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HSATII RNA is induced via a noncanonical
ATM-requlated DNA damage response pathway and
promotes tumor cell proliferation and movement
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Pericentromeric human satellite 1l (HSATII) repeats are normally
silent but can be actively transcribed in tumor cells, where
increased HSATII copy number is associated with a poor prognosis
in colon cancer, and in human cytomegalovirus (HCMV)-infected
fibroblasts, where the RNA facilitates viral replication. Here, we
report that HCMV infection or treatment of ARPE-19 diploid epi-
thelial cells with DNA-damaging agents, etoposide or zeocin, in-
duces HSATII RNA expression, and a kinase-independent function
of ATM is required for the induction. Additionally, various breast
cancer cell lines growing in adherent, two-dimensional cell culture
express HSATII RNA at different levels, and levels are markedly
increased when cells are infected with HCMV or treated with zeo-
cin. High levels of HSATII RNA expression correlate with enhanced
migration of breast cancer cells, and knockdown of HSATIl RNA
reduces cell migration and the rate of cell proliferation. Our inves-
tigation links high expression of HSATII RNA to the DNA damage
response, centered on a noncanonical function of ATM, and dem-
onstrates a role for the satellite RNA in tumor cell proliferation
and movement.

HSATII | human satellite Il | DNA damage response | human
cytomegalovirus | breast cancer cells

epetitive DNA sequences comprise more than 50% of the

human genome (1) and include short (SINE) and long
(LINE) interspersed nuclear elements, DNA transposons, long
terminal repeat transposons, and satellite repeats. Even though
repetitive DNA elements are ubiquitous in the human genome,
there is a relatively limited understanding of their functions and
the molecular mechanisms regulating their expression. Satellite
DNAs (satDNAs), which account for ~3% of the genome (1),
are constituents of centromeric and pericentromeric heterochro-
matin, and have been implicated in chromosome organization and
segregation, kinetochore formation, as well as heterochromatin
regulation (2). Next-generation sequencing showed these genomic
sites, originally thought to be largely transcriptionally inert, can
produce noncoding RNAs (ncRNAs), contributing to satDNA
functions (3-6).

Altered patterns of transcription, including the induction of
ncRNA accumulation, occur in tumors (7-9). Several ncRNAs
originating from satDNA regions of the genome are expressed in
cancer cells, such as human alpha-satellite repeat (Alpha/ALR)
RNA, human satellite II (HSATII) RNA, and its mouse coun-
terpart GSAT RNA (10-15). While some satDNA transcription
is stress dependent (16) or triggered during apoptotic, differen-
tiation, or senescence programs in cells (17, 18), HSATII RNA
accumulation was found to be refractory to these generalized
stressors. Rather, it was induced in a series of colorectal cancer
cells when they were grown under nonadherent conditions or as
xenografts in mice (19). High expression of Alpha/ALR and
HSATII RNAsS can lead to their reverse transcription and stable
reintegration into the human genome, expanding their genomic
copy numbers (19). Elevated copies of genomic HSATII sequences
were found in primary human colon tumors and correlated with
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lower survival rates of colon cancer patients (19). Ectopically
expressed Alpha/ALR RNA was found to induce tumor formation
in mice (15). Additionally, HSATII and GSAT RNAs have a nu-
cleotide motif usage that is distinct from that commonly seen in
most noncoding transcripts, resulting in their immunostimulatory
potential (20).

Viruses deregulate many biological processes, often in a sim-
ilar manner to aberrations seen in cancer cells. Those biological
changes caused by infections not only resemble cancer, but in
some cases contribute to oncogenesis (21). Indeed, it is esti-
mated that 12 to 20% of all cancers have a viral etiology and
often are linked to persistent or chronic viral infections (22-24).

Human cytomegalovirus (HCMV) is a p-herpesvirus that in-
fects a large percentage of the adult population worldwide. In-
fection in immunocompetent people is typically asymptomatic.
In contrast, HCMYV is a life-threatening opportunistic pathogen
in immunosuppressed individuals (25-27), and a major infectious
cause of birth defects (28). Many of the biological changes seen
in HCMV-infected cells resemble those common to cancers,
including activation of pro-oncogenic pathways, changes in cel-
lular metabolism, and increased cell survival (29-34). Given
similarities in the molecular symptoms of HCMV infections and
tumorigenesis, as well as its reliable presence in glioblastoma
tumors, HCMYV has been suggested to play a role, perhaps an
oncomodulatory role, in the etiology of several human cancers
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(31, 35-41). However, its high prevalence has made it difficult to
establish causality in the disease (42).

Recently, we determined that HCMV infection induces HSATII
RNA in fibroblasts, among other satDNA transcripts, to a similar
extent as reported for tumor cells (43). Elevated HSATII RNA
was also detected in biopsies of CMV colitis, showing that the
RNA is elevated in human infections and raising the possibility
that elevated HSATII RNA may influence the pathogenesis of
HCMYV disease. When the amount of HSATII RNA in HCMV-
infected fibroblasts was reduced by knockdown (KD) with locked
nucleic acid (LNA) oligonucleotides, viral gene expression, DNA
accumulation, and yield were reduced. Moreover, KD experi-
ments revealed that HSATII RNA affects several infected-cell
processes, including protein stability, posttranslational modifi-
cations, and motility of infected cells.

The HCMYV IE1 and IE2 proteins induce HSATII RNA (43)
and are known to regulate the Rb and E2F protein families,
which contribute to efficient viral replication in part through
induction of a DNA damage response (DDR) (44, 45). Here, we
have tested the possibility that these two activities of the viral
IE1 and IE2 proteins—induction of a DDR and HSATII
RNA—are related. We report that the DNA-damaging agents,
zeocin and etoposide, which induce DNA double-strand breaks
(DSBs) and a DDR (46, 47), markedly induce HSATII RNA in
diploid epithelial cells growing in adherent, two-dimensional
culture. Consistent with this observation, ATM, a key regulator
of DDRs, is required for induction of the satellite RNA by in-
fection or DNA-damaging agents. Importantly, HSATII RNA
induction requires a noncanonical, kinase-independent ATM
function. Finally, we demonstrate that HSATII RNA is
expressed in a variety of breast cancer cell lines grown in ad-
herent culture, the RNA is further induced in these cell lines by
HCMYV infection or zeocin treatment, and HSATII RNA levels
correlate with their migration and proliferation rates. In sum,
our data argue that the DDR leads to elevated HSATII RNA
levels, potentially enhancing the fitness of both HCMV and
tumor cells.

Results

The DDR Regulates HSATII RNA Expression. Ectopic expression of
the HCMV IE1 and IE2 proteins can induce HSATII RNA
expression in the absence of infection (43). As IE1 and IE2 in-
duce a DDR that supports efficient viral replication (44, 45), we
speculated that the DDR could play a role in the expression of
human satDNAs.

To test this hypothesis, ARPE-19 cells were stressed by three
regimens that induce a DDR: UV-C irradiation, H,O, treat-
ment, or serum withdrawal (48-50). Exposure of these diploid
epithelial cells, which normally express HSATII RNAs at very
low basal levels, to stressing agents induced HSATII RNA to a
very limited extent, 2- to 3-fold (Fig. 14), in contrast to the 100-
to 1,000-fold induction observed in response to virus infection
(43). As a proxy to monitor successful DDR activation, the in-
duction of p53 activity was monitored by assaying the levels of
p53-dependent cyclin-dependent kinase inhibitor 1 (p21; enco-
ded by the CDKNI1A gene) (48) and p53-regulated damage-
induced noncoding (DINO) long noncoding RNA (IncRNA)
(51). As expected, both were elevated in cells exposed to all
three treatments (Fig. 14).

We reasoned that the failure of these treatments to induce
HSATII RNA might be a consequence of the specific type of
DNA damage and the resulting response that they induce. For
example, while UV-C irradiation can lead to DNA DSBs, the
specific role of UV-C in DNA damage depends on the replica-
tive state of treated cells, as those breaks usually arise from the
replication of unrepaired UV-induced DNA lesions (52, 53). It
was possible that UV-C and the other treatments were not effi-
cient in inducing HSATII RNA. Therefore, we tested the effects
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of zeocin and etoposide. Etoposide, similarly to doxorubicin, is
an anticancer agent that poisons topoisomerase II, stabilizing
DNA-protein complexes, which ultimately leads to stalled
replication forks (54). Zeocin belongs to the bleomycin/phleo-
mycin family of antibiotics and, as a radiomimetic, has similar
effects on DNA as ionizing radiation (55). Both drugs induce
DNA DSBs (46, 47), and etoposide has been shown to stimu-
late the expression and retrotransposition of another repeated
element, mouse B2 SINE RNA (56, 57). ARPE-19 cells were
exposed to increasing concentrations of zeocin or etoposide;
and HSATII, CDKN1A, and DINO RNA expression were
monitored. Zeocin caused a rapid, dose-dependent induction of
HSATII RNA, reaching a ~500-fold increase relative to un-
treated cells, at the maximum dose tested (400 pg/mL) (Fig. 1B).
Etoposide also elevated HSATII RNA levels, reaching a ~700-fold
increase at the highest dose tested (500 pM) (Fig. 1C). CDKN1A
and DINO RNA expression mirrored HSATII RNA accumula-
tion, reaching a 6- to 7-fold induction in cells exposed to 400 pg/
mL of zeocin (Fig. 1B) and ~25-fold induction in cells treated
with 500 pM of etoposide (Fig. 1C). No ARPE-19 cell toxicity
was detected at any drug concentration after a 24-h treatment
(Fig. 1 B and C).

The kinetics of HSATII, CDKN1A, and DINO RNA expres-
sion were monitored by RT-qPCR from 0 to 24 h posttreatment
(hpt) with zeocin (200 pg/mL) or etoposide (200 uM). HSATII
RNA expression started to increase between 7 and 12 hpt with
either zeocin or etoposide, reaching a 300-fold induction at 24
hpt compared to solvent control-treated cells (Fig. 1 D and E). The
dynamics of CDKNIA and DINO RNA expression were
accelerated compared to HSATII RNA expression, as both tran-
scripts reached their maximum levels within the first 2 to 4 hpt,
suggesting a possible decoupling of DDR/p53-dependent pathways
from the mechanism regulating HSATII RNA induction.

Zeocin Treatment Substantially Mimics the Transcriptional Effect of
HCMV Infection on HSATII RNA Expression. To compare the induc-
tion HSATII RNA by virus vs. DNA-damaging agent, ARPE-19
cells were infected with HCMV (1 TCIDsg/cell) or treated with
zeocin (100 pg/mL). The infection used an epithelial cell-grown
HCMV strain (TB40/E-GFP-epi) that efficiently infects ARPE-
19 cells (58). Mock infection and solvent treatment served as
controls. After 24 h, RNA was isolated and analyzed by RNA
sequencing (RNA-seq). By analyzing only uniquely mapped
HSATII reads, RNA-seq analysis confirmed that zeocin effec-
tively induces HSATII expression in ARPE-19 cells (Fig. 24).
Moreover, as in HCMV-infected cells (43), HSATII RNA in
zeocin-treated cells is produced preferentially from chromosome
1, 2, 10, and 16. We detected a higher prevalence of HSATII-
specific reads from chromosome 1 in cells exposed to zeocin
(~15%) compared to only ~5% of these reads in samples from
HCMV-infected cells (Fig. 2B). However, in both HCMV- or
zeocin-treated cells, the majority (~86% or 76%, respectively) of
HSATII-specific reads mapped to chromosome 16 (Fig. 2B).

Read coverage tracks at the HSATII-rich locus on chromo-
some 16 were mapped with the Integrative Genomics Viewer
(IGV) using STAR aligner (59)-created BAM files (Fig. 2C).
The data from mock-infected and solvent-treated cells showed
very few, if any, reads mapped to this HSATII locus (Fig. 2C).
The read coverage tracks based on RNA-seq data from HCMV-
infected or zeocin-treated ARPE-19 cells display a similar dis-
tribution in this HSATII-rich locus spanning ~17 kb of DNA.
Therefore, these data strengthened our view that common
mechanisms might be responsible for the induction of HSATII
RNA in both HCMV-infected and DNA-damaging drug-treated
cells.

Nogalski and Shenk


https://www.pnas.org/cgi/doi/10.1073/pnas.2017734117

on December 12, 2020

Downloaded at Karolinska Institute <IMG SRC:

-

=)
w

wd

" -
w®
028 103 g
£
3’28 . HSATII
o
582 10 n ® CDKN1A (p21)
5
z3E * : i T DINO (IncRNA)
IE 5w x .
SE 0%
z
107
uv H,0, NoFBS

B Dose-Dependent Effect of Zeocin
98 102 101 102 101 102 101 % Cell Viability

C Dose-Dependent Effect of Etoposide
100 100 99 101 98 97 100 99 % Cell Viability

700 - 10 800 T 35
HSATIl
P 5 700 HSATII 1 Lso
2o CDKN1A (p21) 8 o o CDKN1A (p21) / i 2
g g 500 DINO (IncRNA) 7 I ot g 3 son DINO (IncRNA) S res Eee
o5 400 10 s 3% Vile 3
IE e S50 T l 2 ‘2 o 400 a
v 2 . 1A 4 =24 T2 a0 l .5
5 200 — 11 5o 2 L 10 g o
o o~ 3 2§ : o 1 ¥ o :
100 T 1 2 100 1 § ==
x o - : 4 o
ol — 0 3 ol—- = g 3
0 10 25 50 100 200 400 @ 0 5 10 25 50 100250 500 a
Zeocin [ug/mL] Etoposide [uM]
D Time-Dependent Effect of Zeocin E Time-Dependent Effect of Etoposide
HSATI HSATII
- CDKN1A (p21) CDKN1A (p21)
400 DINO (IncRNA) 10 500 DINO (IncRNA) 16
@ ] 14 F
') * 3 Do }
§¢ 300 1 { { I ¢ 7 £ W I 1 . pz %
F-1 g £ E 1 a e
o 1 I T 1 6 = O3 300 ST ! 0 2
o3 & = .
o 200 ] S i V1 fs8 =2
w F3 [y T z
- g 4 B T2 200 { 1 I | & Z=
g / o B 2 A / g9
g 100 / T , 38 g 0 'y 4 3a
/ A 7o A J . "0
E / g ]
od - Lo 3 0 ———erorr Iy 3
0 2 4 7 12 24 a 0 2 4 7 12 24 a

Hours Post Zeocin Treatment

Hours Post Etoposide Treatment

Fig. 1. DDR regulates HSATII RNA expression. (4) Limited induction of HSATII RNA by UV, H,0,, or serum withdrawal. ARPE-19 cells were exposed to UV

irradiation (50 J/m?), H,O, (100 nM), or serum withdrawal (no FBS). RNA samples were collected at 24 hpt. RT-gPCR was performed to quantify HSATII,
CDKN1A, or DINO transcripts, using GAPDH as an internal control. Data are presented as a fold change (mean + SD; n = 3). *P < 0.05, **P < 0.01, and ***P <
0.001. (B and C) Induction of HSATII RNA by treatment with DNA-damaging drugs. ARPE-19 cells were treated with increasing concentrations of zeocin (B) or
etoposide (C) with H,O or DMSO, respectively, as solvent controls. RNA samples were collected at 24 hpt, and RT-gPCR was performed to quantify HSATII,
CDKN1A, and DINO transcripts, using GAPDH as an internal control. Data are presented as a fold change (mean + SD; n = 3). (Inset) At 24 hpt, cell viability was
assessed at each indicated drug concentrations. Data are presented as percent viable cells (mean + SD; n = 3). (D and E) Drug-induced HSATII RNA accu-
mulation occurs after a delay. ARPE-19 cells were treated with zeocin (200 pg/mL) (D), etoposide (200 pM) (E), and H,O or DMSO, respectively, as solvent
controls. RNA samples were collected at indicated times. RT-gPCR was performed to quantify HSATII, CDKN1A, and DINO transcripts, using GAPDH as an

internal control. Data are presented as a fold change (mean + SD; n = 3).

Zeocin Treatment Mimics Aspects of the HCMV-Induced Transcriptome.
To assess common biological processes regulated by infection and
drug, ARPE-19 cells were HCMV-infected or zeocin-treated (100
pg/mL), and mock infection or solvent treatment served as controls.
RNA-seq analysis determined that 654 and 914 cellular RNAs were
significantly (g < 0.05) modulated in HCMV-infected and zeocin-
treated cells, respectively, and 87 RNAs were modulated by both
treatments (Fig. 34 and SI Appendix, Table S1). The 87 coregulated
genes were further examined by the gene set enrichment analysis
(GSEA) (60) using the hallmark gene set of the Molecular Signa-
tures Database (MSigDB) (61) and found to be strongly associated
with multiple gene subsets related to DNA damage/repair and other
processes, which, if deregulated, associate with enhanced cancer
progression (62-65) (Fig. 3B). As we were interested in determining
the common molecular mechanisms that govern HSATIT RNA in-
duction in infected and zeocin-treated cells, we focused on the role
of HCMV- and drug-induced DDR pathways in HSATII RNA ex-
pression and its possible effect on cancer cell biology.

ATM Is Required for HSATII RNA Expression. Different types of DNA
damage govern the activation of DDR pathways through key
regulators: ATM, ATR, and DNA-PKcs (66-68), and each of

Nogalski and Shenk

these PI3-kinases, when activated, phosphorylates the histone
H2A family member, H2AX, generating y-H2AX (69). HCMV
infection induces accumulation of y-H2AX (44, 45) as does
zeocin (70). To confirm that both agents induce this marker in
ARPE-19 epithelial cells, untreated, HCMV-infected, or zeocin-
treated (100 pg/mL) cells were fixed after 24 h, stained with anti-
body recognizing y-H2AX protein, and representative images were
captured. Both HCMV-infected and zeocin-treated cells had ele-
vated y-H2AX signals (SI Appendix, Fig. S1 A and B).

We next scrutinized possible contributions of ATM, ATR,
and/or DNA-PKcs to HSATII RNA accumulation. ARPE-19
cells were transfected with non-targeting small interfering RNA
(NT siRNA) or siRNAs targeting ATM, ATR, or PRKDC (en-
codes DNA-PKcs) transcripts. Forty-eight hours later, the cells
were infected with HCMV or treated with zeocin (100 pg/mL)
for 24 h. All specific siRNAs efficiently reduced their targeted
transcripts (75 to 90% decrease) (Fig. 44). However, only ATM-
specific siRNA treatment led to a significant reduction of
HSATII RNA levels (~70% decrease) in HCMV-infected
(Fig. 4 A, Left) or zeocin-treated cells (Fig. 4 A4, Right). To di-
rectly assess the importance of ATM kinase activity (68, 71, 72)
in HSATII RNA induction, the effect of KU-55933 or AZ31,
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Fig. 2. Zeocin treatment partially mimics the transcriptional effect of HCMV infection on HSATII RNA expression. ARPE-19 cells were infected with HCMV (1
TCIDso/cell), or treated with zeocin (100 pg/mL) or H,O as a solvent control, and RNA samples were collected at either 24 hpi or 24 hpt, respectively. RNA was
isolated and analyzed using RNA-seq. (A) Quantification of HSATII RNA induction by RNA-seq analysis. HSATII RNA expression in terms of counts per million
reads mapped (cpm) was computed and normalized across samples (n = 2). (B) Chromosomal distribution of HSATII RNA expression. HSATII chromosomal
origin in HCMV-infected or zeocin-treated cells was depicted based on the number of unique HSATII reads mapped to specific chromosomal loci. Data are
presented as a percentage of total HSATII reads (mean + SD; n = 2). (C) Example loci of HSATII RNA expression on chromosome 16. HSATII read coverage for
HCMV infection vs. zeocin treatment was based on reads mapped to human genome and read coverage track at the HSATII locus on chromosome 16 was
visualized using IGV. The nucleotide sequence is represented by colored bars (A - green; C - blue; G - yellow; T - red).

ATM kinase inhibitors (73, 74), were tested. Neither drug
compromised the viability of ARPE-19 cells when tested at
concentrations up to 50 uM (Fig. 4 B, Left). However, because
we noticed morphological changes in treated cells at the highest
dose (50 pM), we used KU-55933 and AZ31 at 20 pM, which is
in the range of concentrations at which these drugs are typically
used (73-75). Cells were pretreated with KU-55933 or AZ31 for
2 h before being treated with zeocin (100 pg/mL). Interestingly,
at 24 hpt, neither ATM kinase inhibitor affected HSATII RNA
levels (Fig. 4 B, Right). However, both kinase inhibitors nega-
tively (~70% decrease) affected expression of CDKN1A and
DINO transcripts when compared to DMSO-treated control
cells, demonstrating that the drugs were active.

To further establish a role for ATM in HSATII RNA ex-
pression, we used ataxia—telangiectasia fibroblasts, A-T(—) cells,
that carry a missense mutation in the carboxyl-terminal PI3-ki-
nase-like domain of ATM, and contain very low levels of mutant
protein (76, 77). A derivative of this cell line, A-T(+) cells, with
a stably expressed, functional ATM gene (77) was used as a
control. Cells were HCM V-infected or treated with zeocin (100
pg/mL). Mock infection and solvent treatment served as controls.
After 24 h, infected or drug-treated A-T(+) cells were charac-
terized by a 71x or 137x induction of HSATII RNA, respec-
tively; and zeocin-treated, but not HCMV-infected, cells
contained higher levels of CDKN1A and DINO RNA. HSATII
RNA was also induced in A-T(-) cells following HCMV infec-
tion or zeocin treatment, but to a ~6-fold lower level when
compared to A-T(+) cells (Fig. 4C). Both treatments resulted in
significantly lower expression of CDKN1A and DINO RNAs
(~15x and ~5x lower, respectively) in A-T(—) cells when com-
pared to A-T(+) cells. Together, these data further implicate
ATM in HSATII RNA expression following infection or
treatment with DNA-damaging drugs.
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Next, to confirm a kinase-independent role for ATM in
HSATII RNA expression, we ectopically expressed wild-type
ATM (ATMwt), kinase-dead ATM (ATMmut) or GFP, as a
control, in the A-T(-) fibroblasts and followed with zeocin
treatment. As demonstrated previously (77), A-T(-) fibroblasts
are characterized by a very low level of ATM protein and
transfection of the cells with ATM-encoding plasmids resulted in
the efficient expression of ATMwr or ATMmut (Fig. 4 D, Left).
ATMwt- but not ATMmut-expressing cells responded to zeocin
treatment with enhanced phosphorylation of Chk2 at threonine
68, as predicted. HSATII RNA levels were monitored in these cells.
Similarly to the data presented in Fig. 4C, zeocin treatment in-
creased HSATII expression in untransfected or GFP A-T(-) cells
(Fig. 4 D, Right). Importantly, however, both ATMw¢- and ATM-
mut-expressing A-T(—) cells responded to zeocin treatment with
similarly increased HSATII RNA expression, when compared to
untransfected or GFP-expressing cells. Therefore, ATM regulates
HSATII expression, but independently from its kinase activity.

HSATII RNA Expression Is Induced by ATM via a Chk1/2- and
p53-Independent Pathway. ATM and ATR phosphorylate two
downstream kinases, checkpoint 1 and 2 (Chkl and Chk2
encoded by the CHEK1 and CHEK?2 genes, respectively), which
ultimately regulate p53 activity in a context-dependent manner
(68, 71, 72). Chk2 is normally activated by ATM-mediated
phosphorylation, so we tested whether it is required for accu-
mulation of HSATII RNA. As a control, we also tested Chkl.
Forty-eight hours prior to HCMV infection or treatment with
zeocin (100 pg/mL), ARPE-19 cells were transfected with NT
siRNA or siRNA specifically targeting CHEK1 or CHEK2
transcripts. The treatment resulted in a robust decrease in these
transcripts at 24 hpi or 24 hpt (Fig. 54). However, we did not

Nogalski and Shenk
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Fig. 3. Zeocin treatment partially mimics the HCMV-induced transcriptome.
ARPE-19 cells were mock- or TB40/E-GFP-epi-infected (1 TCIDso/cell), or
treated with zeocin (100 pg/mL) or H,O as a solvent control. After 24 h, RNA
samples were collected and RNA was isolated and analyzed using RNA-seq.
(A) Cellular genes modulated by both HCMV and zeocin. Venn diagram
showing significantly expressed genes either in HCMV-infected or zeocin-
treated cells vs. respective controls. (B) Categories of gene sets modulated
by both HCMV and zeocin. GSEA was performed on the genes differentially
expressed in both HCMV-infected and zeocin-treated cells using the hall-
mark gene set of MSigDB. Identified specific gene set names are categorized
based on increasing P value and FDR q value.

detect a statistically significant decrease of HSATII RNA levels
in CHEKI1 or CHEK2 KD cells upon HCMYV infection or zeocin
treatment, consistent with the lack of a requirement for ATM
kinase activity (Fig. 4), and further arguing that the canonical
ATM-Chk2 signaling cascade does not play an important role in
the expression of HSATII RNA.

Since ATM (78) and Chk2 (79) both phosphorylate and sta-
bilize/activate p53, we also investigated the possible involvement
of p53 in HSATII RNA induction. Control and p53 KD ARPE-
19 cells were HCMV-infected or treated with zeocin (100 pg/
mL), and HSATII, CDKN1A, and DINO RNA expression were
assessed at 24 (Fig. 5B) and 120 hpi/hpt (Fig. 5C). TP53-specific
siRNA strongly decreased the targeted pS53 transcript at both
times tested (~83% and 87%), when compared to NT siRNA-
treated cells. p53 KD had a modest effect (10% decrease) on
HSATII RNA expression at 120 hpi when compared to control
cells, but either had no effect (24 hpt) or slightly increased
HSATII RNA expression (120 hpt) in zeocin-treated cells. In
control experiments, p53 KD had little effect on CDKN1A and
DINO expression at 24 h post-HCMYV infection, but significantly
decreased (~65%) both transcripts at 120 hpi. In comparison,
p53 KD strongly (80% decreased) affected CDKN1A and DINO
expression at both 24 and 120 h post-zeocin treatment.

In sum, ATM protein is required for HSATII RNA accumu-
lation in response to infection or zeocin treatment. However,
ATM kinase activity and two downstream elements of the DDR
response that are normally activated by ATM-mediated phos-
phorylation, Chk2 and p53, are not needed for HSATII RNA
expression.

Nogalski and Shenk

Breast Cancer Cells Differ in HSATII RNA Levels and Sensitivity to
HCMV Infection and Zeocin Treatments. HSATII RNA expression
has been detected in several cancers, including breast (10, 12),
and HSATII copy number gains are a common and negative
prognostic feature of colorectal tumors (19). Given the induction
of HSATII RNA by HCMV infection (43) and DNA-damaging
agents (Fig. 1), and knowing that deregulated DDRs allow
cancer cells to achieve high proliferation rates while making
them more susceptible to DNA-damaging agents (55, 80), we
explored the consequences of induced HSATII RNA expression
in breast cancer cells. Initially, we assessed HSATII RNA ex-
pression levels in breast cancer cell lines that differed by p53
status, hormonal dependency, and invasiveness (Fig. 64). We
tested less invasive tumor cell lines: MDA-MB-175VII (ER+,
PR—, HER2-, p53 wt), MDA-MB-361 (ER+, PR+/—, HER2-,
p53 wt), MCF7 (ER+, PR+, HER2-, p53 wt); more invasive
triple-negative breast cancer (TNBC) cell lines with mutated
p53: SUM1315M02, MDA-MB-231, BT-549; and “normal”
MCF-10A breast epithelial cells as well as “normal” diploid
ARPE-19 cells (81). Cells were cultured in an adherent, two-
dimensional format using identical media conditions across all
lines to prevent variations in results potentially caused by dif-
ferent culture conditions. Upon reaching 80 to 90% confluency,
RNA samples were collected. The basal levels of HSATII RNA
in the three less invasive cell lines (MCF-7, MDA-MB-175VII,
and MDA-MB-361) were 5- to 6-fold higher when compared to
HSATII expression in ARPE-19 cells; and the three more in-
vasive cell lines (SUM1315M02, MDA-MB-231, BT-549) were
characterized with 14- to 53-fold higher levels of HSATII RNA
compared to less invasive breast cancer cells or ARPE-19 cells.
The normal MCF-10A breast epithelial cells had HSATII RNA
levels similar to the less invasive group of tumor cells, suggesting
that the basal level of HSATII RNA might be influenced by the
tissue origin of tested cells.

Next, we tested the induction of HSATII RNA in a selection
of the breast cancer cell lines in response to HCMV infection
(Fig. 6B). At 48 hpi, all tested cells, except BT-549 cells, dem-
onstrated significantly elevated but varied levels of HSATII
RNA (from ~5-fold increase in MCF-7 and MDA-MB-231 to
~100-fold increase in MDA-MB-361 and SUM1315M02) com-
pared to its levels in uninfected cells. As we previously estab-
lished that HCMV IE1 and IE2 proteins collaborate to induce
HSATII RNA (43) and knowing that HCMV replication is
limited or abortive in cancer cells (58, 82, 83), we monitored
expression of UL123 and UL122 viral transcripts, encoding the
IE1 and IE2 proteins. UL123 and UL122 RNA expression was
detected in the breast cancer cell lines upon HCMYV infection
(Fig. 6B). However, our data did not detect any correlation be-
tween levels of HSATII RNA and viral transcripts.

We also tested the effect of zeocin treatment on HSATII
RNA induction in these breast cancer cell lines (Fig. 6C). At 24
and 96 hpt, all cell lines responded to zeocin with significantly
elevated levels of HSATII RNA compared to its levels in solvent
control-treated cells. Additionally, a longer exposure (96 h) of
cells to the DNA-damaging drug correlated with even higher
expression of HSATII RNA. At 96 hpt, HSATII RNA levels
increased by as much as 240-fold in the case of MCF-10A cells.

DNA Damage-Induced HSATII RNA Enhances Motility and Proliferation
of Breast Cancer Cells. We previously reported that HSATII RNA
KD reduced the motility of HCMV-infected ARPE-19 cells (43).
Since HCMYV infection and zeocin treatment elevated HSATII
RNA expression in breast cancer cell lines (Fig. 6 B and C), we
tested whether induced HSATII RNA influences migration of
these cells. Infection of breast cancer cells at a high multiplicity
with HCMYV leads to viral protein expression in only a portion of
the cells (58), and this would confound interpretation of the
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Fig. 4. ATM-based DDR regulates HSATII RNA expression. (A) ATM KD in-
hibits the induction of HSATII RNA by HCMV infection or zeocin treatment.
ARPE-19 cells were transfected with ATM-, ATR-, or PRKDC-specific siRNAs or
NT siRNA as a control. After 48 h, cells were infected with TB40/E-GFP-epi (1
TCIDso/cell) or zeocin (100 ug/mL). RNA samples were collected 24 h later. RT-
gPCR was performed to quantify HSATII, ATM, ATR, and PRKDC transcripts,
using GAPDH as an internal control. Data are presented as a fold change
(mean + SD; n = 3-10). (B) HSATII RNA is induced less in A-T(-) cells than in
A-T(+). A-T(+) and A-T(-) cells were uninfected, infected with TB40/E-GFP (1
TCIDsg/cell), or treated with zeocin (100 pg/mL) or H,O as a solvent control.
RNA samples were collected 24 h later. RT-qPCR was performed to quantify
HSATII, CDKN1A, and DINO transcripts, using GAPDH as an internal control.
Data are presented as a fold change (mean + SD; n = 3). (C) ATM kinase
inhibitors do not block the induction of HSATII RNA by zeocin. (Left) ARPE-19
cells were treated with various concentrations of KU-55933 or AZ31. At 24
hpt, cell viability was assessed. Data are presented as percent viable cells
(mean + SD; n = 3). (Right) ARPE-19 cells were treated with DMSO, KU-55933
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migration assay. Therefore, we treated ARPE-19, MCF-7, and
SUM1315MO2 cells with zeocin (200 pg/mL) or H,O as a sol-
vent control to guarantee a uniform effect across the cell pop-
ulation (Fig. 74). At 24 hpt, transwell migration assays (84) were
performed using equal numbers of cells, and cell motility was
assessed after an additional 24 h. ARPE-19 and MCF-7 cells
showed an ~70% and 100% increase in migration, respectively,
upon zeocin treatment when compared to solvent control-
treated cells. Interestingly, this phenomenon was not observed
with SUM1315MO2 cells. Indeed, zeocin caused a slight de-
crease in the motility of these cells. Although additional cell lines
must be assayed to reach a firm conclusion, this result raises the
possibility that cells with high basal HSATII RNA levels might
be less sensitive to zeocin treatment.

As MDA-MB-231, BT-549, and SUMI1315MO2 cells are
highly metastatic (85, 86), we tested effects of HSATII RNA KD
on the migratory abilities of these three TNBC cells using transwell
migration and wound healing (87) assays. For the transwell mi-
gration assay, MDA-MB-231, BT-549, and SUM1315MO2 cells
were transfected with either non-targeting LNA (NT-LNA) or
HSATII-specific LNAs (HSATII-LNAs), and motility was assessed
24 h later (Fig. 7B). HSATII-deficient MDA-MB-231, BT-549, and
SUM131S5 cells exhibited significantly reduced migration relative to
control-treated cells. MDA-MB-231 and BT-549 cells were the
most sensitive to the treatment with HSATII-LNAs, exhibiting 20-
and 5-fold decreases in mean migration, respectively. The wound
healing assay provided consistent results (Fig. 7C). HSATII-
deficient MDA-MB-231, BT-549, and SUM1315 cells were signif-
icantly slower in closing wounds compared to control treated cells.

As the aggressiveness of TNBC cells is also related to their
high proliferation rates, we tested the effects of HSATII KD on
the proliferation of MDA-MB-231, BT-549, and SUM1315MO2
cells (Fig. 7D). MDA-MB-231, BT-549, and SUM1315MO2 cells
were transfected with either NT-LNA or HSATII-LNAs, and
24 h later equal numbers of cells were seeded in two-dimensional
cultures and cell proliferation monitored for 5 consecutive days.
Although the cell lines proliferated at different rates, the growth
rate was significantly reduced for each cell line following
HSATII KD.

Our data suggest that HSATII RNA is an important regulator
linking a DDR with processes involved in cancer cell migration
and proliferation. Furthermore, at least some DNA-damaging
cancer therapeutics, through the induction of HSATII RNA,
might enhance the migration and proliferation of tumor cells.

Discussion

Given the ability of HCMV IE1 and 2 proteins to induce a DDR
(44, 45) and HSATII RNA (43), and knowing that DNA
damage-inducing treatments stimulate the expression of SINEs
(56, 57), we tested the possibility that a chemically induced DDR
can also induce HSATII RNA. Zeocin and etoposide robustly

(20 uM), or AZ31 (20 pM) for 2 h before zeocin (100 pg/mL) was added. RNA
samples were collected 24 hpt, and RT-qPCR was performed to quantify
HSATII, CDKN1A, and DINO transcripts, and GAPDH was used as an internal
control. Data are presented as a fold change (mean + SD; n = 3). (D) Ectopic
expression of kinase-dead ATM (ATMmut) can enhance the induction of
HSATII RNA in A-T(-) cells by zeocin. (Left) A-T(-) cells were transfected with
GFP-, ATMwt-, or ATMmut-expressing plasmids. After 48 h, cells were ex-
posed to zeocin (100 pg/mL), and protein samples were collected 24 h later.
Proteins were assayed by Western blot analysis performed using antibodies
recognizing ATM, GFP, phospho-Chk2 (T68), Chk2, and actin as a loading
control. (Right) A-T(-) cells were transfected with GFP-, ATMwt-, or ATM-
mut-expressing plasmids and untransfected cultures served as controls. After
48 h, cells were treated with zeocin (100 pg/mL), and RNA samples were
collected 24 h later. RT-qPCR was performed to quantify HSATIl. GAPDH
was used as an internal control. Data are presented as a fold change (mean +
SD; n = 4). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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CHEK2 transcripts, using GAPDH as an internal control. Data are presented
as a fold change (mean + SD; n = 4). (B and C) p53 KD does not block HSATII
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were transfected with TP53 siRNAs or NT siRNA as a control. After 48 h, cells
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RNA samples were collected 24 h (B) or 120 h (C) later. RT-gPCR was per-
formed using specific primers to HSATII, TP53, CDKN1A, or DINO transcripts.
GAPDH was used as an internal control. Data are presented as a fold change
(mean + SD; n = 3-4). *P < 0.05, **P < 0.01, ***P < 0.001, and
**%*P < 0.0001.

induced HSATII RNA in diploid ARPE-19 epithelial cells
(Fig. 1 B and C) with kinetics (Fig. 1 D and E) similar to those
described previously for the induction of the transcript by

Nogalski and Shenk

HCMYV infection (43). In contrast, UV-C did not induce HSATII
(Fig. 14). UV-C causes helix-distorting lesions in DNA, such as
pyrimidine(6-4)pyrimidone photoproducts and cyclobutane py-
rimidine dimers (52), that can subsequently be converted into
DSBs during DNA replication; whereas zeocin (88), etoposide
(89), and HCMYV infection (90) directly induce DSBs. Our UV-C
assay employed confluent monolayers of cells, conditions that
did not favor cellular DNA replication and induction of DSBs, so
it is possible that extensive DNA DSBs were not produced
during the course of the experiment.

Zeocin induced expression from a similar set of HSATII loci
as did HCMYV infection (Fig. 2 B and C), and a subset of genes
induced by zeocin and virus infection overlapped and included
key elements of DDR signaling cascades. Infection and zeocin
treatment induced y-H2AX foci in diploid epithelial cells, a
marker for DSBs (SI Appendix, Fig. S1). The ATM kinase is the
primary mediator of the response to DSBs (91), and KD of ATM
in diploid epithelial cells (Fig. 4 A and B) blocked HSATII RNA
induction by the DNA-damaging drugs and infection. Zeocin,
etoposide, and virus infection each induce a DDR and HSATII
RNA, and these responses depend on ATM. However, although
ATM protein is required, two different active ATM kinase in-
hibitors (KU-55933 and AZ31) failed to block HSATII RNA
induction by zeocin (Fig. 4B). Moreover, ectopic expression of
wild-type ATM or kinase-dead ATM restored the ability of
ATM-deficient ataxia—telangiectasia A-T(—) cells to efficiently
induce HSATII RNA in response to zeocin treatment (Fig. 4D).
Furthermore, KD of Chk2, which is activated by ATM-mediated
phosphorylation, and KD of p53, which is phosphorylated and
activated by both ATM and Chk2, had no negative effects on
HSATII RNA induction by zeocin (Fig. 5). Thus, our data in-
dicate that ATM kinase activity and the canonical ATM-
Chk2-p53 signaling cascade are not required for HSATII RNA
accumulation. Different signaling events fit with the observation
that the ATM kinase-dependent induction of CDKNI1A and
DINO RNAs occurs much more rapidly than the ATM kinase-
independent induction of HSATII in response to zeocin
(Fig. 1D) or etoposide (Fig. 1E).

Even though its kinase activity is not essential, ATM protein
(or mRNA) is clearly required for HSATII RNA induction.
There is precedent for ATM kinase-independent function. ATM
controls mitophagy through its interaction with the Parkin E3
ubiquitin ligase; ATM acts via the protein—protein interaction,
independently of its kinase activity (92). We anticipate that the
kinase-independent role of ATM in the induction of HSATII
RNA might be driven by a similar mechanism.

Overexpression of HSATII RNA has been reported for lung,
ovarian, prostate, and osteosarcoma tumors as well as tumor-
derived cell lines (10, 12, 13). Given our current data revealing
the importance of the DDR in HSATII RNA expression and
with the known impact of deregulated DDRs and cell cycle
checkpoints on oncogenesis (93, 94), we probed the physiological
consequences of HSATII RNA expression in cultured tumor
cells. We tested several breast cancer cell lines growing in ad-
herent, two-dimensional culture, and higher endogenous HSA-
TII RNA levels correlated with a highly metastatic phenotype
(Fig. 64), and HSATII levels were substantially increased in
most cell lines by HCMYV infection or zeocin treatment (Fig. 6 B
and C). Cells characterized by low basal HSATII RNA expres-
sion, i.e., ARPE-19 and MCF-7 cells, showed an enhanced mi-
gratory phenotype when exposed to zeocin, while SUM1315MO2
cells with higher uninduced levels of HSATII RNA did not
(Fig. 7A4). Perhaps the nonresponsive cells had a sufficiently high
level of the satellite RNA before induction. HSATII RNA KD
markedly reduced migration (Fig. 7 B and C) and proliferation
(Fig. 7D) in the three TNBC cell lines tested, suggesting a direct
relationship between high levels of the RNA and cell pheno-
type. These observations argue that higher HSATII RNA levels
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Fig. 6. Breast cancer cells differ in HSATII RNA levels and sensitivity to
HCMV infection and zeocin treatment. (A) Breast cancer cell lines contain
HSATII RNA when grown in adherent (two-dimensional) culture. Cell lines
were grown to ~80% confluency and RNA samples were collected. RT-qPCR
was performed to quantify HSATII RNA, using GAPDH as an internal control.
Data are presented as a fold change (mean + SD; n = 3). (B) HCMV infection
elevates HSATII RNA levels in breast cancer cell lines. MCF-7, MDA-MB-361,
MDA-MB-231, BT-549, and SUM1315MO2 cells were infected with TB40/
E-GFP-epi (4 TCIDsg/cell), and RNA samples were collected at 24 hpi. RT-qPCR
was performed to quantify HSATII RNA, using GAPDH as an internal control.
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correlate with enhanced proliferation and migration, character-
istics of aggressive, metastatic tumors; and they are consistent
with an earlier report showing that HSATII copy number gains
are a negative prognostic feature of colorectal cancers (19). Of
note, numerous noncoding RNAs have been shown to influence
tumor cell movement, including miRNAs (95, 96), IncRNAs (97,
98), and circRNAs (99).

DNA-damaging cancer therapeutics can lead to drug resis-
tance (55, 80) and raise concerns about the development of de
novo primary tumors (100). The induction of HSATII RNA
accumulation by DNA-damaging drugs in cultured cells (Figs. 1
and 6) and the correlation between elevated HSATII RNA and
enhanced tumor cell proliferation and migration (Fig. 7) prompt
us to speculate that DNA-damaging chemotherapeutics have
potential to enhance malignancy of tumor cells that survive
treatment. This effect could be of long or short duration,
depending on how long HSATII RNA remains elevated after
drug treatment. Negative consequences could derive from im-
mediate effects of HSATII RNA overexpression, as we have
measured here, and perhaps overexpression of other noncoding
RNA:s. In addition, longer-term effects might result from reverse
transcription of the overexpressed RNAs followed by integration
and copy number expansion in tumors, as described for HSATII
(19) and another repeated element, LINE-1 (101).

HCMYV RNAs and proteins are found in a variety of human
malignancies, and HCMV-infected cells have many properties
suggesting the virus might influence tumor progression (102), in-
cluding increased movement (43, 103-106). The ability of HCMV
infection, like radiomimetic drugs, to sponsor a DDR (45, 107) with
induction of HSATII RNA in healthy cells (43) (Figs. 1 and 2) and
breast cancer cells (Fig. 6B) leads to a second speculation. Perhaps
HSATII RNA induction contributes to the apparent oncomodu-
latory activity of the virus. Indeed, numerous viruses, many of which
are considered tumor viruses, are known to induce a DDR (44);
and, therefore, might also induce HSATII RNA contributing to
malignancy. For HCMV, even a limited or abortive viral replication
documented in cancer cells (58, 82, 83) might lead, via IE1/
IE2 protein-mediated HSATII RNA induction, to enhanced mi-
gratory and proliferative characteristics of cancer cells.

In sum, this study demonstrates that DNA DSBs induce
HSATII RNA via a DDR that requires ATM protein but not its
kinase activity, demonstrates a link between expression of the
RNA and cellular growth and migration phenotype, and estab-
lishes a paradigm to study the biological consequences of
HSATII RNA expression—treatment of normal diploid and
tumor cells with DNA-damaging agents.

Materials and Methods

Cells, Viruses, and Drugs. Human retinal pigment epithelial (ARPE-19) cells,
human foreskin fibroblasts (HFFs) (32), and breast epithelial (MCF-10A) cells,
as well as breast cancer cell lines MCF-7, MDA-MB-175VIl, MDA-MB-361, and
MDA-MB-231 were from the American Type Culture Collection (ATCC).
SUM1315MO2 breast cancer cells (108) were generously provided by Ste-
phen Ethier (Medical University of South Carolina). A-T(-) fibroblasts, orig-
inally named AT22UE-T, and A-T(+) fibroblasts with a stably expressed
functional ATM were created by the laboratory of Yosef Shiloh (Tel Aviv
University School of Medicine, Tel Aviv, Israel) (76, 77) and generously pro-
vided by Matthew Weitzman (Perelman School of Medicine, University of

For UL123 and UL122 RNA, their background Ct values in uninfected cells
were used to calculate the fold change expression in infected cells. Data are
presented as a fold change (mean + SD; n = 3-5). (C) Zeocin treatment el-
evates HSATII RNA levels in breast cancer cell lines. MCF-7, MCF-10A,
MDA-MB-361, and SUM1315MO2 cells were treated with zeocin (200 pg/mL).
RNA samples were collected at 24 and 96 hpt, and RT-gPCR was performed
to quantify HSATII RNA, using GAPDH as an internal control. Data are pre-
sented as a fold change (mean + SD; n = 3). *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001.
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wounds were created, and their closure was monitored at indicated times. Data from biological replicates are presented as percent of remaining wound width
(mean + SD; n = 20). (D) HSATII RNA KD reduces the rate of breast cancer cell proliferation in two-dimensional culture. MDA-MB-231, BT-549, and SUM1315M02
cells were transfected with NT-LNA or HSATII-LNAs. After 48 hpi, equal number of cells was seeded and cell proliferation was monitored at the indicated times. Cell

proliferation is presented as an increase in measured absorbance (AU, arbitrary units). n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Pennsylvania, Philadelphia, PA). ARPE-19, MCF-7, MDA-MB-175VII, MDA-MB-361,
MDA-MB-231, and SUM1315MO2 cells were cultured in 10% FBS/DMEM with
added Ham'’s F-12 nutrient mixture (Sigma-Aldrich) and supplemented with 1x
MEM Non-Essential Amino Acids Solution (Thermo Fisher Scientific), 1 mM so-
dium pyruvate, 1x GlutaMAX, and 10 mM Hepes, pH 7.4. HFFs, A-T(-) cells, and
A-T(+) cells were cultured in 10% FBS/DMEM. Media were supplemented with
penicillin G sodium salt (100 units/mL) and streptomycin sulfate (95 units/mL).

An infectious BAC clone of HCMV strain TB40/E-GFP (TB40/Ewt-GFP) (109) was
electroporated into ARPE-19 cells or HFFs to generate viral progeny that were
passaged once more in ARPE-19 cells or HFFs, respectively. TB40/E-GFP-epi
designates TB40/E-GFP virus grown in ARPE-19 cells (110). All viral stocks were
partially purified by centrifugation through a 20% D-sorbitol cushion in buffer
containing 50 mM Tris HCl, 1 mM MgCl,, pH 7.2, resuspended in DMEM and
stored in aliquots at —80 °C. Infections were performed by treating cells with
viral inoculum for 2 h, followed by removal of the inoculum and washing with
PBS (Sigma-Aldrich) before applying fresh medium. Viral stocks were titered by
a tissue culture infectious dose 50 (TCIDsp) assay on HFFs or ARPE-19 cells.

Zeocin (InvivoGen) was dissolved in water and stored at —20 °C. Etoposide
(Millipore Sigma), KU-55933 (Tocris), and AZ31 (Selleckchem) were dissolved
in DMSO and stored at —20 °C.

RNA-Seq Analysis. Total RNA was prepared as described previously (43, 111).
Sequencing libraries were prepared using the TruSeq Stranded Total RNA
with Ribo-Zero kit (Illumina), and sequenced on Illumina NovaSeq 6000 se-
quencer instrument in paired-end, rapid mode (2x 150 bp).
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For RNA-seq analysis, the Galaxy instance of Princeton University was used
(112). RNA-seq data were processed as described previously (43, 111). Human
and HCMV fasta and annotation (.gtf) files were created for mapping by
combining sequences and annotations from Ensembl annotation, build 38
(GRCh38), Repbase elements (release 19), and TB40 (EF999921) when ap-
propriate. Quality filtered reads were mapped to the concatenated human-
virus genomes using RNA STAR (59) (Galaxy, version 2.6.0b-2). The featur-
eCounts program (113) (Galaxy, version 1.6.4) was used to measure gene
expression. The resulting files were used as input to determine differential
expression for each gene utilizing DESeqg2 (114) (Galaxy, version 2.11.40.6).
Fold changes in gene expression were considered significant when the ad-
justed P value (q value) for multiple testing with the Benjamini-Hochberg
procedure, which controls for the false discovery rate (FDR), was <0.05.

To analyze HSATII expression, aligned reads were assigned using the
featureCounts function of Rsubread package (115) with the external HSATII
annotation obtained from a RepeatMasker (116) using GRCh38 and Repbase
consensus sequences. This produced the raw read counts. HSATII expression
in terms of cpm (counts per million reads) was computed and normalized
across samples using the trimmed mean of M-values method (TMM) (117). To
calculate the percent of HSATII reads originating from each chromosome,
we identified uniquely mapped reads that exclusively overlapped with
HSATII repeat. The number of normalized counts of HSATII reads mapped to
each chromosome was computed, and the percentage of these reads map-
ping to each chromosome was calculated as described previously (43). To
visualize read coverage tracks for alignment files, RNA STAR-generated BAM
files were imported into the IGV (version 2.6.3) (118) and aligned with
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human genome assembly GRCh38 focused on the HSATII locus on chromo-
some 16. The scale of read coverage peaks was adjusted for experimentally
paired samples. To create Venn diagrams, based on data from the DESeq2
analysis the list of significantly expressed genes in HCMV-infected or zeocin-
treated cells compared to control cells were imported into a web-based tool
InteractiVenn (119).

GSEA (60) was performed on the list of common genes differentially
expressed in both HCMV-infected and zeocin-treated cells using the hall-
mark gene set of the MSigDB (61). A matrix of differentially expressed genes
from the dataset significantly matching the hallmark gene set of MSigDB
was composed and a list of the hallmark gene subsets was ordered based on
a number of overlapping genes, P value determining the probability of as-
sociation with a given gene set, and a FDR q value.

Statistical Analysis. Statistical analyses were performed similarly to those
described previously (43, 111). To determine statistical significance between
two conditions in experiments, unpaired, two-tailed t tests with Welch’s
correction were performed; otherwise, one-way ANOVA was performed
between the arrays of data from distinct samples to determine P values. A
value of P < 0.05 was considered significant. Significance is shown by the
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