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SUMMARY
Reprogramming lipid metabolic pathways is a critical feature of activating immune responses to infection.
However, how these reconfigurations occur is poorly understood. Our previous screen to identify cellular
deubiquitylases (DUBs) activated during influenza virus infection revealed Usp25 as a prominent hit. Here,
we show that Usp25-deleted human lung epithelial A549 cells display a >10-fold increase in pathogenic influ-
enza virus production, which was rescued upon reconstitutionwith the wild type but not the catalytically defi-
cient (C178S) variant. Proteomic analysis of Usp25 interactors revealed a strong association with Erlin1/2,
which we confirmed as its substrate. Newly synthesized Erlin1/2 were degraded in Usp25�/� or
Usp25C178S cells, activating Srebp2, with increased cholesterol flux and attenuated TLR3-dependent re-
sponses. Our study therefore defines the function of a deubiquitylase that serves to restrict a range of viruses
by reprogramming lipid biosynthetic flux to install appropriate inflammatory responses.
INTRODUCTION

Virus outbreaks pose an ongoing risk to public health. Seasonal

influenza is estimated to claim approximately 500,000 lives

worldwide each year.1 The coronavirus disease 2019 (COVID-

19) pandemic caused by severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) has resulted in >6 million deaths

globally. These virus outbreaks underscore the importance of

developing vaccines and antiviral drugs against these patho-

gens. On the other hand, the rapid evolution of escape mutants

that resist host immune responses and virus-directed inhibitors

frequently makes developing safe and effective antiviral thera-

pies for influenza and SARS-CoV-2 difficult. Therefore, one

approach to responding to an outbreak is to develop drugs

or inhibitors against host factors that are critical for the virus

life cycle.2

Ubiquitylation has been implicated in several critical innate

and adaptive immune response processes.3 Therefore, many

viruses, including SARS-CoV and SARS-CoV-2 encode deubi-

quitylases (DUBs) in order to evade host defenses and establish

efficient viral infection.4,5 Apart from immune evasion, previous

studies have shown that ubiquitylation of influenza polymerase

basic protein 2 (PB2) and nuclear protein (NP) itself is important

for infectious virus particle production.6,7 Ubiquitylation can, in

turn, be hydrolyzed by either virally encoded or cellular DUBs.

It is noteworthy that Influenza A viruses (IAVs) do not express
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their own DUBs. We previously employed activity-based protein

profiling to identify DUBs activated during IAV infection and im-

mune signaling.8,9 Among others, we identified Usp25, which

was activated in an infection-specific manner.

In vivo studies in Usp25�/� mice have indicated that Usp25

inhibits IL-17-triggered signaling,10 and activates interferon

production by stabilizing Traf3 and Traf6.11 However, the cell-

intrinsic mechanism of Usp25 function is less clear.

Here, we identify a critical role of Usp25 in metabolic re-

programming upon challenge with influenza and SARS-

CoV-2. Usp25�/� cells display >10-fold increase in susceptibil-

ity to both viruses, with concomitant decreases in interferon

and proinflammatory cytokine production. The Usp25 interac-

tome revealed its strongest association with Erlin1/2, which,

in turn, regulated Srebp2 activation. Reconstituting the wild-

type but not the catalytically inactive variant in the Usp25�/�

cells rescued this phenotype. The Usp25-deficient phenotype

could be recapitulated in Erlin1/2-depleted cells. Our data

show that Usp25-Erlin1/2 activity regulates cholesterol biosyn-

thesis and efflux in response to TLR3-dependent sensing of

viral RNA. Although ubiquitin-dependent immune responses

have been widely reported, their regulation of immunometa-

bolic processes has been far less studied. Our results there-

fore define a previously uncharacterized Usp25-regulated

pathway for cholesterol biosynthetic flux to restrict RNA virus

infections.
er 20, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 2495
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Figure 1. Usp25 deficiency enhances group 1 and group 2 influenza virus production

(A) Western blots validating CRISPR/Cas9-mediated Usp25 deletion (Usp25�/�) in A549 cells. Gapdh expression was measured as loading control.

(B) Viral titer of wild-type (WT) and Usp25�/� A549 cell was measured in H1N1pdm, H3N2, and H9N2 influenza infection at the indicated time points (MOI = 0.01).

Viral titers were determined by plaque assay using MDCK cells. Data are shown as means of n = 3 ± standard deviations (SD). Two-way ANOVA was used to

analyze data; **p < 0.01, ****p < 0.0001. * denotes significant difference of viral titer between cells.

(C) HA-Ub-VME (10 mM) was added to permeabilized control cells or those infected with indicated viruses. Lysates generated were resolved by SDS-PAGE and

immunoblotted with anti-Usp25.

(D) Western blots validating WT Usp25 (Usp25WT) and catalytically inactive mutant of Usp25 (C178S) (Usp25C178S) rescued A549 cells. Gapdh was measured as

loading control.

(E) Viral titers of WT, Usp25�/� cells, Usp25WT, and USP25C178S A549 cells after H1N1pdm infection at the indicated timepoints (MOI = 0.01), determined by

plaque assay using MDCK cells. Data are shown as means of n = 3 ± standard deviations (SD). Data analyzed by two-way ANOVA (***p < 0.001, ****p < 0.0001).

(F) Western blot analysis of PB2 and NS1 protein expression upon H1N1pdm infection in WT and Usp25�/� A549 cells at the indicated time points (MOI = 0.01).

Gapdh was used as loading control.

See also Figure S1.
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RESULTS

Usp25–/– cells display increased susceptibility to virus
infection
Usp25 emerged as a DUB that is activated in virus-infected

cells.9 In order to investigate the function of Usp25 during viral

infection, we first generated Usp25�/� cells using CRISPR/

Cas9 technology. The experiments described in the study were

conducted using two separate Usp25�/� clones (c2 and c3) (Fig-

ure 1A). Because hemagglutinin (HA) subtypes of IAVs can be

clustered into group 1 (e.g., H1 and H5) and group 2 (e.g., H3

and H7), we challenged control and Usp25�/� cells with group

1 H1N1pdm, group 2 H3N2 and avian flu H9N2 at multiplicity

of infection (MOI) of 0.01, as well as with SARS-CoV-2 and

Zika viruses. Supernatants were collected from the infected cells

at 0, 6, 12, 24, 48, and 72 h post infection (hpi) and viral titers

were measured by plaque assay. Virus production from

Usp25�/� cells was 1.5–2 logs higher than the wild-type cells

for all IAV strains and SARS-CoV-2 (Figures 1B and S1A–S1C)

and also from primary epithelial cells (Figure S1D). For all IAV

strains, the fraction of Usp25 captured by HA-Ub-vinylmethyles-

ter (VME), a DUB-specific activity-based probe, is significantly

higher in virus-infected cells compared with mock-infected cells

(Figure 1C). In addition, we generated A549 cells stably express-
2496 Developmental Cell 58, 2495–2509, November 20, 2023
ing either wild-type (Usp25WT) or the catalytically dead variant

(Usp25C178S) in the Usp25�/� background. The cysteine residue

178 (Cys178) is essential for Usp25 function, and mutation re-

sults in complete loss of its catalytic activity.12 We reconstituted

both the wild-type Usp25 and catalytically inactive mutant of

Usp25 (C178S) into the Usp25�/� cells, which expressed at

similar levels (Figure 1D). Although the expression of Usp25WT

attenuated virus production, the expression of Usp25C178S did

not have any effect, suggesting that the catalytic activity of

Usp25 is necessary for this phenotype (Figure 1E). In line with

increased virus production, lysates from infected Usp25�/� cells

had increased expression of viral proteins compared with that of

wild-type cells (Figure 1F). Both PB2 and NS1were detectable at

24 hpi in Usp25�/� cells but not in wild-type cells. A modest

decrease in Usp25 expression occurred over the course of

infection (Figures S1E and S1F).

To further determine the specific stage in the viral life cycle

regulated by Usp25, we first assessed viral entry. Wild-type

and Usp25�/� cells were infected with R18-labeled IAV for 1 h.

The membrane-associated fluorescence of R18 is self-

quenched at high concentrations but becomes detectable

upon dilution and can be used to quantify viral entry and fusion

with the endosomal membrane (Figure S1G). In parallel, we

also quantified NP-positive cells at early time points in infection



Figure 2. Usp25 restricts late stages in virus infection

(A and B) WT and Usp25�/� A549 cells were infected with H1N1pdm virus and total versus surface expression of viral HA and M2 were quantified by flow cy-

tometry (MOI = 5). Data are shown as means of n = 3 ± standard deviations (SD). Data analyzed by Student’s unpaired t test was (**p < 0.01, ***p < 0.001).

(C, left panel) intracellular trafficking of viral HA was measured in IAV-infected (MOI = 1) wild-type or Usp25�/� A549 cells. 10 hpi cells were pulsed with [35S]

cysteine/methionine for 10 min, followed by chase in complete media for 30 and 60 min. HA was immunoprecipitated, Endo H-treated, resolved by gel elec-

trophoresis, and detected by autoradiography. (Right panel) Released virions were concentrated on chicken erythrocytes, resolved on SDS-PAGE, and detected

by autoradiography.

(D) [35S]cysteine/methionine-labeled cells were chased for indicated time points; surface biotinylation was performed using NHS-SS-biotin for 1 h at 4�C.
Biotinylated proteins were captured on streptavidin beads, cleaved using DTT, and immunoprecipitated with anti-HA antibodies.

(legend continued on next page)
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(Figure S1H). Entry and fusion remained unaffected in Usp25�/�

cells. To measure replication, we infected wild-type and

Usp25�/� cells with IAV (H1N1pdm) at a MOI of 5 for a single-cy-

cle viral infection. At 2, 4, 6, 8, and 10 hpi, total cellular RNA was

extracted, and virus M gene copy numbers of vRNA, cRNA, and

mRNA were measured using RT-qPCR, which confirmed that

viral replication was not affected in Usp25�/� cells (Figures S1I

and S1J). In addition, Usp25 did not associate with the viral pro-

teins PB2, NP, and NS1 as tested via co-immunoprecipitations

(Figures S1K and S1L). Collectively, these data indicate that

Usp25 does not regulate viral entry or replication but most likely

affects later stages to inhibit the production of infectious progeny

virions.

Usp25 regulates trafficking and secretion of IAV
To test the role of Usp25 in the later stages of the viral life cycle,

we examined trafficking of viral structural proteins to the cell sur-

face. The level of haemagglutinin (HA) and M2 at the cell surface

was measured in wild-type and Usp25�/� cells infected with IAV

at MOI 5, 8 hpi using flow cytometry (Figures 2A and 2B). Cells

were either permeabilized to assess the total intracellular levels

or left intact to assess only the cell surface pool of viral HA and

M2.Wild-type andUsp25�/� cells displayed similar levels of total

HA andM2; however, surface expression of both in theUsp25�/�

cells was 30%–40%more than in the wild-type cells (Figures 2A

and 2B), indicating faster kinetics of HA and M2 trafficking in the

Usp25�/� cells compared with wild-type control cells. Transport

via the secretory pathway was also verified using brefeldin A

treatment, which significantly reduced surface expression in

both wild-type and Usp25�/� cells (Figure S2A).

To verify the phenomenon of increased trafficking of newly

synthesized HA and M2, we performed pulse-chase assays by

radioactive labeling coupled with surface biotinylation. HA is

synthesized at the rough endoplasmic reticulum (ER) and glyco-

sylated at the ER and Golgi before arriving at the apical cell sur-

face.13 To measure HA trafficking, we radiolabeled IAV-infected

wild-type and Usp25�/� cells with [35S]cysteine/methionine for

10 min and chased for indicated time intervals in cold media

(Figures 2C and 2D). At each time point, HA was immunoprecip-

itated and treated with EndoglycosidaseH to measure the ER

versus Golgi/PM-resident fractions. In line with the FACS data,

trafficking of HA in Usp25�/� cells occurred with significantly

faster kinetics compared with that in wild-type cells (Figure 2C),

with a subsequent increase in the secretion of virus progenies

(Figure 2C). We biotinylated the cell surface fraction of HA and

M2 using cleavable NHS-SS-biotin. Biotinylated proteins were

first immunoprecipitated on streptavidin beads from wild-type

and Usp25�/� cells infected with IAV and pulse labeled with

[35S]cysteine/methionine. Eluted material was further immuno-
(E) Immunofluorescence imaging of Usp25 and KDELR were performed in mock

IAV-infected A549 cells was measured using Student’s unpaired t test (*p < 0.1).

(F) Negative-stain EM was performed in thin sections from IAV-infected wild-typ

(G) A549 cells were infected with cell-free virus particles collected from wild-typ

tissue culture infectious dose (TCID50/ml) using MDCK cells. Data are shown as m

t test.

(H) Viral stock (control) and cell-free supernatant collected from wild-type and U

room temperature for indicated times. Viral titers were determined by TCID50/ml u

Data analyzed by two-way ANOVA.

See also Figure S2.
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precipitated on specific antibodies against HA. Expression

of both HA and M2 at the cell surface was detected to be

significantly higher in Usp25�/� cells compared with the wild-

type (Figure 2D). To determine whether Usp25 was recruited to

the secretory pathway, we measured its colocalization with the

KDEL receptor in mock and IAV-infected cells, which revealed

a modest increase in the infected cells (Figure 2E).

To visualize the final stages in the IAV life cycle, we performed

EM-imaging of wild-type and Usp25�/� cells infected with IAV.

Although we detected spherical IAV progenies budding from

the surface of wild-type cells, this phenotype was altered in

Usp25�/� cells, where progeny virions displayed a filamentous

morphology (Figures 2F, S2B, and S2C). Infectivity and stability

of IAV progenies measured from wild-type and Usp25�/� cells

did not display significant differences (Figures 2G and 2H).

The morphology of IAV is primarily driven by the viral M2

protein.14 In particular, interaction of viral M2 with cholesterol

was reported to drive filamentous virions.15 We therefore aimed

to determine whether Usp25 regulated the expression and

ubiquitylation of M2. Surprisingly, increasing expression levels

of wild-type (Usp25WT) but not catalytically deficient Usp25

(Usp25C178S) resulted in a dose-dependent decrease in viral

M2 levels (Figure S2D). These data indicate thatM2 is not a direct

substrate of Usp25 because activity of Usp25WT is expected to

stabilize its potential substrates; however, Usp25 activity very

likely triggers M2 turnover via recruitment of E3-ligases followed

by either lysosomal or proteasomal degradation. In addition,

cells co-expressing M2 with either Usp25WT or Usp25C178S re-

vealed that although typical and atypical ubiquitin chains could

be isolated on M2, Usp25-dependent hydrolysis occurred spe-

cifically for K6- and K63-linked ubiquitin chains (Figures S2E

and S2F). This could potentially lead to increased K48-linked

ubiquitylation and degradation. Collectively, these data indicate

that Usp25 inhibits the later stages of the viral life cycle, particu-

larly the expression and trafficking of viral structural proteins.

Inhibition of autophagic flux in IAV-infected
Usp25–/– cells
One of the pathways routinely targeted by a range of viruses is

autophagy.16–20 The later stages of the IAV life (transport and as-

sembly) are facilitated by LC3+ compartments (for M2 trans-

port)21 and Rab11 (for vRNP transport).22 In particular, M2 of

IAV was shown to interact with LC3 and redistribute these com-

partments to the plasma membrane for virus budding.21 Recent

studies indicate that ubiquitylation of M2 by the MARCH8 E3-

ligase redirects it for lysosomal degradation.23 Both LC3 and

Rab11 expression levels were significantly enhanced in both

mock and virus-infected Usp25�/� cells compared with the

wild type (Figures 3A–3C). These data indicate that deletion
and IAV-infected cells (MOI = 5). Colocalization coefficient between mock and

e and Usp25�/� cells. Red arrows indicate budding virions.

e and Usp25�/� A549 cells (MOI = 0.01). Viral titers were determined by 50%

eans of n = 3 ± standard deviations (SD). Data analyzed by Student’s unpaired

sp25�/� A549 cells were frozen either immediately or after having been left at

sing MDCK cells. Data are shown as means of n = 3 ± standard deviations (SD).



Figure 3. Usp25 deletion increases autophagosome abundance

(A) Western blot analysis of LC3-I/II and Rab11 protein expression in WT and Usp25�/� A549 cells at indicated time points. Cells were either mock-infected or

H1N1pdm-infected at MOI of 0.01. Gapdh levels were measured as a loading control.

(legend continued on next page)
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of Usp25 results in either decreased autophagic flux or specific

induction of non-canonical LC3+ compartments previously

described to assist in viral protein transport.21

To distinguish between degradative versus non-classical

LC3+ compartments, we generated a stable reporter cell line

with fluorescently tagged LC3 (mCherry-GFP-LC3) and

measured autophagic flux using flow cytometry.16,17 The princi-

ple of this assay is based on the pH resistance of mCherry versus

the sensitivity of GFP fluorophores to the acidic environment of

late endosomes and lysosomes. In line with the immunoblots,

quantification by flow cytometry indicated accumulation of auto-

phagosomes upon infection in both wild-type and Usp25�/�

cells, with a significantly higher population of non-degradative

autophagosomes in the Usp25�/� cells for both mock and in-

fected cells (Figures 3D, 3E, and S3A). We hypothesized that

these LC3+ compartments in Usp25�/� cells provide a cellular

environment that primes the cell to favor viral M2-dependent

IAV transport and budding, resulting in higher viral production

observed as early as 6 hpi in the Usp25�/� cells. In contrast,

the abundance of amphisomes and/or autolysosomes was

reduced upon infection, more significantly in the Usp25�/� cells,

suggesting that IAV inhibits the degradative arm of the autopha-

gosomal pathway to prevent virus clearance (Figures 3D and 3E).

To test whether other components of the autophagosomal

pathway were also altered, we measured expression levels

of Beclin-1 (a conventional autophagy marker), ATG5, and

ATG12 in IAV-infected wild-type and Usp25�/� cells, and none

of them displayed detectable differences between wild-type

and Usp25�/� cells (Figure S3B). However, when we measured

ULK1, an early autophagy marker, by confocal imaging, a signif-

icant increase in punctate structures was detected in the

Usp25�/� cells compared with wild type, in line with the increase

in LC3-II compartments (Figure S3C). To specifically test the role

of LC3 in IAV production, we generated both wild-type and

Usp25�/� cells that were depleted in LC3 (Figure S3D). In both

cases, LC3-depleted cells displayed dramatically reduced IAV ti-

ters, underscoring the key role it plays in the IAV life cycle (Fig-

ure 3F). In contrast, depletion of Beclin-1 did not have any

detectable effect on virus production (Figure S3E).

To further characterize autolysosomal inhibition, wemeasured

the steady-state levels of lysosomal markers in wild-type and

Usp25�/� IAV-infected cells. Expression of Lamp1 and Lamp2

decreased significantly at 24 hpi in the Usp25�/� cells compared

with that in the wild type, reflecting a decrease in the number of

functional lysosomes (Figure 3G). In addition, we observed a
(B and C) Ratio of LC3-II to LC3-I and Rab11 expression normalized to Gapdh w

deviations (SD). Data analyzed by two-way ANOVA (*p < 0.1, **p < 0.01, ***p < 0

(D and E) WT and Usp25�/� mCherry-GFP-LC3 stable A549 cells were infected

performed by flow cytometry. Data are shown as means of n = 3 ± standard dev

***p < 0.001, ****p < 0.0001).

(F) siRNA-mediated depletion of LC3 was performed in WT and Usp25�/� A549 c

points, viral titers were measured by plaque assay. Data are shown as means of

(***p < 0.01, ****p < 0.0001).

(G)Western blot analysis of Lamp1, Lamp2, cathepsin B, andRab8b protein expre

points (MOI = 0.01). Gapdh was measured as loading control.

(H) Immunofluorescence images of A549 cells infected with H1N1pdm viruses at M

in green.

(I) Colocalization of NP with Lamp1 and Rab11 between WT and Usp25�/� A549

See also Figure S3.
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marked reduction in both the precursor and mature forms of

cathepsin B (lysosomal hydrolase) in the Usp25�/� cells, along

with Rab8b, known to be involved in degradative autophagy24,25

(Figure 3G). The decrease in Lamp1 and increase in Rab11

abundance in IAV-infected cells was also observed by immuno-

fluorescence imaging (Figures 3H and 3I). These data are in line

with our observation that autophagic degradation is arrested in

the Usp25�/� cells. Interestingly, Usp25 deletion resulted in

Lamp1 hyperglycosylation (Figure S3F), which is linked to

lysosomal dysfunction26 and altered cellular cholesterol homeo-

stasis.27 This phenomenon was also evident in [35S]cysteine/

methionine-labeled cells, particularly in the Usp25C178S catalyti-

cally dead variant-expressing cells (Figure S3G). Collectively,

these data indicate that (1) the non-degradative LC3+ population

is increased in the Usp25�/� cells to promote virus release and

(2) both autophagic degradation and lysosomal activity in

Usp25�/� cells are suppressed, which together facilitate virus

production from these cells.

Usp25 deficiency suppresses innate immune signaling
in IAV-infected cells
Because Usp25 inhibited late stages in the viral life cycle, we

aimed to determine if this occurred as a consequence of

increased innate immune responses to infection. Previous re-

ports indicated that Usp25 regulates the expression of Traf3

and Traf6.11 Therefore, to test whether the effect of increased

IAV infection was on account of Traf3 and Traf6 degradation,

we co-expressed Traf3 and Traf6 in the wild-type and

Usp25�/� cells. Although expression of Traf3 and Traf6 moder-

ately suppressed infection, they did not alter the increase in

IAV production from Usp25�/� cells (Figures S4A and S4B).

IAV infection in A549 cells triggers TLR3, RIG-I, and IFN-I

signaling pathways.28 To test the effect of Usp25 on these path-

ways, we first measured the expression profiles of common im-

mune effectors. Compared with the wild-type cells, Usp25�/�

cells showed a significant reduction in RIG-I protein expression

during the course of IAV infection (Figure 4A). Downstream effec-

tors such as Traf3, pTbk1, pIRF3, and IRF7, as well as IFNAR ef-

fectors, were mildly attenuated (Figure 4A). Secretion of several

proinflammatory cytokines such as IL-6, TNFa, IP-10 (CXCL10),

and IFN-l1 was substantially reduced (Figure 4B). In contrast,

secretion of chemokines such as RANTES, MIP-3a (CCL20),

MIP-1b (CCL4), and I-TAC (CXCL11) remained unaltered or

moderately upregulated in the Usp25�/� cells upon infection

(Figure 4C).
ere quantified by densitometry. Data are shown as means of n = 3 ± standard

.001, ****p < 0.0001; ns: not significant).

with H1N1pdm at MOI = 5. Quantification of the populations in the cells were

iations (SD). Data analyzed by Student’s unpaired t test (*p < 0.1, **p < 0.01,

ells followed by infection with H1N1pdm strain (MOI = 0.01). At indicated time

n = 3 ± standard deviations (SD). Two-way ANOVA was used to analyze data

ssion inWT andUsp25�/�A549 cells after H1N1pdm infection at indicated time

OI = 5was shown. Viral protein (NP) is depicted inmagenta; Lamp1, Rab11 are

cells quantified by Student’s unpaired t test (**p < 0.01).



Figure 4. Usp25-deficiency dampens TLR3-dependent inflammatory responses

(A) Western blot analysis of RIG-I and downstream effectors of the RIG-I pathway protein expression in wild-type and Usp25�/� A549 cells after H1N1pdm

infection at indicated time points (MOI = 0.01). Gapdh was measured as loading control.

(legend continued on next page)
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To decouple virus-triggered immune suppression from

Usp25-dependent immune dysregulation, we stimulated wild-

type and Usp25�/� cells with transfected poly (I:C) or exogenous

IFNa as a means to trigger RIG-I (via poly [I:C]) or IFNAR (via

IFNa) (Figure S4C). Interestingly, no significant change in RIG-I

expression or its downstream effectors was detected between

wild-type and Usp25�/� cells (Figure S4C). These data indicate

that RIG-I suppression is not directly due to Usp25 deficiency

but rather a virus-triggered effect. However, suppression of

proinflammatory cytokine production remained significantly

low in Usp25�/� cells specifically stimulated with extracellular

poly I:C but not when transfected, suggesting defective TLR3

signaling and not RIG-I being attenuated in Usp25�/� cells

(Figures 4D and 4E).

To further distinguish RIG-I versus TLR3-dependent immune

suppression in Usp25-deficient cells, we inhibited Usp25 using

AZ1, a specific dual inhibitor of Usp25/Usp28 in wild-type,

RIG-I�/�, or TLR3�/� cells.29 Cells were then infected with

H1N1pdm to measure the selected cytokines. Pharmacological

inhibition of Usp25 in RIG-I�/� but not TLR3�/� cells abolished

cytokine production, indicating attenuation of cytokine responses

in Usp25�/� cells was TLR3 mediated (Figures 4F and 4G).

The catalytic activity of Usp25 is necessary for its
antiviral function
Given that reconstitution with wild-type Usp25 (Usp25WT) but not

the catalytically inactive mutant (Usp25C178S) restored viral titers

(Figure 1C), we aimed to test whether the increased abundance

of autophagosomal compartments and suppressed immune re-

sponses in Usp25�/� cells are recapitulated with Usp25C178S.

Usp25�/� A549 cells were transduced with Usp25WT or

Usp25C178S for stable expression and infected with H1N1pdm.

Expression of LC3-I/II, Rab11, and Lamp1 was measured by

immunoblotting at each time point. In line with results from

wild-type control and Usp25�/� cells, abundance of LC3 and

Rab11 compartments was increased in Usp25C178S but not in

Usp25WT cells (Figures 5A and 5B). As observed for Usp25�/�

cells, proinflammatory cytokine responses were attenuated in vi-

rus-infected and poly (I:C) stimulated Usp25C178S but not in

Usp25WT cells (Figures 5C and 5D). Similarly, RIG-I expression

was suppressed upon IAV infection but not upon poly (I:C) trans-

fection or IFN-I treatment, confirming this feature as virus-medi-

ated rather than Usp25-dependent (Figures S5A and S5B).

Collectively, these data indicate that the catalytic activity of

Usp25 is necessary for restricting LC3 andRab11 compartments

and IAV production.

Usp28 is a close homolog of Usp25 with structural similar-

ities.30 To elucidate whether the Usp25-dependent phenotype

in IAV infection is a specific feature of Usp25, we depleted
(B and C) Cell culture supernatants in mock and H1N1pdm infected WT and Usp2

were determined by flow cytometry using the LEGENDplex antiviral and proinflam

deviations (SD). Data analyzed by Student’s unpaired t test (*p < 0.1, **p < 0.01,

(D and E) WT and Usp25�/� cells were either stimulated with 25 mg/ml poly (I:C) an

(I:C) with Lipofectamine to trigger RIG-I for 24 h. Cytokine profiles were determine

significant as analyzed by Student’s unpaired t test).

(F and G) WT, RIG-I�/� and TLR3�/� cells were infected with H1N1pdm (MOI 0.0

described in (B). (*p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns: not signific

See also Figure S4.

2502 Developmental Cell 58, 2495–2509, November 20, 2023
Usp28 using siRNA and subjected the Usp28-deficient cells to

IAV infection. In contrast to the effect of Usp25 deletion, our re-

sults showed that viral titers, RIG-I signaling, and autophagy

were not affected upon Usp28 depletion, indicating that the anti-

viral function of Usp25 is specific (Figures S5C and S5D). The

distinct results displayed by Usp25 and Usp28 during IAV infec-

tion may well be due to different subcellular localizations; Usp28

resides in the nucleus, whereas Usp25 can be found both in the

nucleus and cytoplasm.31 Although Usp25 and Usp28 share a

high degree of sequence identity and domain structure, their ac-

tivity is regulated by distinct oligomerization states.31 In line with

these findings, our results indicate that, in the context of infec-

tion, the antiviral role of Usp25 is specific.

Usp25 interactswith and stabilizes the Erlin1/2 complex
To determine Usp25 interactors in mock and IAV-infected cells,

we immunoprecipitated proteins from cells expressing FLAG-

tagged Usp25. Immunoprecipitated material from mock and

IAV-infected cells were subjected to trypsin digestion and

analyzed by mass spectrometry. Proteomic analyses revealed

that Usp25 interacted with Erlin1 and Erlin2 in both mock and

IAV-infected cells (Figure 6A). The Erlin1/2 complex is involved

in ER-associated degradation. In addition, Usp25 interacted

with several proteins specifically in IAV-infected cells (Figure 6B).

In particular, IAV-infected cells displayed an enrichment of the

mitochondrial protein complex Tufm-Nlrx1 that has previously

been implicated in autophagy, and RIG-I signaling immune

checkpoint32 and RALY (a regulator of LXR), which is a transcrip-

tional regulator of cholesterol efflux.33 The viral M2 and NP

proteins were also found to co-precipitate with Usp25 from

IAV-infected cells.

To confirm the role of Usp25 in Erlin1/2, we first measured their

expression profiles in mock and virus-infected cells. Erlin1/2

expression was found to increase upon Usp25 expression

and decrease in Usp25�/� or Usp25C178S cells (Figure 6C). To

confirm whether Erlin1/2 were Usp25 substrates, we performed

pulse-chase assays in cells radiolabeled with [35S]cysteine/

methionine. In both the Usp25�/� and Usp25C178S cells, Erlin1

and 2 were found to undergo rapid turnover, with higher

molecular weight forms similar to ubiquitylation apparent in the

Usp25C178S cells. On the other hand, Erlin1/2 levels were stabi-

lized in the Usp25WT cells (Figures 6D and 6E), indicating that

turnover of the Erlin1/2 complex might be regulated by Usp25.

To validate the IAV-specific interactions identified by mass

spectrometry, we co-transfected Myc-Usp25 with FLAG-tagged

constructs in HEK293T cells (Figure 6F). We could detect inter-

action of Usp25 with IFIT1, IFIT5 and viral M2 (both wild type

and a LC3-interaction region mutant version M2F91S). Interac-

tion of Erlin1/2 with Usp25 was validated using a BioID construct
5�/� A549 cells were harvested (MOI = 0.01), and cytokine/chemokine profiles

matory cytokine response panel. Data are shown as means of n = 3 ± standard

***p < 0.001, ****p < 0.0001; ns: not significant).

d added to cell culture for 24 h to trigger TLR3 or transfected with 10 mg/ml poly

d as described in (B). (*p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns: not

1, 24 h) in the presence of AZ1 (5 mM). Cytokine profiles were determined as

ant as analyzed by Student’s unpaired t test).



Figure 5. Catalytically deficient Usp25 recapitulates the Usp25–/– phenotype in virus infection

(A) Ratio of LC3-II to LC3-I used to measure LC3-II accumulation in H1N1pdm-infected Usp25WT and Usp25C178S A549 cells (MOI = 0.01). Data are shown as

mean of n = 3 ± standard deviations (SD). Data analyzed by two-way ANOVA (***p < 0.001, ****p < 0.0001; ns: not significant).

(B) Western blot analysis of Rab11, LC3, and Lamp1 protein expression in H1N1pdm-infected Usp25WT and Usp25C178S A549 cells (MOI = 0.01). Gapdh levels

measured as a loading control.

(C and D) Cell culture supernatants from H1N1pdm-infected (C) or poly-I:C-treated (D) Usp25WT and Usp25C178S A549 cells (MOI=0.01) were harvested, and

cytokine/chemokine profiles were determined by flow cytometry using the LEGENDplex antiviral and proinflammatory cytokine response panel. Data are shown

as means of n = 3 ± standard deviations (SD). Data analyzed by Student’s unpaired t test (*p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001).

See also Figure S5.
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Figure 6. Usp25 interacts with and stabilizes the Erlin1/2 complex

(A) FLAG-Usp25 expressed in A549 cells were either mock infected or H1N1pdm-infected (MOI = 1). Usp25 was immunoprecipitated frommock and H1N1pdm-

infected cells on anti-FLAG M2 affinity beads and trypsin digested to identify interactors using mass spectrometry. Volcano plots indicate protein enrichments in

mock and H1N1pdm-infected cells.

(B) Candidates with the highest number of unique peptides were isolated specifically from H1N1pdm-infected cells.

(C) A549 cells expressing either FLAG-tag or FLAG-Usp25WT were either mock infected or H1N1pdm infected. Expression of Erlin1 and Erlin2 were measured by

immunoblotting. Gapdh levels measured as loading control. A549 cells either Usp25�/�, or expressing Usp25WT or Usp25C178S weremock or H1N1pdm infected,

and Erlin2 expression measured by immunoblotting.

(D and E) IAV-infected A549 cells either Usp25�/� or expressing Usp25WT or Usp25C178S were pulsedwith [35S]cysteine/methionine and chased for indicated time

intervals. At each time point, Erlin1/2 was immunoprecipitated, resolved by SDS-PAGE and detected by autoradiography.

(F) HEK-293T cell extracts, transiently co-transfected with Myc-Usp25 together with the indicated plasmids encoding FLAG-IFIT1, FLAG-IFIT5, influenza

FLAG-M2, and FLAG-M2 F91S (containing a mutation in its LC3-interacting region to prevent association with autophagosomes) were immunoprecipitated on

anti-FLAGM2 affinity beads. The immunoprecipitates were analyzed by immunoblotting with anti-Myc to validate their interactionwith Usp25. Transfected FLAG-

tagged proteins were detected by immunoblotting the cell lysates (CL) with anti-FLAG. Gapdh was used as loading control.

(G) A549 cells expressing either myc-BirA or myc-BirA-Usp25 cultured in biotin-supplemented media were either mock or H1N1pdm-infected. Lysates were

captured on Neutravidin beads and eluates were immunoblotted for Erlin1 and Erlin2.

(H and I) IAV-infectedWT and Usp25�/� cells were pulsed with [35S]cysteine/methionine for 10min and chased in cold media for indicated time intervals in DMSO

alone or 50 mM MG132-treated (o/n) cells. Erlin1 and Erlin2 were immunoprecipitated, resolved by SDS-PAGE and detected by autoradiography. Quantitation

was performed as relative amounts normalized to the starting amount at t = 0.

See also Figure S6.
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of Usp25 followed by capture on Neutravidin beads and immu-

noblotting for Erlin1/2 (Figure 6G). To verify if Usp25-dependent

turnover of Erlin1/2 occurred via proteasomal degradation, we

performed pulse-chase analyses in [35S]cysteine/methionine-

labeled infected wild-type and Usp25�/� cells, combined with

MG132 treatment to block proteasomal degradation. Erlin1/2

turnover in Usp25�/� cells could be rescued upon MG132 treat-

ment, verifying proteasomal degradation of this complex (Fig-

ures 6H and 6I). Although mitochondrial components (e.g.,

Tufm) were identified as Usp25 interactors, their expression

levels were not appreciably altered in wild-type and Usp25�/�

cells or in Usp25WT and Usp25C178S during the course of

infection with IAV (Figures S6A–S6C). In addition, a very modest

increase in mitochondrial localization was observed for Usp25 in

infected cells (Figures S6D and S6E). Collectively, our data indi-

cated that, although Usp25 interacted with mitochondrial com-

ponents in virus-infected cells, it had a more direct impact on

the stability of the Erlin1/2 complex.

Usp25-Erlin1/2 serves to restrict virus production by
regulating cholesterol flux
To determine how Usp25-Erlin1/2 restricted influenza infection,

we first generated shRNA-mediated depletions of Erlin1, Erlin2,

and a combination of Erlin1/2 (Figure 7A). Control and Erlin1/2-

depleted cells were infected with IAV. In line with the Usp25-defi-

cient phenotype, Erlin1/2-deficient cells displayed increased

production of virus particles (Figure 7B). This phenomenon was

recapitulated in cells infected with a wide range of viruses,

including the highly pathogenic H5N1 and SARS-CoV-2 (Fig-

ure 7C). In contrast, overexpression of wild-type Erlin1/2 resulted

in significantly reduced virus production, whereas a spastic

paraplegia-linked mutant variant (ErlinT65I) did not affect virus

production, confirming its role as a virus restriction complex

(Figure 7D). The activity of Usp25-dependent virus restriction

via Erlin1/2 was also verified by overexpression of Usp25 in the

Erlin1/2-depleted cells, which failed to restrict H1N1pdm infec-

tion (Figure 7E). On the other hand, overexpression of Erlin2 in

Usp25-deficient cells resulted in restriction of H1N1pdm infec-

tion (Figures S7A and S7B).

A previous study implicated Erlin1/2 as interactors of

Srebp2,34 a key transcription factor that regulates cholesterol

biosynthesis. Therefore, to determine whether Usp25-deficient

and Erlin1/2-deficient cells displayed altered lipid and choles-

terol content, we first stained for lipid droplets in them. No signif-

icant difference was observed in the abundance of lipid droplets

in Usp25-deficient or Erlin1/2-depleted cells (Figure 7F). Howev-

er, we detected significantly increased activation of Srebp2 in

infected Usp25�/� and Usp25C178S mutant cells, but not in

Usp25WT cells. Similarly, Erlin1/2-depleted cells displayed

increased SREBP activation, measured by metabolic labeling

with [35S]cysteine/methionine (Figures 7G and 7H). In line with

these observations, we measured HMG-CoA reductase levels

(the rate-limiting enzyme in cholesterol biosynthesis) in infected

Usp25-deficient and Erlin1/2-depleted cells, both of which dis-

played increased levels compared with controls (Figure 7I).

This was also supported by increased total cholesterol levels in

these cells compared with controls (Figure 7I). Furthermore, we

detected significantly increased [3H]cholesterol efflux in the

Usp25-deficient and Erlin1/2-deficient cells (Figure 7J). Deple-
tion of intracellular cholesterol levels by treatment with either

methyl b-cyclodextrin or by simvastatin resulted in impaired virus

production as well as surface levels of viral HA (Figures S7C–

S7E). In line with the Usp25-deficient phenotype, loss of the Er-

lin1/2 complex also resulted in increased abundance of Rab11

and LC3 compartments, with a concomitant decrease in lyso-

somal proteins (Figure S7F), which could be reversed by inhibit-

ing cholesterol synthesis (Figure S7G). Similarly, Erlin1/2 deple-

tion facilitated virus-triggered autophagosome formation (with

a decrease in autolysosome abundance), whichwas suppressed

by inhibiting cholesterol synthesis (Figure S7H). Collectively, our

results indicate that in infected cells, Usp25-dependent stabili-

zation of the Erlin1/2 complex limits cholesterol biosynthetic

flux and subsequent efflux, which potentially results in sup-

pression of virus production. In an analogous model, limiting

cholesterol synthesis was shown to trigger IFN-I signaling in an

atherosclerosis model.35 Our data indicate that Usp25-defi-

ciency results in rapid turnover of the Erlin1/2 complex, resulting

in unrestricted cholesterol and lipid biosynthesis to generate

transport vesicles (e.g., Rab11 and LC3) that are hijacked by

viruses for assembly and secretion from infected cells, and

suppressing the production of TLR3-dependent inflammatory

cytokines (Figure 7K).
DISCUSSION

In this study, we have identified a key role of Usp25 in limiting

cholesterol biosynthetic flux to trigger TLR3-dependent immune

activation and restrict virus infection. We previously identified

Usp25 as a DUB that was activated upon virus infection9; here,

we characterize its role in triggering a metabolic inflammatory

circuit that serves as an important component of host defense.

Viruses have been shown to manipulate intracellular lipids as

resources for replication, assembly, and secretion.19,25,36,37

Decreasing lipid synthesis during infection therefore serves to

limit the resources available to viruses. The mevalonate pathway

and IFN-I signaling pathway were proposed to be part of a meta-

bolic inflammatory circuit35; our data indicate that this circuit is

regulated by the Usp25-Erlin1/2 complex in order to maintain

appropriate immune responses to infection.

IAV is known to induce autophagy by promoting autophago-

some generation while inhibiting fusion to form autolysosomes,

resulting in an accumulation of LC3-II to facilitate viral prolifera-

tion.27 Viral M2, HA, and NS1 proteins are able to induce auto-

phagy. Furthermore, the M2 protein was reported to subvert

autophagy to generate LC3+ compartments for transport to viral

budding sites at the plasma membrane.21 Viral manipulation of

this pathway therefore serves multiple purposes. Our data indi-

cate that loss of the Usp25-Erlin1/2 dependent restriction results

in increased formation of LC3+ compartments, thereby creating

an intracellular environment conducive to infection. In a similar

vein, Rab11 compartments have been shown to facilitate

transport of viral RNP to viral assembly and budding sites at

the plasma membrane.22 We show that increased cholesterol

biosynthesis alone is sufficient to trigger the formation of

Rab11 compartments, again providing a permissive environ-

ment to virus assembly. This increases virus production in

Usp25�/� cells by contributing to the later stages of the viral
Developmental Cell 58, 2495–2509, November 20, 2023 2505



Figure 7. Usp25 stabilizes the Erlin1/2 complex to regulate cholesterol biosynthetic flux

(A) shRNA-mediated gene-depletion was performed for Erlin1 or Erlin2 or both in A549 cells and verified by immunoblotting.

(B and C) Erlin1/2-depleted cells were challenged with H1N1pdm, H5N1, and SARS-CoV-2 for indicated time intervals. Viral titers were measured using plaque

assays.

(D) A549 cells expressing empty vector control, Erlin1WT, Erlin2WT, and Erlin2T65I were challenged with H1N1pdm (MOI = 0.01) and viral titers measured by plaque

assay 24 h post infection.

(E) Usp25 over-expressed in Erlin1/2-depleted cells from (A) were infected with H1N1pdm (MOI 0.01) for 48 h. Viral titers were measured using plaque assay.

(F) WT, Usp25�/�, Usp25WT, or Usp25C178S A549 cells were stained for lipid droplets using BODIPY labeling upon mock and H1N1pdm infection (upper panel).

Erlin1/2-depleted cells were stained for lipid droplets using BODIPY labeling upon mock and H1N1pdm infection (lower panel).

(G) IAV-infected Usp25�/�, Usp25WT, or Usp25C178S A549 cells were pulsed with [35S]cysteine/methionine and chased for indicated time intervals. SREBP2 was

immunoprecipitated at each time point, resolved by gel electrophoresis and detected by autoradiography.

(H) Same as (G) in Erlin1/2-depleted cells.

(I) Lysates generated from infected WT, Usp25�/�, Usp25WT, or Usp25C178S A549 cells (upper panel) and from Erlin1, Erlin2, and Erlin1/2 depleted cells (lower

panel) were immunoblotted for HMG-CoA reductase (HMGCR) levels. Total cellular cholesterol levels in indicated cells were measured by lipid extraction into

hexane/isopropanol (vol/vol, 3:2) followed by Amplex Red cholesterol quantitation as per the manufacturer’s protocol.

(J) Cholesterol efflux in infected cells was measured in supernatants collected from [3H]cholesterol labeled WT, Usp25�/� and shErlin2 cells by scintillation

counting.

(K) Model for Usp25-mediated stabilization of the Erlin1/2 complex and regulation of cholesterol biosynthetic flux.

See also Figure S7.
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life cycle of assembly and secretion. Collectively, altered lipid

biosynthesis creates an ideal environment for viral propagation.

A key implication of our data is that viral sensing can occur by

altering intracellular lipid content that is directly conveyed to

inhibit de novo lipid synthesis and engage innate sensors to pro-

duce IFN-I. This most likely occurs due to altered cholesterol
2506 Developmental Cell 58, 2495–2509, November 20, 2023
pools in intracellular compartments that are sensed by innate im-

mune receptors. Although influenza viruses are largely

recognized by RIG-I and TLR3, our data indicate that altered

cholesterol pools are sensed via TLR3 and not by RIG-I. Concep-

tually, this makes sense, given the location of TLR3 in endosomal

membranes as opposed to RIG-I in the cytoplasm. These
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findings are in line with our own previous studies showing

decreased synthesis and increased esterification of lipids upon

exogenous IFN-stimulation.38

Usp25 was previously implicated in innate immune signaling in

mouse models, where Usp25 deficiency resulted in increased

susceptibility to infection.11 Our results are in line with these find-

ings and provide themechanistic underpinning of Usp25-depen-

dent innate immune activation. More importantly, limiting

cholesterol and fatty acid synthesis is expected to be a universal

feature in inflammatory responses to infection as restriction

mechanisms. Indeed, Erlin1 emerged as a host restriction factor

for SARS-CoV-2.39 Targeting molecules such as the Smurf1 E3-

ligase,40,41 that functions as a negative regulator of Usp2542 to

boost host defense, will therefore be a promising approach to

developing potential antivirals.

Limitations of the study
The mechanism underpinning increased production of a subset

of cytokines from the Usp25�/� cells is currently unknown, and

the physiological significance of the differences in responses

of classical inflammatory cytokines versus this subset is not

entirely clear.

It was not possible to visualize the precise localization of

Usp25 with that of Erlin1/2 in virus-infected cells. Although our

biochemical data indicate an increase in association in infected

cells compared with mock infection, visualization would have

enabled analyses of Usp25 distribution in infected cells and

the bystander population.

In this study, virus infections were performed in 2D cultures of

cell lines, which differ from the tissue architecture in the lung.
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Anti-STAT1 Cell Signaling Technology Cat# 9172; RRID: AB_2198300
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Anti-Phospho-STAT2 (Tyr690) Cell Signaling Technology Cat# 88410; RRID: AB_2800123
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Anti-Capthesin D Abcam Cat# ab198326

Anti-Rab 11 Cell Signaling Technology Cat# 5589; RRID: AB_10693925

Anti-Rab 8b Thermo Fisher Scientific CAT# PA5-67354; RRID: AB_2664303

Anti-Flag-HRP Sigma Aldrich Cat# A8592; RRID: AB_439702

Anti-HA-HRP Abcam Cat# ab128131; RRID: AB_11143947
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Bacterial and Virus Strains

A/California/07/2009(H1N1 pandemic) Jahan et al.9 N/A

A/Oklahoma/309/06 (H3N2) Fan et al.43 N/A

A/Hong Kong/1073/99 (H9N2) Chan et al.44 N/A

A/Vietnam/1203/2004 (H5N1) Herfst et al.45 N/A

A/Shanghai/02/2013 (H7N9) Mok et al.46 N/A

Human coronavirus 229E ATCC VR-740

BetaCoV/Hong Kong/VM20001061/2020 Lv et al.47 N/A

ZIKV (NC-14-5132) Lan et al.16 and Li et al.17 N/A

Chemocompetent E. coli DH5a Thermo Fisher Scientific Cat# 18265017
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Chemicals, Peptides, and Recombinant Proteins

DMEM Thermo Fisher Scientific Cat# 10569010

HEPES Thermo Fisher Scientific Cat# 15630130

Trypsin-EDTA Thermo Fisher Scientific Cat# 25200072

Penicillin-Streptomycin Thermo Fisher Scientific Cat# 15140122

Fetal Bovine Serum (FBS) Thermo Fisher Scientific Cat# 10500064
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Puromycin InvivoGen Cat# ant-pr-1

Hygromycin B Thermo Fisher Scientific Cat# 10687010

Triton X-100 Sigma Aldrich Cat# 93443

Complete protease inhibitor cocktail Roche Cat# 11836145001

Normal Goat Serum (NGS) Thermo Fisher Scientific Cat# 31873

MG132 Sigma Aldrich Cat# M7449

TransITLT1 transfection reagent Mirus Cat# MIR2304

Lipofectamine 3000 Thermo Fisher Scientific Cat# L3000008

Polyethylenimine (PEI) Polysciences Cat# 23966-1

DharmaFECT1 Dharmacon Cat# T-2001-03

Octadecyl Rhodamine B Chloride (R18) Thermo Fisher Scientific Cat# O246

Fix Perm Kits BD PharMingen Cat# 554714

TPCK-Trypisn Thermo Fisher Scientific Cat# 20233

T4 ligase New England Biolabs Cat# M0202S

Endo H New England Biolabs Cat# P0702S

PNGase F New England Biolabs Cat# P0704S

Critical Commercial Assays

TriFECTa DsiRNA Kit Integrated DNA Technologies Cat# hs.Ri.USP28.13

TriFECTa DsiRNA Kit Integrated DNA Technologies Cat# hs.Ri.SMURF1.13

TriFECTa DsiRNA Kit Integrated DNA Technologies Cat# hs.Ri.BECN1.13

TriFECTa DsiRNA Kit Integrated DNA Technologies Cat# hs.Ri.MAP1LC3B.13

PrimeScript RT Reagent Kit TAKARA Cat# RR037A

MiniBEST Universal RNA Extraction Kit TAKARA Cat# 9767

MiniBEST Viral RNA Extraction Kit TAKARA Cat# 9766

TB Green Premix Ex Taq II (Tli RNase

H Plus)

TAKARA Cat# RR820A

LEGENDplex Human Anti-Virus

Response Panel

Biolegend Cat# 740390

LEGENDplex Human Proinflammatory

Chemokine Panel 1

Biolegend Cat# 740984

Deposited Data

Proteomics; PRIDE database This study Accession: PXD034797

Experimental Models: Cell Lines

A549 ATCC CCL-185

A549 Usp25-/- This study N/A

A549 Usp25WT This study N/A

A549 Usp25C178S This study N/A

Tandem-tagged mCherry-GFP-LC3 A549 This study N/A

Tandem-tagged mCherry-EGFP-LC 3

A549 Usp25-/-
This study N/A

293T ATCC CRL-3216

A549 ACE2 Lo et al.48 N/A

MDCK ATCC CCL-34
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MRC-5 ATCC CCL-171

Vero ATCC CCL-81

Oligonucleotides

GGCACCAAGGCACATAACGG (sgRNA) This study N/A

GAGACTGAAAGATTACCTCA

(sgRNA)

This study N/A

AGCAAAAGCAGG (uni-12) This study N/A

AGTAGAAACAAGG (uni-13) This study N/A

GACCAATCCTGTCACCTCTGA

(M Gene-Forward)

This study N/A

AGGGCATTTTGGACAAAGCGTCTA

(M Gene-Reverse)

This study N/A

CACCATTGGCAATGAGCGGTTC

(b-actin-Forward)

This study N/A

AGGTCTTTGCGGATGTCCACGT

(b-actin-Reverse)

This study N/A

Recombinant DNA

pSpCas9(BB)-2A-Puro (PX459) V2.0 Addgene Addgene plasmid #62988

Usp25-PX459 This study N/A

Flag-tagged-Usp25 Xu et al.49 N/A

Flag-tagged-Usp25 (C178S) Xu et al.49 N/A

Myc-tagged- RIG I te Velthuis et al.50 N/A

Flag-tagged-M2 This study N/A

3xFlag IFIT1 Addgene Addgene plasmid #53554

3xFlag IFIT5 Addgene Addgene plasmid #53556

HA-Ubiquitin Addgene Addgene plasmid #18712

HA-Ubiquitin-K6 Addgene Addgene plasmid #22900

HA-Ubiquitin-K11 Addgene Addgene plasmid #22901

HA-Ubiquitin-K27 Addgene Addgene plasmid #22902

HA-Ubiquitin-K29 Addgene Addgene plasmid #22903

HA-Ubiquitin-K33 Addgene Addgene plasmid #17607

HA-Ubiquitin-K48 Addgene Addgene plasmid #17605

HA-Ubiquitin-K63 Addgene Addgene plasmid #17606

mCherry-GFP-LC3 Addgene Addgene plasmid #110060

Myc-tagged-SMURF1 Addgene Addgene plasmid #13676

Flag-tagged-SMURF1 (C699A) Addgene Addgene plasmid #11753

VSV-G Addgene Addgene plasmid #8454

Software and Algorithms

Prism 8.0 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

ImageJ NIH https://imagej.net/ImageJ

ZEN confocal software Zeiss https://www.zeiss.com/microscopy/int/

products/microscope-software/zen.html

FlowJo Flowjo https://www.flowjo.com/solutions/flowjo/

downloads

Legendplex v8.0 Biolegend https://www.biolegend.com/en-us/

legendplex

Ingenuity Pathway Analysis software QIAGEN https://digitalinsights.qiagen.com/

products-overview/discovery-insights-

portfolio/analysis-and-visualization/

qiagen-ipa/

ll
OPEN ACCESS Article

e3 Developmental Cell 58, 2495–2509.e1–e6, November 20, 2023

https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://imagej.net/ImageJ
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
https://www.zeiss.com/microscopy/int/products/microscope-software/zen.html
https://www.flowjo.com/solutions/flowjo/downloads
https://www.flowjo.com/solutions/flowjo/downloads
https://www.biolegend.com/en-us/legendplex
https://www.biolegend.com/en-us/legendplex
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/


ll
OPEN ACCESSArticle
RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sumana

Sanyal (sumana.sanyal@path.ox.ac.uk).

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

Agreement.

Data and Code Availability
d The proteome dataset has been deposited in the PRIDE database and is publicly available as of the date of publication. Acces-

sion numbers are listed in the Key resources table. Original western blot images andmicroscopy data reported in this paper will

be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
The following cell lines were used in this study: A549 (human; sex: male; ATCC-CCL-185), HEK293T (human; sex: unspecified),

MDCK (Canis familiaris; sex: unspecified; ATCC-CCL-34) and Vero cells (Cercopithecus aethiops; sex: unspecified; ATCC-CCL-

81) were obtained from commercial sources noted in the Key Resources Table and gender of the cell line was not a consideration

in the study. Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM; GIBCO) supplemented with 10% Fetal Bovine

Serum (FBS; Thermo Fisher Scientific) and 1% Penicillin/Streptomycin (P/S; Thermo Fisher Scientific) at 37�C in a humidified incu-

bator under 5% CO2 supply.

Virus stocks
The following virus strains were used in this study: A/California/07/2009 (H1N1 pandemic), A/Oklahoma/309/06 (H3N2), A/Hong

Kong/1073/99 (H9N2), H5N1 and Zika virus (NC-14-5132). Influenza viruses were propagated in Madin Darby Canine Kidney

(MDCK) cells in DMEM supplemented with 1 mg/ml Tosyl Phenylalanyl Chloromethyl Ketone (TPCK)-treated trypsin (Thermo Scien-

tific). Supernatants from the infected MDCK cells were harvested three days post-infection. In order to maintain the homogeneity of

the viruses, they were propagated with limited passage number and seed stocks of viruses were prepared for future propagation.

Virus stocks were aliquoted and stored at -80�C, and the viral titers were measured using plaque assay. Zika virus was titrated by

determining the tissue culture infective dose 50% (TCID50) in Vero cells infectedwith 10-fold serial dilutions of infectious supernatants

for 90 min at 37�C.

METHOD DETAILS

Virus infection
Cellswere seeded in 12-well plateswith the seeding density of 0.2 x 106 cells/well one day in advance. Cells were infectedwith viruses

at amultiplicity of infection (MOI) of 5 for single-cycle infection assay or 0.01 formulti-cycle infection assay. After anhour of adsorption,

the viral inoculum was removed, and the infected cells were washed with Phosphate-buffered Saline (PBS; Thermo Fisher Scientific)

andmaintained in DMEM supplemented with 0.2 mg/ml TPCK-treated trypsin at 37�C. Supernatants, cell lysates, and total RNAwere

harvested at indicated post infection time points, cleared by centrifugation and stored at -80�C until further analysis.

Real-time reverse transcription quantitative PCR (RT-qPCR)
Total RNA was extracted from cells using MiniBEST Universal RNA Extraction Kit (Takara) according to the manufacturer’s manual.

One microgram of total RNA was used for the following reverse transcription assays. For the quantification of vRNA/ cRNA, 10 mMof

uni-12/ uni-13 primer and 10 mMof b-actin specific primer complementary to the 3’ b-actin gene were used together with PrimeScript

RT Reagent Kit (Takara); while for mRNA measurement oligo-dT primer was used in the reverse transcription reaction. SYBR Green

based real time (Roche) was used to determine the M gene copy number of vRNA, cRNA, and mRNA, and the number of b-actin

mRNA was used to normalise the total RNA concentration between different samples. The PCR experiments were performed using

LightCycler system 480 (Roche). A reaction mixture of 20 ml was composed of 1 ml of 10 mM forward primer, 1 ml of 10 mM reverse

primer, 10 ml of SYBR Premix Ex Taq reagent (TAKARA), 5 ml of 10-fold diluted cDNA, and 3 ml of distilled water. The amplification

program was as follows: 95�C for 5 minutes, followed by 45 cycles of PCR reaction of 95�C for 10 seconds, 60�C for 10 seconds,

and 72�C for 10 seconds. The specificity of the assay was confirmed by melting curve analysis at the end of the amplification pro-

gram. The primers for uni-12, uni-13, M gene and b-actin detection are described in the Key Resources Table.
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Plaque assays
MDCK cells were seeded in 12-well plates with the seeding density of 0.5 x 106 cells/well one day in advance. The following day

confluent MDCK cells were washed with PBS, and then incubated with 500 ml of the ten-fold serially diluted infectious media for

an hour at 37�C. Afterwards, the viral inoculum was removed. Infected cells were washed twice with PBS, and overlaid with

DMEM containing 1% agarose and 1 mg/ml TPCK-treated trypsin. The plates were incubated in inverted position at 37�C for three

days. Cells were fixedwith 4% formaldehyde in PBS overnight. Plaques were visualized by staining the plates with 1%crystal violet in

20% ethanol for 15 minutes. Plaques were counted and recorded after drying the plates.

Poly (I:C) stimulation
The endotoxin-free, high m.w. poly(I:C) was purchased from Invivogen (San Diego, CA). For RIG-I stimulation, 10 mg/ml poly(I:C) dis-

solved in 200 ml of serum-free medium was mixed with Lipofectamine and transfected according to the manufacturer’s instructions,

followed by incubation for 24 hours before analyzes. For TLR stimulation, 25mg/ml of poly(I:C) wasmixed in complete medium, added

to cells and incubated for 24 hours.

Deubiquitylase activity
�1 x 107 cells were detached from 10 cm dishes by brief trypsinization, washed once with Hank’s balanced salt solution (HBSS) and

resuspended in 100 ml (HBSS) on ice. PFO was added to cells to a final concentration of 100 nM and maintained on ice for 5 min.8,51

The reaction mix was supplemented with an ATP regenerating mix, 10mMHA-Ubvme and protease inhibitor cocktail, and transferred

to 37�C for 20 min. The reaction was terminated with lysis buffer. HA-Ubvme reactive DUBs were resolved by SDS-PAGE and

detected by immunoblotting.

Generation of knock-out and knock-down cells
CRISPR/Cas9 Mediated Deletion of Usp25

Potential target sequence for CRISPR interference were found using the rules outlined elsewhere.52 The sgRNAs were annealed and

cloned into the chimeric CRISPR/Cas9 vector pX459 V2.0, which has a puromycin resistant cassette. Sequences of generated

pX459-sgRNA clones were confirmed through Sanger sequencing. A549 cells were then transfected with the pX459/USP25 sgRNA

plasmid and subjected to puromycin selection at a concentration of 4.0 mg/ml for 4 days. Single clones of putative knockout cells

were then isolated by serial dilution, expanded, and validated for gene deletion using Western blot.

DsiRNA-Mediated Knockdown of Genes

DsiRNA against specific genes were purchased from Integrated DNA Technologies as TriFECTa DsiRNA kit. DsiRNA mixed with

DharmaFECT1 reagent were added to cells in 12-well plates in DMEM supplemented with 10% FBS and incubated at 37�C for

24 hours.

Lentiviral transduction and reconstitution of knock-out cells

A549 cells expressing tandem-taggedmCherry-EGFP-LC3, flag-tagged wild type Usp25 (Usp25WT) and flag-tagged Usp25 catalytic

inactive mutant (C178S) (Usp25C178S) were generated by lentiviral transduction. Plasmids of VSV-G, PLP1(GAG/POL), PLP2 and

pLenti vector (plasmid of interest) were co-transfected in HEK293T cells for 24 hours. The supernatant was harvested and purified

via passing a 0.22 mm syringe filter. The purified lentiviral suspension was added to wild type and Usp25-/- A549 cells for three days,

followed by hygromycin selection at a concentration of 1.6 mg/ml for two weeks. Single clones of tandem-tagged mCherry-EGFP-

LC3 stable cells, Usp25WT and Usp25C178S A549 cells were isolated, expanded and validated by Western blot.

Immunoprecipitation

Transient transfection was performed using PEI, and the DNA: PEI ratio was 1: 3. HEK293T cells that were grown in 6-well plates were

co-transfected with 1 mg of Usp25 expression plasmid together with 1 mg of plasmids encoding the Myc-RIG-l, Flag-PB2 of H3N2,

PR8, or WSN. Cell lysates were collected 24 hours post transfection. Immunoprecipitation was performed using anti-Flag M2 affinity

gel (Sigma-Aldrich) according to manufacturers’ protocols. The eluates were resuspended in 30 ml of 43 Laemmli Sample Buffer

supplemented with b-mercaptoethanol and boiled at 95�C for 10 minutes. The immunoprecipitates were analyzed by Western

blot. BirA*-Usp25 was transduced into A549 cells and either mock or H1N1pdm infected (MOI 0.01). Cells were grown in culture sup-

plemented with 50 mMbiotin. Lysates prepared frommock and infected cells were immunoprecipitated on Neutravidin beads, eluted

into Laemmli buffer and immunoblotted with anti-Erlin1 and anti-Erlin2 antibodies.

In vivo ubiquitylation assay

Ubiquitylation assayswere performed as previously described.9 Briefly, HEK293T cells cultured in 60mmdisheswere co-transfected

with 1 mg of HA-Ub, HA-K6-Ub, HA-K27-Ub, HA-K29-Ub, HA-K33-Ub, HA-K48-Ub, or HA-K63-Ub, Flag-M2 andMyc-Usp25 orMyc-

Usp25C178S using PEI. After 24 hours post-transfection, cells were treated with 25 mM MG132 for six hours. The cells were lysed in

RIPA lysis buffer (150 mM NaCI, 1% (w/v) TritonX-100, 1 mM EDTA, 0.5% (w/v) sodium deoxycholate, protease inhibitors cocktail

(Roche), 50 mM Tris, pH 7.4) containing 100 mM N-ethylmaleimide (NEM) (Sigma-Aldrich). Ubiquitinated protein were precipitated

using anti-Flag M2 affinity gel and analyzed by western blot.

Pulse-chase analysis

Pulse chase experiments were performed as previously described.13,17,37 Briefly, eithermock or virus-infected cells were grown in cul-

ture (50mMMG132was added to the overnight culturemediumwhere indicated), collected by trypsinization and starved for 30minutes

in methionine/ cysteine free DMEM at 37�C before pulse labelling. Cells were labelled for 10 minutes at 37�C with 10 mCi/ml [35S]
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ll
OPEN ACCESSArticle
methionine/cysteine (expressedproteinmix; PerkinElmer) andchased for the indicated timepoints. At appropriate timepoints, aliquots

were withdrawn and the reaction was stopped with 500 ml cold PBS. Cell pellets were lysed in Tris buffer containing 0.5% NP-40 and

pre-clearedwith agarose beads for one hour at 4�C. Immunoprecipitationswere performed for three hours at 4�Cwith gentle agitation.

Samples were eluted by boiling in reducing sample buffer, subjected to SDS-PAGE and visualized by autoradiography.

Western blot analysis

Cells were lysed in RIPA lysis buffer and the cell pellets were removed by centrifugation at speed of 14,000 rpm for 30minutes at 4�C.
Protein samples were prepared by mixing with 4 3 Laemmli Sample Buffer (Bio-Rad) supplemented with b-mercaptoethanol

(Sigma-Aldrich) and boiled at 95�C for 10 minutes. After SDS-PAGE, the proteins were transferred from the gel to PVDF membranes

(Bio-Rad). Membranes were blocked with 5% skimmilk in PBS supplemented with 0.1% Tween-20 (PBST) for one hour at room tem-

perature and incubated overnight with primary antibodies diluted in 5% skim milk in PBST at 4�C. Membranes were washed three

times, 10 minutes each with PBST, incubated with secondary antibodies for one hour at room temperature. Afterwards, membranes

were washed three times, 10minutes each with PBST. Positive immunostaining bands on the membranes were visualised using ECL

Select Western Blotting Detection Reagent (GE Healthcare) and scanned by ImageQuant (GE Healthcare).

Fluorescence-activated cell sorting analysis

Cells were infected by viruses at a MOI of 5. Cell pellets were collected, fixed and permeabilized using Fix perm kit (BD PharMingen)

according to manufacturer’s instruction. Cells were washed three times with perm wash (BD PharMingen), followed by primary an-

tibodies incubation for one hour and then secondary antibodies for 30 minutes on ice. The stained cells were analyzed by Attune NxT

flow cytometer and the data analysis was performed with FlowJo.

Immunofluorescence assay

One day before the experiment, cells were seeded on coverslips pre-coatedwith Poly-L-Lysine (Sigma-Aldrich) at a density of 0.3 x 106

cells/well in 12-well plates. For viral entry assay, viruses were labelled with Octadecyl Rhodamine B Chloride (R18) (Thermo Fisher Sci-

entific) according to manufacturer’s instruction. Cells were infected by viruses at a MOI of 10. Coverslips with cells were collected and

washed twice with PBS, followed by fixation with 4% formaldehyde for 30 minutes at room temperature. The cells were permeabilised

with 0.5%Triton, followed by twowasheswith PBS. The cells were then blockedwith 5%NGS for 30minutes at room temperature. Pri-

mary antibodies at their appropriate dilution in PBSwas added and incubated for one hour at room temperature followedby twowashes

with PBS. Secondary antibodies diluted in PBS was dispensed and incubated for 30 minutes at room temperature. After three washes,

thecoverslipsweremountedonglassslideswithDAPIFluoromount-G (SouthernBiotech) andkeptat4�Cuntil visualizationwithconfocal

microscopy.

Immunoprecipitation and mass spectrometry

Bothmock- and IAV-infected Flag-Usp25WT cells were harvested and lysedwith RIPA buffer after 24 hours post infection. Large-scale

immunoprecipitations were performed on anti-Flag M2 affinity gel. Protein samples were resolved using SDS-PAGE with all protein

stacked forming a band at the boundary between the stacking and resolving gel. The bands were visualized with Coomassie stain

and gel lanes were separately cut into slices. Samples were trypsinized and subjected to Bruker timsTOF pro mass spectrometer for

identification of candidates. MS/MS spectra were analyzed using Sequest algorithm searching a composite target-decoy protein

sequence database. The target sequences comprised the Human UniProt FASTA database (April 2020) and protein sequences corre-

sponding to the influenzaH1N1pandemic strain. Allowedcriteria for searches required trypsin cleavage (twomissedcleavageallowed),

peptidemass tolerance of 20 p.p.m., variable oxidation ofmethionine residues and acetylation (Protein N-term), and static carbamido-

methyl modification of cysteine residues. Confident proteins were identified using a target-decoy approach with a reversed database,

strict false-discovery rate 1% at peptide and peptide spectrum matches level; minimum R1 unique peptide, R2 peptide spectral

matches. Identified hits were further categorized into different biological pathways using Ingenuity Pathway Analyzes software.

Quantitation of cholesterol levels

Lipids were extracted with hexane/isopropanol (vol/vol, 3:2) from cells. The organic solvent containing the extracted lipids was evapo-

rated under a gentle stream of nitrogen and used for measurement of total cholesterol (Amplex Red Cholesterol Assay Kit; Life

Technologies).

QUANTIFICATION AND STATISTICAL ANALYSIS

For RT-qPCR, fold changes in cRNA, vRNA andmRNA expression were determined usingDDCtmethod relative to the values in con-

trol samples as indicated in figure legends, after normalisation to housekeeping genes. Results generated for protein expression,

autophagosome and autolysosome/amphisome population, human anti-virus and proinflammatory chemokines responses were

analyzed by ImageJ, FlowJo and Legendplex v8.0, respectively. Student’s unpaired t test was performed to compare between

two populations of data (e.g., control and sample) whereas two-way ANOVA was applied for multi sample comparisons. All data

generated were from independent biological replicates where n R 3, each measured in technical duplicate or triplicates. Results

have been presented as means ± standard deviation (SD). Statistical analyzes were performed in GraphPad PRISM 8.0. Pathway

enrichment of hits from Usp25 interactome was performed using Ingenuity Pathway Analysis software.
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