposed
that downregulation of CSNK2 levels induces cell death by
excessive autophagy [32]. Along these lines, pharmacological
inhibition of CSNK2 was shown to promote autophagy in
cancer cells [33]. However, it has also been reported that
CSNK2 upregulation by calorie restriction induces autophagy
[35] and that CSNK2 promotes autophagic degradation of
KEAP1 via AMPK in human cancer cells [36]. These data
may, however, be due to different means of autophagy induc-
tion (calorie restriction vs viral infection) or influenced by
CSNK2’s role in cellular senescence.

In our kinase inhibitor screen (Figure 1A), only three
kinase inhibitors increased autophagic flux: rapamycin target-
ing MTOR, PKC-412 targeting PKC and CX-4945 targeting
CSNK2. Besides CSNK2, there are only few other kinases
known to negatively impact autophagy. Most prominently,
the MTOR complex suppresses autophagy by phosphorylating
the pro-autophagy kinase ULK1 [37]. Selected isoforms of the
cellular kinase PKC, such as PKCa, were also reported to
reduce autophagy induction via modulation of the PI3K-
AKT-MTOR-MAPK/ERK axis [38]. However, it needs to be
considered that our panel of kinase inhibitors, while contain-
ing 81 different compounds targeting ~ 50 different kinases
did not comprehensively target all cellular kinases (of note,
>500 kinases exist in humans) [39]. Thus, future work is
clearly required to identify additional kinases that dampen
autophagic flux.

Several TRIM proteins, such as TRIM5a and TRIM23,
were previously identified to promote autophagy induction
[9,10,14,40]. Here, we identified TRIM2, 3, and 71 as the first
TRIMs described to negatively regulate autophagy. While
these three TRIM proteins exhibit like most TRIMs the com-
mon N-terminal RING-BBox-Coiled Coil domain structure,
they uniquely possess a composite FLN and NHL repeat
domain organization at the C-terminus. Our data indicates
that the combination of an FLN and NHL domain is required
for autophagy inhibition. Interestingly, expression of TRIM3
constructs with deletion of the NHL domain even caused
a drastic increase in autophagosomes. This suggests that the
NHL domain not only serves as a binding and phosphoryla-
tion platform of CSNK2 but may also be required to repress

autophagosome-inducing capabilities of other domains.
However, future studies are required to understand this in
molecular detail. In a study relying on overexpression experi-
ments, TRIM3 was previously suggested to target a core com-
ponent of the autophagic machinery, BECN1, for degradation
thus preventing autophagy induction [41]. However, our data
show that endogenous BECNI levels are unaffected by
TRIM2, TRIM3 and TRIM71 depletion or overexpression.
Instead, the activity of the autophagy initiation complex con-
taining BECN1 and ULK1 was influenced by the three FLN-
NHL TRIMs, as indicated by altered phosphorylation of
ULK1 at the inhibitory phospho-site Ser757. It is tempting
to speculate that ULK1 Ser757 phosphorylation may be
increased due to enhanced activity of the MTOR complex,
that confers this phosphorylation [26]. However, the exact
mechanism(s) of how these TRIMs inhibit autophagy initia-
tion, as well as the precise target(s) of their ubiquitin ligase
activity, remain to be identified in future studies.

Why would three proteins have redundant functions? Protein
expression data (Figure 5A, S5A) indicates that TRIM2 is
expressed primarily in neuronal tissue, while TRIM3 is ubiqui-
tously present, and TRIM71 is preferentially found in male
tissues and upregulated during development [28]. Thus, these
three TRIMs may have tissue-specific and/or temporal roles in
autophagy regulation. Of note, it was reported that TRIM2 and
TRIM3 may interact via their FLN and coiled-coil domains,
suggesting also the presence of TRIM2-TRIM3 hetero-
oligomers [27]. In addition, recent evidence has shown that the
ubiquitin E3 ligase domains of TRIM2 and 3 have different self-
association and activity profiles [27]. Taken together, this would
argue against redundancy of the three FLN-NHL TRIMs, but
future work is clearly needed to dissect the potentially distinct or
tissue-specific functions of TRIM2, TRIM3 and TRIM71.

Our data show that the anti-viral effect of autophagy
induction by CX-4945 on viral replication was within 10-100-
fold. However, we likely underestimate the anti-viral impact
of autophagy due to viral evasion mechanisms [15]. Many
viruses even evolved to exploit the autophagic machinery,
thus requiring specific components for efficient replication.
For example, MeV was reported to depend on sustained
autophagy for virion production [42]. In line with this, our
results show that MeV replicates slower in ATG5 KO cells as
compared to WT cells. Furthermore, IAV infectious virus
release and virion stability are thought to be promoted by
the autophagic machinery. However, it was also shown that
IAV components are degraded in a lysosome-autophagosome
-dependent manner [18,31,43]. HIV-1 may depend on auto-
phagy to assemble membranes, but its proteins are also targets
of autophagic degradation [44,45]. Altogether, this suggests
that while specific components of the autophagy machinery
may be hijacked by the virus, exogenous induction of auto-
phagy, e.g., by CSNK2-targeting compounds, confers an anti-
viral effect, overriding viral evasion and exploitation
mechanisms.

Our results indicate that autophagy is only partially
responsible for the anti-viral effect of CSNK2 inhibition. It
also needs to be considered that as the CSNK2-TRIM2, -
TRIM3, -TRIM71 axis regulates autophagy as part of innate
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Figure 7. Pharmacological targeting of the CSNK2-TRIM2, -TRIM3, -TRIM71 axis restricts virus growth. (A and B) Quantification of autophagosome levels (eGFP-LC3B
MFI) in Hela GL cells, with and without CX-4945 (1 uM, 1 h) treatment were infected with (A) influenza a virus (IAV, MOI 5, 5 h) or (B) measles virus (MeV, MOI 1, 24 h)
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immunity, it is a plausible target of viral pathogens. Thus, the
impact of CSNK2 inhibition on viral replication may have
been underestimated in this study. Future studies are required
to delineate other pro-viral functions of CSNK2 and define
whether the CSNK2-TRIM2, -TRIM3, -TRIM71 axis is tar-
geted by viruses to avoid innate immune restriction.

Our data shows that targeting of CSNK2 by pharmacolo-
gical inhibitors has an anti-viral role in IAV, MeV and HIV-1
infection. CSNK2 inhibition was previously proposed as an
anti-viral treatment against coronaviruses including SARS-
CoV-2 [46-48]. Importantly, therapeutic induction of auto-
phagy is not only relevant in infectious diseases but also for
cancer treatment. Targeting of MTOR by, e.g., rapamycin or
its homolog everolimus to induce autophagy is currently used
in the clinics to inhibit cancer growth. However, CSNK2
inhibition to modulate cellular autophagy needs to be care-
fully considered as CSNK2 infamously regulates over a 1,000
cellular proteins [8], and thus adverse effects of the treatment
may need to be considered. Of note, MTOR has a similarly
large substrate spectrum as CSNK2 [37]. Thus, inhibition of
CSNK?2 is in clinical trials against various cancers [49]. Future
work to explore pharmacological inhibition of CSNK2 for the
treatment of viral infections and other human diseases seems
highly warranted.

Materials and methods
Cell culture, viruses and reagents

HEK293T GL and HeLa GL were constructed as previously
described [20]. NHLF (CC-2512) were obtained from Lonza,
HEK293T (CRL3216), A549 (CCL-185) and Vero E6
(CRL1586) cells were purchased from American type culture
collection (ATCC). Human dermal fibroblasts, hTERT
immortalized (HDF) were provided by Patrick Hearing
(Stony Brook University, New York, USA) [50,51]. Cells
were kept in Dulbecco’s Modified Eagle Medium (DMEM;
Gibco, 41965039) supplemented with 10% fetal bovine serum
(FBS; Gibco, A5256701), 13 uM gentamicin (Gibco, 15710)
and 2 mM L-glutamine (PAN-Biotech, P04-80050), hereafter
referred to as DMEMxxx. Influenza A virus (strain PR8/34
HIN1, VR-95) was obtained from ATCC, measles virus
(MeV, Schwarz strain) and MeV-GFP were a gift from K.-K.
Conzelmann (Max von Pettenkofer-Institute, Ludwig-
Maximilians-University Munich, Germany) [52]. IAV-GFP

(SC35M) was kindly provided by M Schwemmle (University
of Freiburg, Germany) [53]. Reagents used: Bafilomycin A,
(Santa Cruz Biotechnology, sc-201550), chloroquine (Santa
Cruz Biotechnology sc-205629), InSolution Rapamycin
(Sigma-Aldrich, 553211), (E/Z)-GO289 (Selleckchem, S9850),
CX-4945 (Selleckchem, S$2248), Kinase Inhibitor Library
(Screen-Well; Enzo Life Sciences BML-2832), EZSolution
torin-1 (BioVision, 2353)

Transient transfection of cell lines

Cells were seeded to reach a confluency of 60-80% for trans-
fection. Plasmid DNA was suspended in Opti-MEM (Gibco
31985070), and in parallel, PEI (Sigma-Aldrich; 408727) (2 ug
PEI per 1pg plasmid DNA) or TransIT-LT1 (Mirus, MIR
2300) (3 pl transfection reagent per 1pug plasmid DNA) was
suspended in Opti-MEM. Both suspensions were mixed 1:1.
After incubation at RT for 20 min (PEI) or 30 min (TransIT-
LT1), the transfection mix was added to each well. The med-
ium can be replaced with fresh medium after 6-16 h.

Transient reverse transfection of cells

Plasmid DNA (140 ng) was suspended in 8.5 ul Opti-MEM
(Gibco, 31985070) per well in a 96-well F-bottom plate. PEI
(Sigma-Aldrich, 408727) (2.5 pg PEI per 1 pg plasmid DNA)
was diluted in 8.5 pl Opti-MEM per well. Both solutions were
combined 1:1 and mixed by vortexing. The transfection mix
was incubated at RT for 20min, and 45,000 detached
HEK293T GL cells in 83 ul DMEMxxx were added to each
well and gently mixed. The next day, the medium was
replaced with 100 ul fresh DMEMxxx.

siRNA-mediated knock down

Cells were transfected with siRNA wusing Lipofectamine
RNAiIMAX (Invitrogen, 13778075). All siRNAs used were pur-
chased from Horizon Discovery and ordered as SMARTPools:
MTOR (M-003008-03), CSNK2A1 (M-003475-03), CSNK2A2
(M-004752-00), CSNK2B (M-007679-00), TRIM2 (M-006955-
00), TRIM3 (M-006931-00), TRIM71 (M-023459-01), Non-
targeting siRNA Control Pool#1 (D-001206-13) was used as
negative control. The cells were seeded to reach a confluency
of 60-80% for transfection. siRNA (e.g., 5 pmol per 24-well) was
diluted Opti-MEM (Gibco, 31985070), and in parallel,

by flow cytometry. Torin-1 (1 pM, 4 h) and bafilomycin A; (BafA1, 250 nM, 4 h) treatment was used as controls. Lines represent mean + SEM, n = 3-6. (C and D) A549
WT and A549 ATG5 KO cells were treated with CX-4945 (25 pM, 50 uM, 1 h) or left untreated and infected with (C) IAV-GFP or (D) MeV-GFP. Infection kinetics were
monitored via fluorescence microscopy for 30 h (IAV-GFP) or 40 h (MeV-GFP) by quantifying GFP+ cell count every 3 h and normalized to maximum infection (100%).
Representative fluorescence microscopy images are shown of time-point 24 h. Infected cells (GFP, green). Scale bars: 100 um. Dots represent the mean + SEM, n=3.
(E and F) Relative comparison of (E) IAV-GFP or (F) MeV-GFP replication in A549 WT and A549 ATG5 KO cells using area under the curve analysis of the data in (C) and
(D). Bars represent mean + SEM, n = 3. (G and H) A549 WT and A549 ATG5 KO cells were treated with CX-4945 (6.25 uM —25 uM, 2 h) or left untreated, and infected
with (G) IAV-GFP or (H) MeV-GFP. Supernatants were collected 24 h (IAV-GFP) or 48 h (MeV-GFP) post infection. Infectious virus titers from A549 cells treated with IAV-
GFP infected supernatants (G) or from Vero cells treated with MeV-GFP infected supernatants (H). TCID50 (IAV-GFP) and FFU/mL (MeV-GFP) were determined at 72 h
post infection. Relative infectious virus titers are normalized to the mock control (DMSO). Bars represent mean + SEM, n =3 (IAV) or 6 (MeV). (I) Infectious virus yields
of HIV-1 NL4-3 proviral DNA transfected HEK293T WT or HEK293T ATG5 KO cells treated with increasing concentrations of CX-4945 (1.56-12.5 uM) and quantified by
TZM-bl reporter assay 24 h post transfection. Relative infectious virus yield is normalized to the untreated control (mock). Treatment with torin-1 (1 uM) was used as
a control. Bars represent mean + SEM, n = 3. (J) Quantification of infectious virus yield of HIV-1 CH077 in TZM-bl cells depleted of TRIM2, TRIM3 and TRIM71 by siRNA
and infected with CHO77 HIV-1 one day post transfection. Three days post infection, the infectious virus yield in the supernatant was determined by TZM-bl reporter
assay. Relative infectious virus yield is normalized to the non-targeting (NT) control (100%). Lines represent mean + SEM, n = 3 (technical replicates). Student’s t-test
with Welch correction or two-way ANOVA (G, H). *, p < 0.05; **, p < 0.01; ***, p < 0.001.



RNAIMAX reagent (e.g., 1.5 pl per 24-well) was diluted in Opti-
MEM. The solutions were mixed 1:1 and incubated at RT for 5
min. The transfection mix was added to each well. The cells were
further processed for analysis 48-72 h post-transfection.

Generation of ATG5 KO cells

HEK293T cells were seeded in 6-well plates and cultured
overnight. The cells were transfected with a lentiviral back-
bone expressing Cas9 and a sgRNA and the three helper
plasmids pMDLg, pRSV-Rev, pMD2.G using PEI-mediated
transfection. 46h after the transfection, the medium was
replaced with 2 ml DMEMxxx [20]. 48 h after the transfection,
the lentiviral particles were harvested. The target cells (A549
and HEK293T) were seeded in 6-well plates and transduced
by adding 300 pul of the lentiviral particle stock. 72h after
transduction, the cells were washed twice with PBS (Gibco,
14190144) and cultured. After two passages, the cells were
sorted into individual cells by FACS, grown into clonal cell
lines and screened for ATG5 knock out in western blot. Cryo
stocks of verified knock outs were prepared.

Whole cell lysates and immunoblotting

Whole cell lysates and immunoblotting were performed as
previously described [20]. In brief, cells were lysed in TM-
lysis buffer (150 mM NaCl (Merck, 106404), 5mM HEPES
(Sigma-Aldrich, H3375), 1% (v:v) Triton X-100 (Sigma-
Aldrich, T8787), 5mM EDTA (Sigma-Aldrich, E9884),
and 0.2% (v:v) Protease Inhibitor Cocktail (Sigma-Aldrich,
P2714)) and the debris pelleted (4°C 20,000 g for 20 min).
The cleared lysates were transferred to fresh reaction tubes
and the protein concentrations were measured using the
Rapid Gold BCA Protein Assay Kit (Pierce) according to
the manufacturer’s instructions and adjusted. 6x loading
dye (187.5mM Tris-HCL [AppliChem GmbH, A2264, pre-
adjusted to pH 6.8], 75% [v:v] glycerol [Sigma-Aldrich,
G5516], 6% [w:v] SDS [Sigma-Aldrich 822,050] and 0.3%
[w:v] Orange G [Sigma-Aldrich, O3756]) and dithiothreitol
(DTT; Thermo Scientific, R0862) were added to a final
concentration of 1x and 0.1 M, respectively, and the sam-
ples were stored at —20°C. Prior to SDS-PAGE, the samples
were heated to 95°C for 10 min. 5-25 g total protein was
loaded onto a NuPAGE 4 to 12% Bis-Tris gel (Invitrogen,
NP0321BOX) running in MES-SDS running buffer (Alfa
Aesar, ]62138.K2) at constant voltage (80V) for 2h.
Following SDS-PAGE, the separated proteins were trans-
ferred onto a PVDF-membrane (Millipore 05,317-10EA) by
semi-dry blotting at a constant voltage (30 V) for 30 min.
After blotting, the membrane was stained using the Revert
700 total protein stain kit (LI-COR, 926-11016) as per
instructions and whole protein signal was measured using
a LI-COR Odyssey and the Image Studio software. After
blocking in 25ml Blocker Casein in PBS (Thermo
Scientific, 37528) for 1h at RT, the membrane was incu-
bated with the primary antibody diluted in PBS-T (PBS
supplemented with 0.2% [v:v] Tween 20 [Sigma-Aldrich,
P9416]) supplemented by 0.1% casein (Thermo Scientific,
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37528) for 1.5h at RT or overnight at 4°C. Subsequently,
the PVDF-membrane was washed three times with PBS-T
and then incubated in IRDye secondary antibody (see
below) diluted 1:20,000 in PBS-T with 0.1% casein for 0.5
h, followed by three washing steps with PBS-T. The fluor-
escent antibodies were then detected using a LI-COR odys-
sey and the Image Studio software. Quantification and
image processing were performed using the Image Studio
lite software.

Primary Antibodies: Polyclonal rabbit anti-LC3 antibody
(Sigma-Aldrich, L8918; 1:1000), monoclonal mouse anti-
SQSTM1/p62 antibody (abcam, ab56416; 1:1000), anti-GAPDH
(BioLegend, 607902; 1:1000), monoclonal mouse anti-ACTB/f-
actin antibody (Sigma-Aldrich, A5441; 1:5000), anti-HA: HA-Tag
(C29F4) rabbit monoclonal antibody (mAb; Cell Signaling
Technology, 3722S; 1:1000), anti-V5: Monoclonal rabbit anti-V5-
tag antibody (Cell Signaling Technology, 13202S; 1:1000), mono-
clonal mouse anti-FLAG-tag antibody (Sigma-Aldrich, F1804;
1:5000), anti-CSNK2A1/CSNK2a (casein kinase 2 alpha) antibody
(GeneTex, GTX107897), anti-CSNK2A2/CSNK2a® (abcam,
ab10474), CSNK2A/CSNK2 alpha antibody (Cell Signaling
Technology, 2656S; 1:1000), ubiquitin antibody (P4D1; Santa
Cruz Biotechnology, sc-8017; 1:1000), pSer/phosphoserine anti-
body (16B4; Santa Cruz Biotechnology, sc -81,514; 1:1000), phos-
pho-threonine/tyrosine antibody (Cell Signaling Technology,
9381S; 1:1000), BECN1/Beclin-1 Antibody (Cell Signaling
Technology, 3738S; 1:1000), p-BECN1/Beclin-1 (Serl5, D4B7R;
(Cell Signaling Technology, 84966; 1:1000), ULK1 (D8HS5; Cell
Signaling Technology, 8054S; 1:1000), p-ULK1 (Ser757) antibody
(Cell Signaling Technology, 6888S, 1:1000), TRIM3 antibody
(Santa Cruz Biotechnology, sc-136363; 1:1000), TRIM3 antibody
(Proteintech, 28392-1-AP; 1:1000) BECN1/Beclin-1 Antibody
(Santa Cruz Biotechnology, sc-48381; 1:1000). ATG16L1 antibody
rabbit mAb (D6D5; Cell Signaling Technology, 8089S; 1:1000),
ZFYVE1/DFCP1 rabbit mAb (E9R6P; Cell Signaling Technology,
85156S; 1:1000), PRKAA/AMPKa Antibody (Cell Signaling
Technology, 2532S; 1:1000), ATG5 rabbit mAb (D5F5U; Cell
Signaling Technology, 12994S; 1:1000).

Secondary Antibodies: IRDye 800CW Donkey anti-Rabbit
IgG Secondary Antibody (LI-COR, 926-32213), IRDye 680RD
Donkey anti-Mouse IgG Secondary Antibody (LI-COR, 926-
68072), IRDye 680RD Donkey anti-Rabbit IgG Secondary
Antibody (LI-COR, 926-68073), IRDye 800CW Donkey anti-
Mouse IgG Secondary Antibody (LI-COR, 926-32212), IRDye
680RD Goat anti-Rabbit IgG Secondary Antibody (LI-COR,
926-68071), IRDye 800CW Goat anti-Mouse IgG Secondary
Antibody (LI-COR, 926-32210), IRDye 800CW Goat anti-Rat
IgG Secondary Antibody (LI-COR, 926-32219).

Confocal laser scanning fluorescence microscopy

Cells were seeded on glass coverslips in 24-well plates.
Following the respective experimental procedure, the cells
were washed twice with ice-cold PBS (Gibco, 14190144) and
fixed in 4% paraformaldehyde (PFA; Santa Cruz
Biotechnology, sc-281692) in PBS for 20 min at RT. Next,
the cells were washed three times with PBS, and blocked
and permeabilized by incubating them in PBS supplemented
with 0.5% Triton X-100 (Sigma-Aldrich, T8787), 5% FBS
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(Gibco 10,270,106) for 30 min at RT. The cells were then
washed twice using PBS followed by incubation with primary
antibody (see below) diluted in 150 pl PBS at 4°C for 2 h. The
cells were washed three times with PBS containing 0.1%
Tween 20 (Sigma-Aldrich, P9416) and incubated with second-
ary antibody (see below) and 4’,6-diamidino-2-phenylindole
(DAPI, 1 mg/l; Invitrogen, D1306) diluted in PBS at 4°C for 2
h. Finally, the cells were washed three times with PBS contain-
ing 0.1% Tween 20 and once with deionized water. The glass
coverslips were then mounted on microscopy slides using self-
hardening Mowiol mounting medium (10% [w:v] Mowiol 4-
88 [Carl Roth, 0713], 25% [w:v] Glycerol [Sigma-Aldrich,
G5516], 50% [v:v] Tris-HCI [at 0.2 mM, pre-adjusted to pH
8.5, AppliChem GmbH, A2264] and 2.5% [w:v] DABCO [Carl
Roth, 0718]). After drying at 4°C overnight, the samples were
analyzed using a Zeiss LSM 710 confocal microscope. The
Images were processed using the Image] software.

Primary antibodies: Monoclonal mouse anti-FLAG-tag
antibody, M2 (1:400, Sigma-Aldrich, F1804), Monoclonal rab-
bit anti-V5-tag antibody, D3H8Q (1:200, Cell Signaling
Technology, 132025).

Secondary antibodies: Goat anti-Mouse I1gG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa Fluor 568 (Invitrogen,
A-11004), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 568 (Invitrogen, A-11011),
Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488 (Invitrogen, A-11001), Goat anti-
mouse IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor 647 (Invitrogen, A-21235).

Quantification of autophagy in confocal laser scanning
fluorescence microscopy images

The autophagosome area per cell was analyzed in images that
were acquired as described above using Image] and a semi-
automated workflow. First, the GFP channel was separated
from the other channels. Next, the background was subtracted
using a rolling ball radius of 3, and the image was smoothed.
An automatic threshold was applied to the image using the
“Moments” threshold algorithm and assuming a dark back-
ground. Finally, the area of a cell was selected by hand, and
the particles inside the area were analyzed using the “analyze
particles” function.

Rapid quantification of autophagosomes by flow
cytometry

Quantification was performed as previously descrtibed [20].
The cells were harvested by removing the medium and
detaching them using trypsin (PAN Biotech, P10-023100)
(37°C for 5min). The detached cells were suspended in FBS
supplemented medium and transferred to 96-well V-bottom
plates. The cells were washed with PBS (Gibco, 14190144)
containing 1% FBS (Gibco, 10270106), suspended in PBS
containing 0.05% saponin (Sigma-Aldrich, 47036) and incu-
bated for 10 min at 4°C. Subsequently, the cells were washed
twice with PBS containing 1% FBS. Next, the cells were fixed
by in 4% PFA in PBS (Santa Cruz Biotechnology, sc-281692)
for 30 min at RT. The supernatant was discarded and the cells

were stored in PBS supplemented with 1% FBS at 4°C until
analysis. Following fixation, the cells could be stained by
incubating them in PBS supplemented with the primary anti-
body (see confocal laser scanning fluorescence microscopy) at
RT for 30 min. The cells were then washed and incubated in
PBS supplemented with the secondary at RT for 30 min. The
cells were stored in PBS supplemented with 1% FBS at 4°C
until analysis.

Co-immunoprecipitation

HEK293T cells were transiently transfected with the indicated
expression plasmids using PEI-mediated transfection. 48 h
post-transfection, the cells were harvested in ice-cold PBS
(Gibco, 14190144) and lysed in ice-cold TM-lysis buffer (see
whole cell lysates and immunoblotting). The lysates were
vortexed and incubated on ice for 10 min. Next, the lysates
were cleared by centrifugation (4°C 20,000 g for 20 min) and
the protein concentration of the lysates was determined using
the Pierce Rapid Gold BCA Protein Assay Kit (Thermo
Scientific, A53225) as per instructions. The protein concen-
trations were adjusted, and input samples were taken for later
western blot analysis. To prepare the magnetic beads (anti-
FLAG M2 Magnetic Beads, Merck, M8823; V5-Trap Magnetic
Agarose, ChromoTek, v5tma; Pierce Anti-HA Magnetic
Beads, Thermo Scientific, 88837), they were washed twice
with ice-cold TM-lysis buffer using a magnetic rack and
added to the cleared lysates. The lysates were incubated on
the beads at 4°C for 4 h on a rotor. Next, the supernatant was
removed from the beads using a magnetic rack, and the beads
were washed 5 times with ice-cold TM-lysis buffer. Then, 100
pl of 1x SDS loading buffer (see whole cell lysates and immu-
noblotting) was added to the beads, and the samples were
heated to 95°C for 10 min. The samples were then stored at
—-20°C. When applicable, mass spectrometric analysis was
performed at the Core Unit Mass Spectrometry and
Proteomics at Ulm University. The proteins contained in the
samples were identified, and their abundance was quantified
using label-free quantification. For Co-IP of endogenous pro-
teins Dynabeads Protein G (Invitrogen, 10004D) were incu-
bated with designated antibodies and isotype controls and
incubated for 2 h at 4°C. The beads were washed twice with
ice-cold TM-lysis buffer using a magnetic rack. HEK293T
cells were harvested as described above for transfected cells
and applied as described above. Antibodies used: CSNK2A
(Cell Signaling Technology, 2656S), TRIM3 (Santa Cruz
Biotechnology, sc-136363), Normal Rabbit IgG Isotype
Control (EMD Millipore, 12-370), Normal Mouse IgG
Isotype Control (EMD Millipore, 12-371).

CSNK2 activity assay

CSNK2 activity was quantified using the CSNK2 (casein
kinase 2) Kinase Assay/Inhibitor Screening Kit (CycLex, CY-
1170) as per instructions. To this end, cleared cell lysates were
adjusted for total protein content using the Pierce Rapid Gold
BCA Protein Assay Kit (Thermo Scientific, A53225) as per
instructions. The lysates were then processed using the
CSNK?2 Kinase Assay Kit and the absorption at 450 nm was



measured using a Molecular Devices V max kinetic micro-
plate reader.

In silico prediction of putative CSNK2 phosphorylation
sites

Using the Eukaryotic Linear Motif resource [54] for
Functional Sites in Proteins, putative CSNK2 phosphorylation
sites in the amino acid sequences of TRIM2, TRIM3 and
TRIM71 were identified. Three promising sites were chosen
based on their score and the conservation across the three
TRIMs.

MTT assay

Cells were treated with the respective compounds for the
indicated time frame. Supernatants were replaced with MTT-
reagent (methylthiazolyldiphenyl-tetrazolium bromide, 0.5
mg/ml; Sigma-Aldrich, M2128) in PBS (Gibco, 14190144)
and incubated for 3h. The supernatant was discarded, the
formazan crystals were dissolved in DMSO-Ethanol solution
(1:1, Thermo Scientific Chemicals, A13280.36) and the
absorption recorded at 490-650nm using a Molecular
Devices V max kinetic microplate reader.

Cell viability assay

Cells were treated with the respective compounds for the
indicated time frame. The cells were harvested by removing
the medium and detaching them using trypsin (PAN Biotech,
P10-023100) (37°C for 5min). The detached cells were sus-
pended in FBS supplemented medium and transferred to 96-
well V-bottom plates. The cells were washed with PBS (Gibco,
14190144), resuspended in PBS supplemented with Viability
Dye (eBioscience Fixable Viability Dye eFluor 780, Invitrogen,
65-0865, 1:1000) and incubated for 30 min at 4°C. The cells
were washed with PBS twice and fixed with 2% PFA in PBS
for 20 min at room temperature. The cells were kept in PBS
supplemented with 1% FBS until analysis by flow cytometry.

gRT-PCR

Total RNA was extracted from cells using the Quick-RNA
Microprep Kit (Zymo Research, R1051) according to the man-
ufacturer’s instructions. Reverse transcription and qRT - PCR
were performed in one step using 2 pl (~400 ng) of the purified
RNA samples as templates (SuperScript III Platinum one step
qRT-PCR-Kit; Invitrogen, 11732088) on a StepOnePlus Real-
Time PCR System according to the manufacturer’s instruc-
tions. TagMan probes for each individual gene were acquired
as premixed TagMan Gene Expression Assays (Thermo Fisher
Scientific, see below) and added to the reaction. Expression
level for each target gene was calculated by normalizing against
GAPDH using the AACT method and represented relative to
the values for mock-transfected cells, which were set to 1.
TagMan Gene Expression Assays: CSNK2A/CSNK2a
(Thermo Fisher Scientific, Hs00751002_s1), CSNK2A2/
CSNK2«&® (Thermo Fisher Scientific, Hs00176505_m1),
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CSNK2B/CSNK23 (Thermo Fisher Scientific,
Hs00365835_m1), MTOR (Thermo Fisher Scientific,
Hs00234508_m1), TRIM2 (Thermo Fisher Scientific,
Hs07287153_m1), TRIM3 (Thermo Fisher Scientific,
Hs01548703_m1), IFIT2 (Thermo Fisher Scientific,
Hs01584837_s1), CXCL10 (Thermo Fisher Scientific,
Hs00171042_m1), GAPDH (Thermo Fisher Scientific,

Hs02786624_gl).

Time resolved monitoring of virus infection

A549 and A549 ATG5 KO cells were seeded in 96-well
F-bottom plates in DMEMxxx and cultured overnight. The
cells were treated with CX-4945 at the indicated concentra-
tions 2 h before infection with MeV-GFP or IAV-GFP (MOI
0.1). Virus infection was monitored by counting of the GFP+
cells in 3h steps for 48 h using the Cytation 3 microplate
reader.

Quantification of virus-induced autophagy

HeLa GL cells were seeded in 96-well F-bottom plates in
DMEMxxx and cultured overnight. The cells were treated
with CX-4945 (1uM) for 1h before infection with IAV
(MOI 5, harvest 5 h post infection) and MeV (MOI 1, harvest
24 h post infection). The cells were harvested and analyzed as
described in the section Rapid quantification of autophago-
somes by flow cytometry.

Quantification of viral titers

A549 and A549 ATG5 KO cells in 24-well plates were pre-
treated for 2 h with different concentrations of CX-4945 and
controls as indicated and infected with MeV or IAV at a MOI
of 0.1. Cells were washed twice with PBS 2.5h or 5h after
infection with IAV and MeV respectively and treated with
Medium supplemented with CX-4945 and controls. 24 h post
infection Supernatant of IAV infected cells was frozen to
—-80°C and cells were harvested in TM-lysis buffer and the
lysates prepared for western Blot analysis. 48 h post infection
MeV infected cells were lysed in the supernatant by freezing at
—80°C. The supernatants were cleared prior to further analysis
by centrifugation (10 min at 4°C 14,000 rpm).

IAV infected cell supernatants were subjected to TCID50
analysis. A549 cells were seeded in 96-well plates and cultured
overnight. The cells were washed twice with PBS, infected with
a 10-fold dilution series of the IAV-infected supernatants diluted
in DMEM and 1 h post infection DMEM supplemented with 2%
FBS was added. 72 h post infection CPE was monitored for all
samples and the TCID50 calculated.

MeV infected supernatants were subjected to foci forming
units assay. Vero cells were seeded in DMEMxxx 3 h before
infection with a 10-fold dilution series of the MeV-infected
supernatants. 72h post infection GFP-positive foci were
counted and the foci forming units per mL calculated.
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Analyzing protein phosphorylation status by phos-tag
SDS-PAGE

Whole cell lysate were generated from transfected HEK293T
cells as described in the section whole cell lysates and immu-
noblotting. SDS-PAGE, blotting and analysis was performed
as described in the section whole cell lysates and immuno-
blotting using Phos-tag Acrylamide gels (Fujifilm Wako
Chemicals, AAL-107). In Phos-tag gels the retention time of
phosphorylated proteins is increased, separating them from
non-phosphorylated proteins during gel electrophoresis.

Staining total protein in gels by silver staining

Whole cell lysate was generated from transfected HEK293T cells
and SDS-PAGE was performed as described in the section whole
cell lysates and immunoblotting. The gel was stained for total
protein using the SilverQuest Silver Staining Kit (Invitrogen,
LC6070) as per instructions. Images were taken using a BIO-
RAD Gel Doc XR+ and the Image Lab software. Image proces-
sing was performed using the Image] software.

Proximity ligation assay (PLA)

PLA for endogenous and overexpressed proteins was performed
as previously described [51,55]. In brief, confluent HeLa cells were
transiently transfected with plasmids coding for TRIM2, TRIM3
and TRIM71 harboring a FLAG tag and CSNK2A1, CSNK2A2
and CSNK2B harboring a V5 tag. After 48 h the cells were fixed
with 3.7% formaldehyde, permeabilized in 0.5% Triton and
blocked with 5% BSA. Primary antibody staining was performed
for 1.5h at 37°C. Primary antibodies used: Monoclonal mouse
anti-FLAG-tag, M2 (Sigma-Aldrich, F1804; 1:400), Monoclonal
rabbit anti-V5-tag (D3H8Q; Cell Signaling Technology, 13202S;
1:600), TRIM3 (Santa Cruz Biotechnology, sc-136363; 1:1000),
CSNK2A (Cell Signaling Technology, 2656S; 1:1000). PLA stain-
ing was performed according to the manufacturers protocol for
the Duolink PLA Fluorescence Protocol. PLA Probes and
Reagents used: Duolink In Situ PLA Probe Anti-Rabbit PLUS
(Sigma-Aldrich, DUO92002), Duolink In Situ PLA Probe Anti-
Mouse MINUS (Sigma-Aldrich, DUO92004), Duolink In Situ
Detection Reagents FarRed (Sigma-Aldrich, DUO92013).

HIV-1 production

HEK293T and HEK293T ATG5 KO cells were seeded in 48-well
F-bottom plate in DMEMxxx and cultured overnight. Cells were
treated 2h pre-transfection with CX-4945 (50-1.56 uM) and
torin-1 (1 uM, BioVision, 2353-5). Cells were transfected, using
TransIT-LT1 (Mirus, MIR 2306) with the plasmid encoding HIV-
1 NL4-3 (pNL4-3, ARP-114) proviral constructs (obtained
through the NIH HIV Reagent Program, Division of AIDS,
NIAID, NIH: Human Immunodeficiency Virus 1 (HIV-1),
Strain NL4-3 Infectious Molecular Clone (pNL4-3), ARP-2852,
contributed by Dr. M. Martin) and the transmitted founder virus
CHO?77 (kindly provided by the Beatrice Hahn and John Kappes
Laboratories [56]). 6 h post transfection the medium was changed.
The virus was harvested 24 or 48 h post transfection and trans-
ferred onto TZM-bl cells.

TZM-bl reporter assay

To quantify relative infectious virus yield of HIV-1 containing
supernatants 10,000 TZM-bl cells per well were seeded in 96-
well F-bottom plates in 100 ul DMEMxxx. The next day, the
cells were infected with HIV-1 containing supernatants and
cultured for 72 h. Then, the supernatants were discarded and
40 ul Gal-Screen P-galactosidase Reporter Gene Assay sub-
strate (Invitrogen, T1028) diluted 1:4 in PBS (Gibco,
14190144) was added to the cells. After incubation at RT for
30 min, 35ul substrate was transferred to white 96well
F-bottom plates and the p-galactosidase signal was measured
using an Orion microplate reader.

Cloning and origin of plasmids

A plasmid containing TRIM2 was a kind Gift from Adolfo
Garcia-Sastre. The ORF of TRIM2 was subcloned into the
pIRES_FLAG vector using NEBuilder HiFi DNA Assembly
(NEB, E2621X) according to the manufacturer’s instructions.
The insert was amplified by PCR using the Phusion High-
Fidelity PCR Kit (NEB, E0553L) according to the manufac-
turer’s instructions with the primers T2f and T2r purchased
from Biomers. The pIRES_FLAG vector was linearized with
NotI and Mlul restriction enzymes. A cDNA clone of TRIM3
was purchased from SourceBioscience. The ORF of TRIM3
was subcloned into the pIRES_FLAG vector using NEBuilder
HiFi DNA Assembly (NEB, E2621X) according to the manu-
facturer’s instructions. The insert was amplified by PCR using
the Phusion High-Fidelity PCR Kit (NEB, E0553L) according
to the manufacturer’s instructions with the primers T3f and
T3r purchased from Biomers. The pIRES_FLAG vector was
linearized with NotI and Mlul restriction enzymes. pMXS-hs
-3xHA-LIN-41 was a gift from Shinya Yamanaka (Addgene,
52717184). The ORF of TRIM71 was subcloned into the
PIRES_FLAG vector using NEBuilder HiFi DNA Assembly
(NEB, E2621X) according to the manufacturer’s instructions.
The insert was amplified by PCR using the Phusion High-
Fidelity PCR Kit (NEB, E0553L) according to the manufac-
turer’s instructions with the primers T71f and T71r pur-
chased from Biomers. The pIRES_FLAG vector was
linearized with Notl and Mlul restriction enzymes. pEGFP-
N1_hTRIM32 was a gift from Martin Dorf (Addgene,
6954147). The ORF of TRIM32 was subcloned into the
PIRES_FLAG vector using NEBuilder HiFi DNA Assembly
(NEB, E2621X) according to the manufacturer’s instructions.
The insert was amplified by PCR using the Phusion High-
Fidelity PCR Kit (NEB, E0553L) according to the manufac-
turer’s instructions with the primers T32f and T32r pur-
chased from Biomers. The pIRES_FLAG vector was
linearized with Notl and Mlul restriction enzymes.
A plasmid containing the transcript variant 2 of TRIM45
was a kind Gift from Walther Mothes. The ORF of TRIM45
was subcloned into the pIRES_FLAG vector using NEBuilder
HiFi DNA Assembly (NEB, E2621X) according to the manu-
facturer’s instructions. The insert was amplified by PCR using
the Phusion High-Fidelity PCR Kit (NEB, E0553L) according
to the manufacturer’s instructions with the primers T45f and
T45r purchased from Biomers. The pIRES_FLAG vector was



linearized with NotI and Mlul restriction enzymes. A plasmid
containing TRIM56 was a kind Gift from Walther Mothes.
The ORF of TRIM56 was subcloned into the pIRES_FLAG
vector using NEBuilder HiFi DNA Assembly (NEB, E2621X)
according to the manufacturer’s instructions. The insert was
amplified by PCR using the Phusion High-Fidelity PCR Kit
(NEB, E0553L) according to the manufacturer’s instructions
with the primers T56f and T56r purchased from Biomers. The
pIRES_FLAG vector was linearized with Notl and Mlul
restriction enzymes. pIRES_FLAG-TRIM2ARING was gener-
ated using pIRES_FLAG_TRIM2 as a template. The truncated
insert was amplified by PCR using the Phusion High-Fidelity
PCR Kit (NEB, E0553L) according to the manufacturer’s
instructions with the primers T2dRf and T2dRr purchased
from Biomers. The insert was digested with Xhol and Mlul
restriction enzymes. The pIRES_FLAG vector was linearized
with Xhol and Mlul restriction enzymes. The insert and
linearized vector were ligated using the DNA Ligation Kit
Ver.2.1 (Takara, 6022) according to the manufacturer’s
instructions. pIRES_TRIM3ARING-FLAG was generated
using pIRES_TRIM3_FLAG as a template and NEBuilder
HiFi DNA Assembly (NEB, E2621X) according to the manu-
facturer’s instructions. The truncated insert was amplified by
PCR using the Phusion High-Fidelity PCR Kit (NEB, E0553L)
according to the manufacturer’s instructions with the primers
T3dRf and T3dRr purchased from Biomers. The
pIRES_FLAG vector was linearized with Notl and Mlul
restriction enzymes. pIRES_TRIM3ABBox-FLAG was gener-
ated using pIRES_TRIM3_FLAG as a template and Q5 Site-
Directed Mutagenesis Kit (NEB, E0554S) according to the
manufacturer’s instructions. The truncated vector was ampli-
fied by PCR using the primers T3dBf and T3dBr purchased
from Biomers. pIRES_TRIM3ACCD-FLAG was generated
using pIRES_TRIM3_FLAG as a template and Q5 Site-
Directed Mutagenesis Kit (NEB, E0554S) according to the
manufacturer’s instructions. The truncated vector was ampli-
fied by PCR using the primers T3dCf and T3dCr purchased
from Biomers. pIRES_TRIM3AFLN-FLAG was generated
using pIRES_TRIM3_FLAG as a template and Q5 Site-
Directed Mutagenesis Kit (NEB, E0554S) according to the
manufacturer’s instructions. The truncated vector was ampli-
fied by PCR using the primers T3dFf and T3dFr purchased
from Biomers. pIRES_TRIM3ANHL-FLAG was generated
using pIRES_TRIM3_FLAG as a template and Q5 Site-
Directed Mutagenesis Kit (NEB, E0554S) according to the
manufacturer’s instructions. The truncated vector was ampli-
fied by PCR using the primers T3dNf and T3dNr purchased
from Biomers. pIRES_TRIM3AFIINHL-FLAG was generated
using pIRES_TRIM3_FLAG as a template and Q5 Site-
Directed Mutagenesis Kit (NEB, E0554S) according to the
manufacturer’s instructions. The truncated vector was ampli-
fied by PCR using the primers T3dFNf and T3dFNr pur-
chased from Biomers. pIRES_TRIM3ATripartite-FLAG was
generated using pIRES_TRIM3_FLAG as a template and Q5
Site-Directed Mutagenesis Kit (NEB, E0554S) according to
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the manufacturer’s instructions. The truncated vector was
amplified by PCR using the primers T3dTf and T3dTr pur-
chased from Biomers. pIRES_TRIM3AC25A-FLAG was gen-
erated using pIRES_TRIM3_FLAG as a template and Q5 Site-
Directed Mutagenesis Kit (NEB, E0554S) according to the
manufacturer’s instructions. The truncated vector was ampli-
fied by PCR using the primers T3dCf and T3dCr purchased
from Biomers. pZW16 (CSNK2A2) was a gift from David
Litchfield (Addgene, 27087177). The ORF of CSNK2A2 was
subcloned into the pIRES_HA vector using NEBuilder HiFi
DNA Assembly (NEB, E2621X) according to the manufac-
turer’s instructions. The insert was amplified by PCR using
the Phusion High-Fidelity PCR Kit (NEB, E0553L) according
to the manufacturer’s instructions with the primers CSNK2a’f
and CSNK2a’r purchased from Biomers. The pIRES_HA vec-
tor was linearized with Notl and Mlul restriction enzymes.
pRS2 (CSNK2A2, CSNK2B) was a gift from David Litchfield
(Addgene, 27093177). The ORF of CSNK2B was subcloned
into the pIRES_V5 vector using NEBuilder HiFi DNA
Assembly (NEB, E2621X) according to the manufacturer’s
instructions. The insert was amplified by PCR using the
Phusion High-Fidelity PCR Kit (NEB, E0553L) according to
the manufacturer’s instructions with the primers CSNK2bf
and CSNK2br purchased from Biomers. The pIRES_V5 vec-
tor was linearized with NotI and Mlul restriction enzymes.
pTwist_3xFLAG_optTRIM3 was purchased from Twist
Biosciences. The T40A mutation was introduced using the
Q5 Site-Directed Mutagenesis Kit (NEB, E0554S) according
to the manufacturer’s instructions. The PCR was performed
with the primers T3-40f and T3-40r purchased from
Biomers. pTwist_3xFLAG_optTRIM3 was purchased from
Twist Biosciences. The S83A S84A mutation was introduced
using the Q5 Site-Directed Mutagenesis Kit (NEB, E0554S)
according to the manufacturer’s instructions. The PCR was
performed with the primers T3-83f and T3-83 r purchased
from Biomers. pTwist_ 3XFLAG_optTRIM3 was purchased
from Twist Biosciences. The S661A mutation was introduced
using the Q5 Site-Directed Mutagenesis Kit (NEB, E0554S)
according to the manufacturer’s instructions. The PCR was
performed with the primers T3-661f and T3-661 r purchased
from Biomers. All primers are listed in Table 1.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
9. P-values were determined using a two-tailed Student’s t-
test with Welch’s correction or One-way ANOVA for mul-
tiple comparisons (Mann-Whitney test). Unless otherwise
stated, data are shown as the mean of at least three biolo-
gical replicates + SEM. Significant differences are indicated
as: *, p<0.05 **, p<0.01; ***, p<0.00l. Not significant
differences are not indicated. Specific statistical parameters
are specified in the figure legends.
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Table 1. Oligonucleotides for cloning.

Name Sequence

CSNK2a'f 5'-AGC TAG CGC CCT CGA GGC CAC CAT GCC CGG CCC GGC-3'

CSNK2a'r  5'-GGC GGA ATT GGG CTA GAG CGG CCG CTT AAG CGT AAT CTG GAA CGT CAT ATG GAT AGG ATC CTG CAT AGT CCG GGA CGT CAT AGG GAT AGC CCG
CAT AGT CAG GAA CAT CGT ATG GGT ATC GTG CTG CCG TGA GAC CA-3’

CSNK2bf  5'-GGC AGC TAG CGC CCT CGA GGC CAC CAT GGG TAA GCC TAT CCC TAA CCC TCT CCT CGG TCT CGA TTC TAC GGG CGG CGG CGG GAG CGG AGG AGG
TGG AAG CAG CAG CTC AGA GGA GGT GT-3’

CSNK2br  5'-GGG CGG AAT TGG GCT AGA GCG GCC GCT CAG CGA ATC GTC TTG ACT-3’

T2dRf 5'-GAG CTC GAG GCC ACC ATG TGT CTG CAC ACT TTC TGC GAG AGG-3'

T2dRr 5'-CTC ACG CGT TTA CTG TAA GTA TCG ATA G-3'

T2f 5'-GCT CTT AAG GCA GCT AGC GCC CTC GAG GCC ACC ATG GAC TAC AAG GAC GAC GAT GAC AAG ACG CGT GCA TCT AGA CAC AGG AGT GGC CGT TAT
G-3'

T2r 5'-GGG GCG GAA TTG GGC TAG AGC GGC CGC TCA CTG TAA GTA TCG ATA GAC TTT GAA ACA G-3'

T32f 5'-GCT CTT AAG GCA GCT AGC GCC CTC GAG GCC ACC ATG GCT GCA GCA GC-3'

T32r 5'-CTT GTA GTC TCT AGA TGC ACG CGT TGG GGT GGA ATA TCT TC-3’

T3-40f  5-GTG CCT GCA CGC CTT CTG CGA-3'

T3-40r  5-GGC AGC ACC TTA GGA CAC TG-3'

T3-661f  5'-CAA GTT CGG CGC CCA TGG CGA AG-3'

T3-661r 5-AAC AGG AAC TCG CCA TCA-3’

T3-83f  5-TTT CTT CAT CGC CGC CCT GAT GGA AGC CAT GCA GC-3'

T3-83r  5-TTG TTT TGC AGG GCG CTT-3'

T3dBf 5'-AGG GAT GTG GTG GAG CAG-3'

T3dBr 5'-AGC CAC TAC ACT GAG GGG-3'

T3dCf 5'-ACC ATT TGT GGG GCC AAA C-3'

T3dCf 5'-ATG CAG CAT CGC CCT GGA TCG G-3'

T3dCr 5'-CCT CAG CAG CAC TGT GCC-3'

T3dCr 5'-ACC AGG AAC TGC TTG TCC-3'

T3dFf 5'-CTG CGT CCG GGG GAC CTG-3'

T3dFr 5'-GAG CAG TGC GCC CAG ATT G-3'

T3dFNf  5-ACG CGT GCA TCT AGA GAC-3’

T3dFNr  5'-GAC GAG CTC ATC CTC AAT TGG G-3'

T3dNf 5'-ACG CGT GCA TCT AGA GAC-3’

T3dNr 5'-GAC GAG CTC ATC CTC AAT TGG G-3'

T3dRf 5"-GCT CTT AAG GCA GCT AGC GCC CTC GAG GCC ACC ATG GAG AGA TGT CTC C-3'

T3dRr 5'-CCT TGT AGT CTC TAG ATG CAC GCG TCT GGA GGT AGC GAT AGG C-3'

T3dTf 5'-ACC ACG AGC GCC ACT GCA-3'

T3dTr 5'-TGC CAT GGT GGC CTC GAG-3'

T3f 5'-GCT CTT AAG GCA GCT AGC GCC CTC GAG GCC ACC ATG GCA AAG AGG GAG G-3'

T3r 5'-CCT TGT AGT CTC TAG ATG CAC GCG TCT GGA GGT AGC GAT AGG C-3'

T45f 5'-AGC TCT TAA GGC AGC TAG CGC CCT CGA GGC CAC CAT GTC AGA AAA C-3

T45r 5'-GTA GTC TCT AGA TGC ACG CGT GAG AGC CAC AGT CCT AAG-3'

T56f 5'-TCT TAA GGC AGC TAG CGC CCT CGA GGC CAC CAT GGT TTC CCA CGG GT-3'

T56r 5'-TCC TTG TAG TCT CTA GAT GCA CGC GTA CTG TCC GGA GAA CGG A-3'

T71f 5'-GCT CTT AAG GCA GCT AGC GCC CTC GAG GCC ACC ATG GCT TCG TTC CCC G-3'

T71r 5"-CCT TGT AGT CTC TAG ATG CAC GCG TGA AGA CGA GGA TTC-3'
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