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SUMMARY

Balance between cell proliferation and elimination is critical in handling threats
both exogenous and of internal dysfunction. Recent work has implicated a
conserved but poorly understood endoglycosidase heparanase (HPSE) in the re-
striction of innate defense responses, yet biochemical mediators of these key
functions remained unclear. Here, an unbiased immunopurification proteomics
strategy is employed to identify and rank uncharacterized interactions between
HPSE and mediators of canonical signaling pathways linking cell cycle and stress
responses. We demonstrate with models of genotoxic stress including herpes
simplex virus infection and chemotherapeutic treatment that HPSE dampens
innate responses to double-stranded DNA breakage by interfering with signal
transduction between initial sensors and downstream mediators. Given the
long-standing recognition of HPSE in driving late-stage inflammatory disease
exemplified by tissue destruction and cancer metastasis, modulation of this pro-
tein with control over the DNA damage response imparts a unique strategy in the
development of unconventional multivalent therapy.

INTRODUCTION

Although discovered decades ago as a key extracellular component serving as an attachment point for

numerous growth factors, cellular signals, and microbes, the glycosaminoglycan heparan sulfate (HS) con-

tinues to be assigned new functions in the maintenance of cellular homeostasis and regulation of disease

(Aquino et al., 2010; Xu and Esko, 2014; Zhang et al., 2014). Despite its prevalence across cell types and the

existence of many situational structural modifications, our understanding of this sugar molecule and its reg-

ulatory enzymes is far from complete. One such enzyme, heparanase (HPSE), is known to be the only

mammalian protein capable of splitting chains of HS into smaller subunits (Rabelink et al., 2017). Through

its action on cell surface and intracellular HS, HPSE is now known to contribute to disease processes

including inflammation, destruction of tissue architecture, and metastasis (Hong et al., 2012; Kundu

et al., 2016; Vlodavsky et al., 2018, 2020). More recent work has demonstrated an important contribution

of HPSE to microbial pathogenesis, particularly through the promotion of viral egress and the cultivation

of an inflammatory milieu conducive to viral spread. Initial studies in this realm were performed in herpes

simplex virus 1 (HSV-1), and multiple investigations proved similar actions of this protein across viral fam-

ilies including dengue virus, hepatitis C virus, adenovirus, and human papillomavirus (Agelidis and Shukla,

2020; Agelidis et al., 2017; Guo et al., 2017; Hadigal et al., 2015; Puerta-Guardo et al., 2016; Thakkar et al.,

2017). As a prototypic DNA virus that uses HS for initial cellular attachment, HSV-1 has been used as a

model cellular perturbation to study the various roles of HPSE in driving pathogenesis. HSV-1 most

commonly causes vesicular mucoepithelial eruptions of the oral or genital areas; however, these can prog-

ress to more serious sequelae in some individuals, such as encephalitis, vertical transmission to neonates,

or ocular keratitis. Our poor grasp of why certain individuals progress to these more serious consequences,

along with the fact that all clinical trials of vaccines directed against viral components have failed, points to

the importance of a more comprehensive understanding of host factors in driving infection (Belshe et al.,

2012; Stanberry et al., 2002). In studying this widespread pathogen that has infected amajority of the global

population, investigators now understand that the virus’ ability to evade host defense responses has played

a large part in its genetic success (Chan and Gack, 2016; Orzalli and Knipe, 2014). Evasion of the DNA dam-

age response is one such mechanism. HSV-1 and other viruses have established through their natural drive

to propagate over ages of evolution (Christensen and Paludan, 2017). Likewise, dampening of natural
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antiviral immune responses including production of type I interferons allows viral replication to proceed

undetected. Interestingly, a number of recent publications have described robust associations between

these two pathways: cellular sensing of DNA damage can cause robust induction of type I interferon; how-

ever, the molecular mechanisms that connect these systems remain to be characterized (Dunphy et al.,

2018; Hartlova et al., 2015; Yu et al., 2015). Here we demonstrate that HPSE serves as an important inter-

mediary between DNA damage and interferon production, an intersection with extensive implications in

the development of human disease.

RESULTS

Interaction between HPSE and multiple proteins in cell cycle regulation and biogenesis

Given a dearth of biochemical evidence in the literature to explain our recent finding that HPSE acts as a

potent regulator of cellular stress responses (Agelidis et al., 2021), we undertook a quantitative proteomics

analysis of immunopurified HPSE to investigate the molecular interactions involved (Figure 1A). Isolation of

myc-tagged HPSE from human corneal epithelial cells and subsequent immunopurification-mass spec-

trometry (IP-MS) analysis yielded 270 proteins with a ratio of >10 versus isotype antibody pull-down, indi-

cating that HPSE has the capacity for interaction with many more cytoplasmic and nuclear proteins than

previously known (Figures 1B and S1). ‘‘GS3’’ signifies the coding sequence for the fully proteolytically pro-

cessed form of HPSE that was used in this assay. The HPSE protein sequence was also predicted by

NucPred to contain two nuclear localization sequences that may be contribute to its previously docu-

mented ability to enter the nucleus under various circumstances and interact with nucleic acids (Figure S1)

(Brameier et al., 2007; Rivara et al., 2016). Gene Ontology and overlap analysis of these HPSE-binding pro-

teins shows robust enrichments of various metabolic functions required for cellular proliferation, including

‘‘translational initiation,’’ ‘‘ribosome biogenesis,’’ and ‘‘mRNA catabolic process’’ (Figure 1C). Individual

Figure 1. Immunopurification-mass spectrometry (IP-MS) analysis ties HPSE to a dense network of proteins

regulating cell cycle and stress responses

(A) Schematic of IP-MS procedure for the quantification of proteins bound to HPSE in human corneal epithelial (HCE) cells

in the presence and absence of HSV-1 infection.

(B) Left: numbers of peptides identified by quantitative proteomics analysis fitting specified criteria. Right: Venn diagram

of proteins with immunopurification to isotype ratio >10. *PSMs, peptide spectrum matches.

(C) Gene ontology (biological process) analysis performed on each portion of the Venn diagram described in (B).
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consideration of each portion of the Venn diagram generated a notion of which processes may be active in

the presence or absence of HSV-1 infection. Further promoter motif analysis using the PASTAA algorithm

indicates that binding partners of HPSE are likely regulated by several major transcription factors, including

CREB1 and the related ATF1, ATF2, and ELK1, known for their roles in driving cell proliferation; E2F1, a key

cell cycle regulator; and STAT1, which is heavily implicated in the production and response to type I inter-

feron (Figure S2) (Bommareddy et al., 2018; Ivashkiv and Donlin, 2014; Mayr and Montminy, 2001; Roider

et al., 2009). Support for the impact of these transcription factors with respect to HPSE actions also comes

from our recent work showing that HPSE restricts multiple innate stress responses (Agelidis et al., 2021).

This unique analysis thus draws an initial indirect connection between HPSE and multiple important drivers

of cellular proliferation and defense.

HPSE binds multiple key proteins at the interface of DNA damage signaling and interferon

response

Considering these newly identified HPSE interactions in conjunction with similar enrichments by an alter-

native STRING-based method drove us to investigate the possibility that HPSE integrates signals between

the pathways of type I interferon generation and response to DNA damage (Figure 2A). Interestingly, mul-

tiple recent studies have demonstrated that innate immune responses including production of type I inter-

ferons are activated upon cellular sensing of DNA damage, yet the precise biochemical mediators of these

connections remain unknown (Dunphy et al., 2018; Hartlova et al., 2015; Yu et al., 2015). In our hands, repeat

immunopurifications of HPSE in human cells showed robust binding of MRE11, RAD50, NBS1, XRCC5, and

XRCC6, proteins heavily implicated in DNA damage sensing and repair (Figure 2B). These sensors are

known to bind particularly to regions of double-stranded DNA breaks and have been recently established

as important drivers of type I interferon production and signaling (Dunphy et al., 2018; Hartlova et al., 2015;

Yu et al., 2015). The association of HPSE with the DNA damage response thus appears specific to the appa-

ratus of double-stranded DNA breaks as no interactions with proteins involved in nucleotide excision, base

excision, or single-stranded DNA breaks were identified by the IP-MS approach.

Nuclear preclusion of double-stranded DNA damage transducer ATM by HPSE upon

genotoxic stress

Upon further analysis of the parallel HPSE-deficient mouse embryonic fibroblast (MEF) system, it became clear

that cells respond more robustly to DNA damage in the absence of HPSE. Nuclear localization of phosphory-

lated ataxia telangiectasia mutated (p-ATM) and total cellular phosphorylated ATM substrates (noted by the

specific p-S*/T*Q motif) were used as markers of activation of the DNA damage sensing system

Figure 2. HPSE binds multiple key proteins at the interface of DNA damage signaling and interferon response

(A) Proteins and corresponding Gene Ontology terms overrepresented in HPSE IP-MS. Network analysis performed with

ClueGO in Cytoscape.

(B) Western blot confirmatory analysis of myc-HPSE immunopurified from human corneal epithelial (HCE) cells and

probed for binding to multiple sensors of double-stranded DNA breaks. Isotype indicates non-specific mouse IgG of the

same immunoglobulin subtype as anti-myc IP antibody.
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(Traven andHeierhorst, 2005). Likewise,HSV-1 and etoposide, a chemotherapeutic known for its ability to induce

dsDNAbreaks through the inhibition of topoisomerases, were used as inducers of DNAdamage in cells contain-

ing and lacking HPSE. Phospho-ATM expression and nuclear localization and subsequent phosphorylation of

ATM substrates are markedly increased in cells deficient in HPSE after induction of a DNA damage stimulus,

whether through etoposide or viral infection (Figure 3A). Image analysis of multiple thresholded confocal micro-

graphs using CellProfiler on an individual cell basis yielded highly significant increases in activation of the ATM

system in the absence of HPSE (Figures 3B�3D). Etoposide was also found to preferentially induce IFN-b in the

absence of HPSE, further supporting the notion that HPSE serves as an important link between DNA damage

and IFN signaling (Figure 3E). Transcription of the downstream interferon stimulated gene 15 (ISG15) is dramat-

ically elevated in HPSE-deficient cells, and is unchanged by HSV-1 or etoposide, suggesting that the interferon

system is constitutively active in the absence of HPSE (Figure 3F).

HPSE interfaces with regulators of DNA damage response to influence cell fate

Large increases in cell death were also noted in cells without HPSE upon exposure to etoposide, based on pro-

pidium iodide uptake from culturemedia in cells with loss of membrane integrity (Figures 4A and 4B). Treatment

with KU-55933, a specific commercial inhibitor of DNAdamage sensor ATM, shows that this enhanced sensitivity

to DNA damage is mediated through ATM in HPSE-deficient cells (Figures 4B and 4C). Propidium iodide index

indicates thequotient of propidium iodide-stainedevents toHoechst (cell-permeablenucleic acid stain)-positive

events. Although etoposidewas found tobe amore effective driver of cell death thanHSV-1 infection, treatment

ofHPSE-deficient cellswithKU-55933 successfully prevented the inductionof cell death inboth cases (Figure 4C).

Further investigation into the biochemical mediators of the DNA damage response in Hpse-deficient cells

confirmed that ATM phosphorylation is elevated in the absence of HPSE (Figure 4D). Initial phosphorylation

of ATM precedes phosphorylation of the downstream mediator checkpoint kinase 2 (CHK2) and phosphoryla-

tion of the histone H2Ax at serine 139 to produce gH2Ax, all indicators of activation of the DNA damage

response. Western blot analysis of the ATM substrate motif p-S*/T*Q also indicates a differential pattern of

downstream activation that remains to be explored. In the case of HSV-1 infection, which is a multifactorial

set of processes involving a multitude of cellular factors in addition to DNA damage, this phosphorylation of

ATM appears later in the time course (Figure 4E). Phosphorylated CHK2 was not detected in this system,

although differential phosphorylation of gH2Ax was still apparent.

With an additional focus on the mechanism of etoposide-induced cell death occurring in the absence of HPSE,

we observed that apoptosis is promoted at later time points. Drivers of apoptosis including caspase-3 and cas-

pase-8 are cleaved after etoposide treatment of Hpse-deficient cells, whereas this is not observed in wild-type

cells under these treatment conditions. On the other hand, cleavage of caspase-1 and gasdermin D, classically

associated with activation of pyroptosis, is not seen. Collectively, these results suggest that HPSE acts to sup-

press ATM activation, potentially by serving as an insulator of signaling from the MRE11-RAD50-NBS1 complex

to downstream mediators of the DNA damage response including CHK2.

Inhibitor modulation of cell death induced by etoposide

Chemical inhibitors of various forms of cell death and the DNA damage response were used to further

dissect the involvement of HPSE in these processes induced by etoposide (Figures 5A�5C). Representative

immunofluorescence images of cells treated in the presence of the dyes CellEvent Caspase-3/7 green re-

agent and propidium iodide indicate the extent of apoptosis and loss of membrane integrity, respectively.

Nec-1, an inhibitor of RIPK1 and necroptosis, and belnacasan, an inhibitor of caspase-1, showed no effect

on apoptosis and loss of membrane integrity compared with vehicle treatment. ZVAD, a potent inhibitor of

all caspases, showed a marked decrease in apoptosis activation and some degree of reduction in propi-

dium iodide cellular influx. KU-55933 (ATMi) treatment does display initial rescue of apoptosis until the final

collection time, where prolonged cellular toxicity of this compound likely dominates. Interestingly, treat-

ment with mirin, a chemical inhibitor of the MRN complex, protects cells from etoposide-induced

apoptosis and eventual loss of membrane integrity, and exhibits a similar profile to ZVAD in these assays.

Together these findings suggest again that HPSE plays an important role as a regulator of DNA damage

response signals acting through the MRN complex.

DISCUSSION

With this exploration of various cellular responses to genotoxic stress, we demonstrate that HPSE serves as

a key intersection between the detection and effector phases of signal transduction in the regulation of cell
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Figure 3. Nuclear preclusion of DNA damage response transducer ATM by HPSE upon genotoxic stress

(A) Representative immunofluorescence micrographs displaying extent of phosphorylated ATM (green) and ATM

substrate phosphorylation motif (p-S*/T*Q) (red) 8 h after exposure to HSV-1 (MOI = 1) or etoposide (50 mM) in Hpse +/+

and Hpse �/� MEFs. Scale bar, 20 mm.

(B) Demonstration of thresholdingmethod performed with CellProfiler to quantify nuclear and total fluorescence intensity

of individual cells.

(C and D) Quantification of fluorescence intensity of p-ATM present in individual nuclei (C) or ATM substrates present in

whole cells (D). Significance determined by Wilcoxon signed-ranks test.

(E and F) Quantitative PCR measurement of IFN-b (E) and ISG15 (F) transcripts relative to b-actin after treatment of wild-

type and HPSE-deficient MEFs with indicated agents at specific MOIs/concentrations for 24 h (HSV-1) or 8 h (etoposide).

Data are represented asmeanG SEM. Significance determined byMann-Whitney test (n = 4). ***p<0.001, ****p < 0.0001.
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cycle and DNA damage responses. HPSE non-enzymatic activity in particular has been implicated in an

array of cellular pathways, yet the mechanism of these roles remains unclear (Coombe and Gandhi,

2019; Jayatilleke and Hulett, 2020). Our recent study established that HPSE displays an inhibitory role

over type I interferon and downstream responses (Agelidis et al., 2021). Based on results of the current

work, HPSE non-enzymatic binding of proteins involved in DNA damage response, particularly MRE11,

RAD50, and NBS1, is likely key in the dampening of interferon responses observed in our studies. Model

agents of DNA damage used in this study were etoposide and HSV-1 KOS, which is a strain commonly

used by laboratories studying HSV-1 infection worldwide. Other more virulent strains, including McKrae

and 17, are likely to be more effective at inducing DNA damage, the details of which will be analyzed in

future studies. At multiple doses of etoposide and with a low MOI of 0.1, cells without HPSE are more sen-

sitive to induction of IFN-b transcription. One explanation for the lack of significant difference in IFN-b

Figure 4. HPSE interfaces with regulators of DNA damage response to influence cell fate

(A) Cell death upon induction of dsDNA breaks with etoposide, measured by uptake of propidium iodide (PI) stain from

culture medium in Hpse +/+ and Hpse �/� MEFs. Hoechst nucleic acid stain is permeable to all cells, whereas PI only

fluoresces upon loss of membrane integrity. Scale bar, 50 mm.

(B) Quantification of cell death in Hpse +/+ and Hpse �/� MEFs with varying doses of etoposide and ATM kinase inhibitor

(ATMi, KU-55933 10 mM) at indicated times post treatment. Data are represented as mean G SEM. Significance

determined by Mann-Whitney test (n = 3).

(C) Representative flow cytometry analysis of PI uptake of cells pre-treated for 18 h with DMSO vehicle or ATMi 10 mM,

followed by either HSV-1 for 24 h (left) or etoposide for 8 h (right). Mock (gray) curves denote cells that were pre-treated

and then received no further stressor.

(D) Representative western blot analysis of Hpse +/+ and Hpse �/� MEFs treated with etoposide at 50 mM for specified

times.

(E) Representative western blot analysis of Hpse +/+ and Hpse �/� MEFs infected with HSV-1 KOS at MOI = 0.1 for

specified times.

*p < 0.05, **p < 0.01, ****p < 0.0001.
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expression at MOI of 1 is that with the higher MOI, a substantial number of HPSE-deficient cells are in the

process of cell death and the initial exaggerated IFN induction has likely already occurred by the time this

qPCR snapshot was collected. Likewise, transcription of the downstream ISG15 is dramatically elevated in

HPSE-deficient cells and is unchanged by HSV-1 or etoposide, suggesting that the interferon system is

constitutively enhanced in the absence of HPSE.

Here and in prior work, we show that HPSE restricts multiple essential cellular defense responses previously

linked to one another but not through one factor: type I interferon, cell death, DNA damage, and regulation

of the cell cycle (Agelidis et al., 2021). With these related cellular processes in mind, we looked to the

multifunctional transcription factor ATM for its potential involvement in the differential regulation by

HPSE. Sensing of DNA damage through p-ATM has been shown to be a potent inducer of interferon pro-

duction and eventual cell death in numerous studies (Dunphy et al., 2018; Hartlova et al., 2015; Kondo et al.,

2013; Yu et al., 2015), yet the precise interactions and kinetics of signaling intermediaries including gH2Ax,

Figure 5. Inhibitor modulation of cell death induced by DNA damage

(A) Representative immunofluorescence micrographs of Hpse �/� MEFs treated with etoposide (50 mM) for 12 h in the

presence of specified inhibitors. Scale bar, 100 mm.

(B) Thresholded image intensity quantification analysis of CellEvent caspase-3/7 green detection reagent in Hpse +/+ and

Hpse �/� MEFs treated with etoposide and specified inhibitors at corresponding times performed with CellProfiler, as

introduced in Figure 3. Boxplots indicate medians and interquartile ranges of 250 cells for each of the 4 images for a total

of 1,000 cells analyzed per condition. Experiment was replicated two times with similar results.

(C) Propidium iodide uptake quantified as proportions of live and dead cells in Hpse +/+ and Hpse �/� MEFs treated with

etoposide and specified inhibitors at corresponding times. Nuclei thresholded in CellProfiler with a propidium iodide

intensity of greater than 0.2 were considered dead.
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p-CHK2, and the MRN complex remain unclear (Collins et al., 2020). Double-stranded DNA breaks, such as

those caused by ionizing radiation or topoisomerase inhibition, result in the activation of serine/threonine

kinases ATM andDNA-PK and subsequent phosphorylation of several hundred protein targets, with gH2Ax

serving in many studies as a marker of DNA damage response activation (Jackson and Bartek, 2009; Natale

et al., 2017). Likewise, the checkpoint kinase CHK2 is one of the most studied ATM targets, which functions

in cell-cycle arrest and control of DNA repair (Shiloh, 2003). Our observation of increased gH2Ax and p-

CHK2 levels in HPSE-deficient cells upon both etoposide and HSV-1 treatment thus suggests an inhibitory

role of HPSE in the regulation of DNA damage response. Furthermore, our finding in HPSE-deficient cells

that mirin reduces DNA damage-driven apoptosis indicates that HPSE interaction with theMRN complex is

likely instrumental in dictating downstream responses and cell fate.

Given the extensive list of interacting proteins identified here by IP-MS and previously by other investiga-

tors, HPSE may be capable of this type of regulatory activity in a variety of cellular settings and pathways.

Recent work has shown that HPSE binds to DNA with unknown consequences (He et al., 2012; Nobuhisa

et al., 2007; Schubert et al., 2004; Yang et al., 2015). Future experiments including nuclease treatment of

immunopurified HPSEmay show whether any of the associations identified are due to bridging interactions

with DNA. Further biochemical analysis of MRN complex binding to ATM in the context of HPSE will clarify

the nature of this regulatory system. Interestingly, multiple forms of cancer display increased expression of

HPSE, understood to drive late-stage metastatic disease (Purushothaman et al., 2011; Putz et al., 2017; Vlo-

davsky and Friedmann, 2001; Vlodavsky et al., 2018). These newly observed functions of HPSE can help

explain the cell cycle dysregulation and loss of sensitivity to DNA damage observed in malignancy. In par-

allel, multiple viruses including HSV-1 are known to manipulate DNA damage responses and other cellular

stress responses to promote their own replication and spread (Lilley et al., 2005; Luftig, 2014; Moretti and

Blander, 2017; Turnell and Grand, 2012). Likewise, HPSE upregulation may provide a survival advantage to

dysplastic or infected tissue by enabling cells to avoid detection of insults to DNA common to the pro-

cesses of microbial infection and tumorigenesis.

Limitations of the study

Although widely used to study the impact of a particular gene, murine embryonic knockout cells present

potential limitations, including the possibility of compensatory mechanisms that act to minimize the

cellular effect of the genetic defect. It remains to be fully understood whether our findings are the direct

result of the presence or absence of HPSE, or related to compensatory alterations that occurred during

the knockout process. Our approach from multiple experimental angles including IP-MS of human HPSE

and functional analysis of HPSE-deficient MEFs represents an introductory understanding of the role of

HPSE and its interactome in the regulation of the DNA damage response. Further demonstration in models

such as HPSE complementation of knockout cells and Crispr-Cas9 knockout of human cells will provide

additional clarifying details of these findings.
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Materials availability
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Data and code availability

Raw data for IP-MS proteomics experiment can be found on ProteomeXchange under the identifier

PXD014183.
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All methods can be found in the accompanying Transparent methods supplemental file.
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Figure S1 | Expanding the functional interactome of HPSE with Immunopurification Mass 
Spectrometry (IP-MS). Related to Figures 1-2. 
(A) ClueGO analysis of n=270 proteins identified by IP-MS approach with ratio of IP/isotype > 
10. Similar GO terms are grouped by similarity and labeled accordingly. All nodes represent GO 
terms of proteins found by this analysis to associate robustly with HPSE.  
(B) Silver stained gel of samples prepared for IP-MS analysis. Asterisk indicates appropriate 
molecular weight of GS3-HPSE in myc IP samples.  
(C) Nuclear localization signal prediction (NucPred) analysis of HPSE protein sequence indicates 
regions likely to responsible for nuclear translocation of HPSE.  
(D) Output from STRING-db “Protein with Values/Ranks” analysis demonstrating Gene 
Ontology and Reactome classifications of newly identified protein binding partners of HPSE. 
This alternative method takes raw data as input rather than filtering based on isotype pulldown 
values. 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2 | Transcription factor binding site analysis and extended ontology analysis of 
immunopurified myc-HPSE proteins links HPSE interactome to regulation of cell cycle, 
proliferation and cellular responses to stress. Related to Figures 1-2. 
(A) Transcription factor binding site enrichment of genes identified in IP-MS analysis performed 
with PASTAA algorithm default parameters, individually analyzed by Venn diagram segment 
described in Fig. 1B.  
(B-C) Major Reactome (B) and Gene Ontology (C) enrichments of HPSE-binding proteins with 
newly identified regulatory transcription factors included in the analysis.  
 
  



Transparent Methods 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies  

XRCC5 Cell Signaling Technology 2180 

XRCC6 Cell Signaling Technology 4588 

RAD50 Cell Signaling Technology 3427 

NBS1 Cell Signaling Technology 14956 

myc-Tag Cell Signaling Technology 2276 

phospho-(Ser/Thr) ATM/ATR substrate Cell Signaling Technology 2851 

phospho-(Ser1981) ATM Cell Signaling Technology 4526 

phospho-(Thr68) Chk2 Cell Signaling Technology 2661 

phospho-(Ser139) γH2Ax Cell Signaling Technology 9718 

caspase-8 Cell Signaling Technology 4927 

cleaved caspase-8 Cell Signaling Technology 8592 

caspase-3 Cell Signaling Technology 14220 

cleaved caspase-3 Cell Signaling Technology 9664 

caspase-1 Cell Signaling Technology 24232 

cleaved caspase-1 Cell Signaling Technology 89332 

gasdermin D Cell Signaling Technology 39754 

cleaved gasdermin D Cell Signaling Technology 10137 

isotype control mouse IgG1 Cell Signaling Technology 5415 

MRE11 Santa Cruz Biotechnology sc-135992 

GAPDH Proteintech 10494 

Peroxidase AffiniPure goat anti-mouse IgG (H+L) Jackson ImmunoResearch 115-035-146 

Peroxidase AffiniPure goat anti-rabbit IgG (H+L) Jackson ImmunoResearch 111-035-003 

Rabbit anti-mouse FITC  Sigma F9137 

Goat anti-rabbit Alexa Fluor 647 Thermo Scientific A21244 

Bacterial and Virus Strains 

HSV-1 (KOS-WT) Desai & Person, 1998 N/A 

Chemicals, Peptides, and Recombinant Proteins 

KU-55933 Selleckchem S1092 

Necrostatin-1 (Nec-1) Selleckchem S8037 

ZVAD-fmk Selleckchem S7023 

Belnacasan Selleckchem S2228 

Mirin Selleckchem S8096 

Etoposide Sigma E1383 

Propidium iodide Sigma P4864 

NucBlue Live ReadyProbes Hoechst stain Thermo Scientific R37605 

CellEvent Caspase-3/7 Green Detection Reagent Thermo Scientific C10423 

Lipofectamine-2000 transfection reagent Thermo Scientific 11668019 



Critical Commercial Assays 

Protein A/G Dynabeads Thermo Scientific 88802 

Trizol Thermo Scientific 15596018 

TMT10plex Isobaric Label Reagent Set Thermo Scientific 90309 

RNeasy Mini kit Qiagen 74104 

Deposited Data 

IP-MS proteomics raw data  ProteomeXchange PXD014183 

Experimental Models: Cell Lines   

Human corneal epithelial cell line 
Dr. Kozaburo Hayashi, 
National Eye Institute 

RCB1834 HCE-T 

African green monkey: Vero cell line 
Dr. Patricia G. Spear, 
Northwestern University 

N/A 

Wildtype and Hpse-KO mouse embryonic fibroblasts Zcharia et al., 2009 N/A 

Oligonucleotides 
DNA primers used for qPCR analysis (see section 
“Quantitative polymerase chain reaction”) 

Integrated DNA 
Technologies  

N/A 

Recombinant DNA 

Myc-GS3 HPSE plasmid Fux et al., 2009 N/A 

Software and Algorithms 

FlowJo v10.0.7 Treestar N/A 

Accuri C6 Plus software BD Biosciences N/A 

Proteome Discoverer 2.1 Thermo Scientific N/A 

ClueGO v2.5.2 within Cytoscape v3.6.1 Bindea et al., 2009 N/A 

CellProfiler McQuin et al., 2018 N/A 

NucPred Brameier et al., 2007 N/A 

PASTAA Roider et al., 2009 N/A 

ZEN Zeiss N/A 

 

Experimental Model and Subject Details  
Cell lines and virus strains 
Human corneal epithelial (HCE) cell line (RCB1834 HCE-T) was obtained from Kozaburo Hayashi 
(National Eye Institute, Bethesda, MD) and was cultured in MEM (Life Technologies, Carlsbad, 
CA) with 10% fetal bovine serum (FBS) (Life Technologies) and 1% penicillin/streptomycin (Life 
Technologies). Confirmation of identity of HCE cell line was done by short tandem repeat 
analysis. Vero cell line for virus preparation and plaque assay was provided by Dr. Patricia G. 
Spear (Northwestern University, Chicago, IL) and cultured in DMEM (Life Technologies) with 10% 
FBS and 1% penicillin/streptomycin. Wildtype and heparanase-knockout mouse embryonic 
fibroblasts (WT and Hpse-KO MEFs) were provided by Dr. Israel Vlodavsky (Rappaport Institute, 
Haifa, Israel) (Zcharia et al., 2009). All cells were maintained in a Heracell VIOS 160i CO2 incubator 
(Thermo Scientific) and have been confirmed negative for mycoplasma contamination. HSV-1 
virus used in these studies was KOS-WT strain (Desai and Person, 1998), provided by Dr. Patricia 
G. Spear (Northwestern University, Chicago, IL). All virus stocks were propagated in Vero cells 
and stored at -80°C. 
 



Method Details 
Antibodies, plasmids and chemical reagents 
The following antibodies were used for western blot studies: from Cell Signaling Technology, at 
dilution 1:1000 – XRCC5 (2180), XRCC6 (4588), RAD50 (3427), NBS1 (14956), myc-Tag (2276) 
phospho-(Ser1981) ATM (4526), phospho-(Thr68) Chk2 (2661), phospho-(Ser/Thr) ATM/ATR 
substrate (2851), phospho-(Ser139) γH2Ax (9718), caspase-8 (4927), cleaved caspase-8 (8592), 
caspase-3 (14220), cleaved caspase-3 (9664), caspase-1 (24232), cleaved caspase-1 (89332), 
gasdermin D (39754), cleaved gasdermin D (10137); from Santa Cruz Biotechnology, at dilution 
1:250 – MRE11 (sc-135992); from Proteintech, at dilution 1:1000 - GAPDH (10494). The following 
antibodies were used for immunofluorescence microscopy studies: from Cell Signaling 
Technology, at dilution 1:100 – phospho-(Ser/Thr) ATM/ATR substrate (2851), phospho-
(Ser1981) ATM (4526). HPSE expression constructs including Myc-GS3 plasmid were provided by 
Dr. Israel Vlodavsky (Rappaport Institute, Haifa, Israel) (Fux et al., 2009). Lipofectamine-2000 
transfection reagent (Life Technologies, 11668019) was used for all in vitro overexpression 
experiments, according to the manufacturer’s specifications. The following chemical inhibitors 
were purchased from Selleckchem: KU-55933 (ATMi, S1092) was used to inhibit ATM kinase, Nec-
1 (S8037) was used to inhibit necroptosis, ZVAD-fmk (S7023) was used to inhibit apoptosis, 
belnacasan (S2228) was used to inhibit caspase-1 and mirin (S8096) was used to inhibit the 
Mre11-Rad50-Nbs1 complex. Etoposide (E1383) was used to induce double stranded DNA 
breaks and was purchased from Millipore-Sigma. 
 
Western blot 
Proteins were extracted from cultured cells using the following lysis buffer: 150 mM NaCl, 50 mM 
Tris-HCl pH 7.4, 10% glycerol, 1% NP-40, 10 mM sodium fluoride, 1 mM sodium orthovanadate, 
10 mM N-ethylmaleimide, and Halt Protease Inhibitor Cocktail (Thermo Scientific). Lysis was 
performed with periodic vortexing on ice for 30 min, followed by centrifugation at 13,000 rpm 
for 30 min. Insoluble pellets were discarded and lysates were then denatured at 95°C for 8 min 
using 4X LDS sample loading buffer (Life Technologies) and 5% beta-mercaptoethanol (Bio-Rad, 
Hercules, CA). Cellular proteins were separated by SDS-PAGE with NuPAGE 4-12% Bis-Tris 1.5 
mm 15-well gels (Thermo Scientific) transferred to nitrocellulose using the iBlot2 system 
(Thermo Scientific) and membranes were blocked for 1 h in 5% milk/TBS-T, followed by 
incubation with primary antibody in 5% milk/TBS-T overnight at specified dilutions. Membranes 
were washed three times in TBS-T and then incubated with species-specific horseradish 
peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Peroxidase AffiniPure 
goat anti-mouse IgG (H+L), 115-035-146 at 1:10,000 or Peroxidase AffiniPure goat anti-rabbit 
IgG (H+L), 111-035-003 at 1:20,000) for 1 h at room temperature, and upon addition of 
SuperSignal West Femto substrate (Thermo Scientific), protein bands were detected with 
Image-Quant LAS 4000 biomolecular imager (GE Healthcare Life Sciences, Pittsburgh, PA). 
 
Quantitative polymerase chain reaction 
TRIzol (Thermo Scientific, 15596018) was used to extract total RNA from cultured cells, according 
to the manufacturer’s instructions. Complementary DNA was then produced using High 
Capacity cDNA Reverse Transcription kit (Thermo Scientific, 4368814). Real-time quantitative 
polymerase chain reaction (qPCR) was performed with Fast SYBR Green Master Mix (Life 
Technologies) on QuantStudio 7 Flex system (Life Technologies).  



The following mouse-specific primers were used in this study:  
IFN-β Fwd 5’-TGTCCTCAACTGCTCTCCAC-3’, Rev 5’-CATCCAGGCGTAGCTGTTGT-3’ 
ISG15 Fwd 5’-AGCAATGGCCTGGGACCTAAAG-3’, Rev 5’-CCGGCACACCAATCTTCTGG-3’ 
β-actin Fwd 5’-GACGGCCAGGTCATCACTATTG-3’, Rev 5’-AGGAAGGCTGGAAAAGAGCC-3’ 
 
Confocal immunofluorescence microscopy 
Wildtype and Hpse-KO MEFs were cultured in 8-well μ-slides (iBidi, Madison, WI). Cells were fixed 
in 4% paraformaldehyde for 10 min and permeabilized with 0.1% Triton-X for 10 min at room 
temperature for intracellular labeling, followed by incubation with primary antibody for 1 h at 
room temperature. When a secondary antibody was needed, cells were incubated with 
respective FITC- or Alexa Fluor 647-conjugated secondary antibody (Sigma-Aldrich F9137 or 
Thermo Scientific A21244) at a dilution of 1:100 for 1 h at room temperature. NucBlue Live 
ReadyProbes Hoechst stain (Thermo Scientific R37605) was included with secondary antibody 
stains when applicable, according to manufacturer’s specifications. Samples were examined 
under LSM 710 confocal microscope (Zeiss) using a 63X oil immersion objective. Fluorescence 
intensity of images was calculated using ZEN software. Where appropriate, image analysis 
including thresholding of nuclei and cell borders, and fluorescence intensity measurement was 
performed with CellProfiler (McQuin et al., 2018). 
 
Propidium iodide cell death assay 
Wildtype and Hpse-KO MEF were incubated in complete culture medium containing 2 μg/mL 
propidium iodide (Sigma P4864) and NucBlue Live ReadyProbes Hoechst stain (Thermo 
Scientific, R37605) to visualize and quantify permeabilized and total cells, respectively. At 
specified timepoints post treatment, fluorescence micrographs of RFP, DAPI and brightfield 
channels were acquired using Biotek Lionheart FX system and image analysis and quantification 
was performed using Gen5 software. 
 
Flow cytometry 
For flow cytometric quantification of cell death by PI uptake, cells were pre-treated with KU-
55933 (ATMi) or DMSO vehicle for 18 h, then either infected with HSV-1 KOS (MOI=0.1) for 24 h 
or incubated with etoposide for 8 h (50 μM), in medium containing PI and the previously used 
pre-treatment. At the termination of cellular incubations, cells were collected on ice, washed 
twice with FACS buffer and analyzed with Accuri C6 Plus flow cytometer (BD Biosciences). BD 
Accuri C6 Plus software and Treestar FlowJo v10.0.7 were used for all flow cytometry data 
analysis. 
 
Immunopurification 
Immunopurification (IP) of proteins was performed using HCE cells cultured in 15 cm dishes. 
Cells were collected after specified times of infection and/or treatment, washed with PBS, 
scraped in cold PBS on ice and transferred to conical tubes. Cells were centrifuged at 1200 rpm 
for 5 min, then cellular proteins were extracted with lysis buffer: 150 mM NaCl, 50 mM Tris-HCl 
pH 7.4, 10% glycerol, 1% NP-40, 10 mM sodium fluoride, 1 mM sodium orthovanadate, 10 mM 
N-ethylmaleimide, and Halt Protease Inhibitor Cocktail (Thermo Scientific). After 30 min of lysis 
with agitation at 4°C, lysates were centrifuged at 13,000 rpm for 30 min to pellet insoluble 
cellular debris. IP antibody, myc-Tag (Cell Signaling, 2276), or isotype control (mouse IgG1, Cell 



Signaling 5415) were then added to clarified lysates and rotated for 16 h at 4°C. Protein A/G 
Dynabeads (Thermo Scientific, 88802) were added and samples were rotated for 1 h at 4°C. Four 
washes with magnetic separation were performed with lysis buffer. Beads were finally 
resuspended in LDS buffer with 5% beta-mercaptoethanol, denatured at 95°C for 8 min, and 
SDS-PAGE was performed. For IP-MS experiment, pelleted beads were flash frozen in a slurry of 
dry ice and 70% ethanol and stored at -80C until further processing. 
 
Mass Spectrometry-Based Proteomic Sample Preparation and Analysis 
Proteomic samples were processed as previously described with minor alterations (Agelidis et 
al., 2021; Lapek et al., 2017). Briefly, pelleted beads from immunopurification described above 
were immersed in 8 M urea + 50 mM HEPES pH 8.5 and were subjected to 5 min water bath 
sonication and 5 min centrifugation at 18,000 x g to separate proteins from magnetic beads. 
Samples were subjected to disulfide bond reduction in 5 mM DTT, alkylation in 15 mM 
iodoacetamide and protein precipitation with trichloroacetic acid. Protein isolation and 
digestion proceeded with LysC endopeptidase (VWR) and trypsin (Promega), followed by 
desalting with C18 resin columns (Waters) and vacuum drying. Dried peptides were labeled with 
tandem mass tags (TMT) (Thermo Scientific), resuspended in 30% dry acetonitrile in 200 mM 
HEPES pH 8.5, multiplexed using bridge channel internal standards, and fractionated on an 
Ultimate 3000 HPLC with 4.6 mm x 250 mm C18 column. Dried fractions were analyzed on an 
Orbitrap Fusion with in-line Easy Nano-LC 1000 (Thermo Scientific) and spectral data were 
analyzed using Proteome Discoverer 2.1. Spectral matching was performed against a Homo 
sapiens reference proteome appended to an HSV-1 reference proteome, and spectra were 
matched against a target and decoy database generated in silico using SEQUEST-HT (Elias and 
Gygi, 2007). False discovery rate of 1% was used to filter spectra at the peptide and protein level. 
Data were processed by filtering peptide spectral matches (PSMs) to retain only high quality and 
low ambiguity spectra, and PSMs were finally summed and normalized against the median 
bridge channel. Gene ontology analysis was performed with ClueGO v2.5.2 (Bindea et al., 2009) 
within Cytoscape v3.6.1 and ClusterProfiler v3.10.0 (Yu et al., 2012) in R. 
 
Quantification and Statistical Analysis 
Statistical tests including Mann-Whitney and Wilcoxon signed-rank tests were implemented in 
GraphPad Prism and R where appropriate, as indicated in the figure legends. Details of statistical 
analysis method and information including n, mean, and statistical significance values are 
indicated in the corresponding sections of the main text, figure legends, or Methods. 
Experiments were replicated three times with similar results and bar plots represent mean ± SEM 
unless otherwise specified. A p value of < 0.05 was considered to be statistically significant. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns, not significant. 
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