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CANCER

Downstream-of-gene (DoG) transcripts contribute to an
imbalance in the cancer cell transcriptome

Kouki Abe"2t, Brian Maunze'?t, Pedro-Avila Lopez"z, Jessica Xu', Nefertiti Muhammad'?,
Guang-Yu Yang3, David Katz'?, Yaping Liu"?*t, Shannon M. Lauberth'%+t

Downstream-of-gene (DoG) transcripts are an emerging class of noncoding RNAs. However, it remains largely
unknown how DoG RNA production is regulated and whether alterations in DoG RNA signatures exist in major
cancers. Here, through transcriptomic analyses of matched tumors and nonneoplastic tissues and cancer cell lines,
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we reveal a comprehensive catalog of DoG RNA signatures. Through separate lines of evidence, we support the
biological importance of DoG RNAs in carcinogenesis. First, we show tissue-specific and stage-specific differential
expression of DoG RNAs in tumors versus paired normal tissues with their respective host genes involved in
tumor-promoting versus tumor-suppressor pathways. Second, we identify that differential DoG RNA expression is
associated with poor patient survival. Third, we identify that DoG RNA induction is a consequence of treating colon
cancer cells with the topoisomerase | (TOP1) poison camptothecin and following TOP1 depletion. Our results un-
derlie the significance of DoG RNAs and TOP1-dependent regulation of DoG RNAs in diversifying and modulating

the cancer transcriptome.

INTRODUCTION

Molecular discoveries revealing alterations in the cancer cell tran-
scriptome have advanced our understanding of how cancer cells
maintain their proliferative potential, evade tumor suppression and
cell death, and undergo cancer cell invasion and metastasis (). Long
noncoding RNAs (IncRNAs) are emerging as key regulators of a va-
riety of cellular processes that influence disease states including can-
cer (2). However, the common and specific IncRNA signatures across
human cancers and the mechanisms driving alterations in IncRNA
expression in carcinogenesis remain to be explored. An emerging
class of IncRNAs referred to as downstream-of-gene (DoG)-containing
transcripts (3-5) is initiated at the promoter of upstream protein-
coding genes in response to stress stimuli that include viral infection
(6, 7), heat shock (8), and osmotic stress (3, 9). Precisely, how stress
signals trigger DoG RNA production is not fully understood. How-
ever, recent evidence has linked DoG biogenesis to defects in tran-
scriptional termination (9, 10). Moreover, while these IncRNAs are
emerging as products of readthrough transcription in response to
stress stimuli, their identity and classification in normal tissues (N'Ts)
and tumorigenesis remain to be explored.

RNA polymerase II (RNAPII) is highly processive, and termi-
nation mechanisms ensure that RNAPII comes to a proper halt at
protein-coding gene ends. Previous studies have established a mod-
el for coordination between pausing of the elongating RNAPII and
recruitment of the 3’ end processing factors downstream of the
polyadenylation sites on human genes (11, 12). Recent studies
provide support for integrator in targeting promoter-proximally
paused RNAPII for termination that prevents elongation (13) and
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the induction of readthrough transcription (9, 10). More recently,
integrator has also been shown to support the elongation rate of
RNAPII and render paused RNAPII into productive RNA synthe-
sis (14). Specifically, hyperosmotic stress disrupts integrator asso-
ciations with RNAPII, which decreases integrator binding to DNA
and prompts enrichment of stress-induced DoG RNA production
(9). Despite these advances, the factors and regulatory processes
underlying alterations in RNAPII pause release frequency, termi-
nation, and DoG RNA production remain to be elucidated.

The essential enzyme, topoisomerase I (TOP1), supports RNAPII-
dependent transcription through its contributions to preinitiation
complex formation (PIC) (15-21) and transcriptional elongation
(22). TOP1 through its recruitment by transcription factor IID
(TFIID) has been shown to regulate PIC assembly through the for-
mation of an active TFIID-TFIIA complex (20). TOP1 also directly
acts to stimulate nucleosome disassembly and gene expression (15).
In addition, paused promoters are particularly sensitive to the
TOP1-selective inhibitor, camptothecin (CPT) (23), suggesting that
TOPI1 may regulate RNAPII pausing, a highly regulated step of the
transcription cycle (24). Consistent with a role for TOP1 in pausing
is a study revealing that bromodomain-containing protein 4 (BRD4)
supports RNAPII pause release by enhancing TOP1 catalytic activi-
ty (22). While TOP1 is involved in the early steps of the RNAPII
transcription cycle, less is known about TOP1’s role in regulating
transcriptional termination other than TOP1 preventing replication
stress at R loop-enriched transcription termination sites (25) and
that coinhibition of TOP1 and BRD4 leads to the inhibition of tran-
scription termination (26). Moreover, TOP1 overexpression has
been identified to be a frequent event associated with colorectal can-
cer (CRC) (27, 28). A first-line chemotherapy prolonging the sur-
vival of patient with CRC is the TOP1 inhibitor, CPT that acts by
preventing TOP1 ligase activity, which leads to the persistence of
single-stranded DNA breaks that evolve into double-stranded DNA
breaks, and ultimately cell death (29-31). The impact of TOP1 on
aberrant transcriptional control in CRC and the mechanisms under-
lying effective TOP1 targeting for cancer treatment largely remain to
be elucidated.
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Our study reveals distinct DoG RNA signatures in several major
cancer types. We unveiled tumor- and stage-specific DoG RNAs
that are produced from host genes functionally classified in contrib-
uting to tumor-promoting pathways. Comparatively, DoG RNAs
produced in NTs and normal colon epithelial cells are produced
from host genes involved in normal developmental and tumor-
suppressor pathways. Moreover, the up-regulation and down-
regulation of tumor-specific DoG RNAs across cancer stages are
associated with an increased risk of mortality. We also reveal that
TOP1-dependent dysregulation of DoG production has important
implications in colon cancer. Specifically, TOP1 up-regulation in co-
lon tumors is associated with decreased DoG RNA expression and
conversely treating colon cancer cells with the anticancer TOP1 in-
hibitor CPT or TOP1 short hairpin RNA (shRNA) results in the in-
duction of specific DoG RNAs. Our study provides an understanding
of dysregulated DoG RNA signatures that have important implica-
tions for understanding several major cancer types and promise to
elicit new therapeutic targets for tuning gene expression programs
that shift disease-related networks.

RESULTS
Alterations in DoG RNA expression and length lead to
transcriptomic imbalances with clinical relevance in major
cancer types
To identify and characterize DoG RNA transcriptional landscapes in
three major cancers, we analyzed RNA sequencing (RNA-seq) data
obtained from The Cancer Genome Atlas (TCGA) (32). Specifically,
we analyzed RNA-seq data from a total of 44 patient tissues (22
paired tumors and NTs) from breast invasive carcinoma (BRCA),
colon adenocarcinoma (COAD), and liver hepatocellular carcinoma
(LIHC). DoG RNA calling was performed using DoGFinder (33)
and the following criteria that included RNA-seq signal that shows
>60% RNA-seq coverage and that is >5 kb of continuous read den-
sity downstream of the 3’ end of every annotated protein-coding
gene locus. Thousands of DoG RNAs were identified in both paired
NTs, breast (n = 2886), colon (n = 1991), and liver (n = 1130), and
in the paired tumors, BRCA (n = 2473), COAD (n = 2384), and
LIHC (n = 1658) (Fig. 1A and table S1). While a moderate decrease
in DoG RNAs was identified in the paired NT and BRCA tumors
(n=2886 versus 2473), a moderate increase in DoG RNAs was iden-
tified in COAD (n = 1991 versus 2384) and LIHC (n = 1130 versus
1658) tumors (Fig. 1A). Another molecular feature that distin-
guished DoG RNAs in tumors versus paired N'Ts across COAD and
LIHC tumors but not BRCA tumors was a significantly longer me-
dian extension strength or the continuous RNA-seq signal extending
beyond the annotated gene end (Fig. 1A and table S1). Our defini-
tion of DoG RNA length or extension strength is dependent on the
defined criteria for DoG calling (>60% RNA-seq coverage and >5-kb
continuous read density). Thus, these measurements provide relative
estimates rather than defined end points of DoG RNAs. The median
extension strength was found to be significantly longer in the paired
COAD (9.9 kb versus 9.1 kb) and LIHC (8.8 kb versus 8.3 kb) tumors
versus paired NTs, respectively (Fig. 1A and table S1). In compari-
son, the extension strength was found to be comparable in the paired
BRCA tumors and NTs (10 kb versus 9.7 kb), respectively (Fig. 1A
and table S1).

Tumor-specific changes in DoG RNA expression levels were de-
termined by measuring the log,-transformed ratio of the signal
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attributed to DoG transcripts produced from one host DoG-
producing gene in a tumor relative to that same gene in a paired
NT. DoG RNA expression levels are significantly altered (> or <1.5-
fold, g < 0.05) in the transcriptomes of the tumors versus NTs for all
cancer types. Compared to N'Ts, we identified a significant number
of DoG RNAs that are either up-regulated (n = 667, 481, and 359,
respectively) in BRCA, COAD, and LIHC or down-regulated
(n = 511, 383, and 153, respectively) in BRCA, COAD, and LIHC
tumors (Fig. 1B and table S1). Comparative analysis of the differen-
tially regulated DoG RNAs in BRCA, COAD, and LIHC tumors re-
vealed a small number of overlapping DoG RNAs (fig. S1, A and B).
Specifically, only a few up-regulated (n = 71) and down-regulated
(n = 16) DoG RNAs were found to overlap among the three tumor
types (fig. S1, A and B). Thus, the vast majority of DoG RNAs that
are up-regulated (n = 426, 256, and 178 in BRCA, COAD, and LIHC,
respectively) and down-regulated (n = 371, 249, and 97 in BRCA,
COAD, and LIHGC, respectively) is tissue-specific (fig. S1, A and B).
To further examine the relationship between differential mRNA and
DoG RNA expression in tumors versus N'Ts, we determined the ra-
tio of mRNAs with and without a DoG RNA extension in N'Ts versus
BRCA, COAD, and LIHC tumors. First, we calculated the median
transcript per million (TPM) values associated with the gene tran-
script versus over the DoG regions. We chose relative estimates of
the DoG length based on the defined criteria for DoG calling (>60%
RNA-seq coverage and >5-kb continuous read density) since the
end points of DoG RNAs are not known. Notably, relative to paired
NTs (read depth ratios of 0.5130 and 0.5837 in colon and liver tis-
sues, respectively), transcription increases over the length of the
DoG region in COAD and LIHC tumors as evidenced by the sig-
nificant decreased ratio of read depth in COAD and LIHC tumors of
0.29 and 0.5148, respectively (fig. S1C). In comparison, transcrip-
tion decreases over the DoG region in the BRCA tumors relative to
paired NTs, which is evidenced by the significant increased read
depth ratio in BRCA tumors versus NTs, of 0.3829 and 0.3592, re-
spectively (fig. S1C). Thus, these data are consistent with significant
increases in DoG RNA production in COAD and LIHC and signifi-
cant decreases in DoG RNA production in BRCA exhibiting cancer
relevancy.

Using quantitative polymerase chain reaction with reverse tran-
scription (QRT-PCR), we confirmed differential expression of
cancer-relevant DoG RNAs. For these analyses, we used RNA pre-
pared from paired NT and BRCA, COAD, and LIHC tumors from
two independent patients (Fig. 1C, T1 and T2). As shown in Fig. 1C,
we confirmed five up-regulated and five down-regulated DoG RNAs
that were among the top up-regulated and down-regulated DoG
RNAs identified in the TCGA RNA-seq data for BRCA, COAD, and
LIHC tumors (Fig. 1B and table S1). Specifically, as shown in Fig. 1C,
relative to N'Ts, the significantly up-regulated DoG RNAs in BRCA
tumors, T1 and T2, respectively, include doOR2B6, doCNGA2,
doANKRD36, doH3C6, and doMMP13. In comparison, the signifi-
cantly down-regulated DoG RNAs in BRCA tumors include doPHLDA 3,
doROPN1, doTRHDE, doPTN, and doLPL. In COAD tumors, the
significantly up-regulated DoG RNAs include doAKR1C4, doCADPS2,
doSUBI, doPOU6F2, and doSOX14 and the significantly down-regulated
DoG RNAs include doCOX7C, doALDHI1A1, doADRB2, doEDIL3,
and doPPPIR3C (Fig. 1C). In LIHC tumors, the significantly up-
regulated DoG RNAs in T1 and T2 include doBANF2, doCYTLI,
doOR8K3, doSPINK1, and doTGIF2LX, and the down-regulated DoG
RNAs include doCOLECI10, doGHR, doSLITRK3, doSYT10, and doVIPRI
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Fig. 1. Readthrough transcription is prevalent in major cancers. (A) Number and extension strength of the DoG RNAs identified by DoGFinder (33) in breast, colon, and
liver nonneoplastic (n = 22) and tumor (n = 22) samples from TCGA. The extension strength is shown in log;q scale. Box plots enclose values between first and third quar-
tiles, midlines show medians, and whiskers extend to data points within 1.5 the interquartile range from the box; outliers are shown. Statistical significance was deter-
mined by one-way Wilcoxon rank sum test (alternative =“less”). P values include 0.99, 5.1 X 1077, and 3 x 107 for NTs versus breast, colon, and liver tumors, respectively.
(B) Volcano plots of the differentially expressed DoG RNAs (log, FC > 0.58 or log, FC < —0.58, g < 0.05) in breast, colon, and liver tumors compared with paired NTs. The
significant down-regulated (blue) and up-regulated (pink) DoG RNAs are denoted, and the qPCR-validated DoG RNAs in (C) are denoted as darker shades of blue and pink.
(C) qRT-PCR analysis of the denoted mRNAs and their respective DoG RNAs normalized to 18S ribosomal RNA (rRNA) in breast (left), colon (middle), and liver (right) tumors.
Expression levels in tumors are relative to the levels in paired NTs. (D) Kaplan-Meier plots showing high versus low DoG RNA expression levels associated with overall
patient survival in patients with breast (left), colon (middle), and liver (right) tumors. Statistical significance was determined using a log-rank test.
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(Fig. 1C). Functional pathway analysis of the DoG-producing host
genes revealed that up-regulated DoG RNAs in BRCA, COAD,
and LIHC tumors are associated with key regulators of tumor-
promoting pathways, including G,-M checkpoint and glycolysis.
These tumor-promoting pathways were shared among all three of
the tumor types including BRCA, COAD, and LIHC (fig. S1D,
top). Other tumor-promoting pathways identified for BRCA,
COAD, or LIHC tumors included E2F targets, mammalian target of
rapamycin complex 1 signaling, angiogenesis, and epithelial mesen-
chymal transition (fig. S1D, top). In comparison, functional pathway
analysis of the DoG-producing host genes associated with down-
regulated DoG RNAs revealed tumor-suppressor pathways [p53
pathway and ultraviolet (UV) response] or normal cellular path-
ways including cholesterol homeostasis, heme metabolism, xe-
nobiotic metabolism, bile acid metabolism, and coagulation
(fig. S1D, bottom). The high-level significance and functional coher-
ence of functional pathways associated with the up-regulated DoG-
producing host genes suggest that the differential expression of DoG
RNAs exhibits cancer relevancy.

To investigate whether the dysregulation of DoG RNA expres-
sion across tumors is associated with overall survival (OS), we next
integrated the DoG RNA signatures in BRCA, COAD, and LIHC
tumors with patient survival information from 22 patients using the
TCGA data (table S1). As illustrated by the Kaplan-Meier survival
plots (Fig. 1D), both up-regulation and down-regulation of DoG
RNAs in BRCA, COAD, and LIHC tumors are associated with poor
patient prognosis and lower survival probabilities. Specifically, patients
with BRCA with high versus low expression levels of doANKRD36
(1142 days versus 1620 days, respectively) and low versus high ex-
pression levels of doPHLDA3 (811 days versus 1620 days, respec-
tively) had a shorter median OS (Fig. 1D, left). Patients with COAD
with high versus low expression levels of doSUBI (291 versus 887
days, respectively) and low versus high expression levels of doCOX7C
(210 versus 926 days, respectively) have a shorter median OS
(Fig. 1D, middle). Patients with LIHC with high versus low expres-
sion levels of doOR8K3 (662 versus 1560 days, respectively) and low
versus high expression levels of doGHR (1005 versus 1363 days, re-
spectively) were found to have a shorter median OS (Fig. 1D, right).

To further examine the cancer relevancy of the DoG RNAs iden-
tified in Fig. 1B, we also considered alterations in DoG RNA expres-
sion relative to tumor stage. Relative to the DoG RNAs identified in
stage 1 tumors, we identified differentially expressed DoG RNAs in
late-stage (stages 2 and 3) breast, colon, and liver tumors (fig. S1IE
and table S2). In BRCA tumors, a higher number of differentially
expressed DoG RNAs were identified in stage 3 versus stage 2 that
are down-regulated (n = 17 versus 8, respectively) and up-regulated
(n = 19 versus 10, respectively) (fig. S1E and table S2). Specifically,
among the down-regulated DoG RNAs in BRCA tumors, 4 DoG RNAs
are specific to stage 2 and include doCCR7, doFAM186A, doTAL2,
and doADAMTSI15, and 13 are specific to stage 3 and include
doSIRPG, doAPOBEC3D, doSPIC, doTASL, doCLEC4C, doTRAT],
doFGD2, doSELPLG, doTNIP3, doIL7R, doTAP2, doRLN2, and
doIL12RBI (table S2). Among the up-regulated DoG RNAs in BRCA
tumors, we identified 8 DoG RNAs that are specific to stage 2 and
include doClorf116, doWDR43, doMELK, doZWINT, doSEC24B,
doAKAP1, doONCAPG2, and doAZIN1 versus 17 DoG RNAs that are
specific to stage 3 and include doSUDS3, doONEUROD?2, doDNAJB12,
doZNF251, doBARX1, doKITLG, doRRM2, doZNF706, doEPHA3,
doTKT, doSLC25A32, doSNX13, doASCL2, doGSDMB, doNUDCD1,
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doCFAP58, and doESFI (table S2). In comparison, the differentially
expressed DoG RNAs in COAD and LIHC tumors were lower in
stage 3 versus stage 2 (fig. S1E). Specifically, we identified (5 versus
12) down-regulated and (4 versus 10) up-regulated DoG RNAs in
stage 3 versus stage 2 COAD tumors, respectively (fig. S1E and ta-
ble S2). In LIHC stage 3 versus stage 2 tumors, we identified (n = 5
versus 21) down-regulated and (n = 4 versus 5) up-regulated DoG
RNAs, respectively (fig. S1E and table S2). Specifically, among the
down-regulated DoG RNAs in COAD tumors, we identified 11 stage
2-specific DoG RNAs that include doCTPS2, doNEBL, doHNRNPAO,
doFZD6, doGATM, doRRAGB, doUBQLN2, doFIBIN, doMFSD14B,
doCPSF6, and doITGBIBP2 (table S2). Among the up-regulated
DoG RNAs in COAD tumors, we identified seven stage 2—specific
DoG RNAs that include doNFAM1, doTTLL6, doRSPH1, doHTRID,
doTBCIDI6, doPIK3R2, and doMEFV and only one stage 3-specific
DoG RNA, doTMEM200A (fig. S1E and table S2). Among the down-
regulated DoG RNAs in LTHC tumors, we identified 19 stage 2-specific
DoG RNAs that include doSAA2, doFBXL4, doZNF648, doRTP3,
doMOGAT1, doADRB2, doNMD3, doMBL2, doDHTKD1, doCCL16,
doNUPR1, doGREM?2, doZNF563, doPAQRY, doSLC22A25, doCYP2]2,
doADRAIA, doMATIA, and doTMEM176A and 3 stage 3-specific
DoG RNAs that include doPRAMEF10, doCCDC177, and CYP2G1P
(fig. S1E and table S2). Among the up-regulated DoG RNAs in LIHC
tumors, we identified 5 stage 2-specific DoG RNAs, doGP2, doPSPH,
doILIRAPLI, doASXL2, and doHCN4 and 4 stage 3-specific DoG
RNAs, doH3C8, doGLUL, doRGSLI, and doSLC37A1 (fig. S1E and
table S2).

Using patient survival information from the 22 patients in TCGA
further revealed that differential expression of the stage-specific
DoG RNAs is associated with patient OS. As illustrated by the
Kaplan-Meier survival plots (fig. S1F), the up-regulation of late-
stage (stage 3-specific) DoG RNAs, doZNF251 and doGSDMB, in
BRCA tumors was associated with poor patient survival with a me-
dian survival of 1247 versus 1286 days and 1142 versus 1611 days,
respectively. In addition, down-regulated stage 2-specific DoG
RNA, doITGBI1BP2, and up-regulated stage 2-specific DoG RNA,
doFZDe, are also associated with poor patient prognosis and lower
survival probabilities in patients with COAD cancer with median
survival of 214 versus 906 days and 214 versus 1026 days, respec-
tively (fig. SIF). Together, the differential, tissue-specific, and stage-
specific DoG RNA expression in tumorigenesis is consistent with
DoG RNAs serving as a key source of transcriptome diversity that
have clinical and biological significance in major cancers.

DoG RNAs reshape the transcriptome of human

colon tumors

To avoid potential ambiguities associated with differences in experi-
mental execution and analysis of the published datasets, we per-
formed nascent RNA-seq using ribosomal RNA (rRNA)-depleted
RNA (total RNA-seq) to identify and confirm differential DoG RNA
expression in three paired COADs and NTs. Thousands of DoG
RNAs were identified in the NTs and COADs from each of the pa-
tients (Fig. 2A). Relative to matched NTs, a higher DoG number was
identified in two of the three COADs (n = 1809 versus 3049 and
1938 versus 2094, respectively), while a moderate decrease in DoG
RNA number was identified in the third COAD (n = 2916 versus
2266, respectively) (Fig. 2A and table S3). Consistent with the
TCGA data analysis showing significantly longer DoG RNA exten-
sion strengths in colon tumors versus paired NTs (Fig. 1A), the DoG
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Fig. 2. DoG RNAs in colorectal carcinoma tissues are differentially expressed and associated with tumorigenic pathways. (A) Number and extension strength of
DoG RNAs identified by DoGFinder (33) in three nonneoplastic (NT, blue) and three COAD (red) tumors. The extension strength is shown in log;o scale. Box plots enclose
values between first and third quartiles, midlines show medians, and whiskers extend to data points within 1.5 the interquartile range from the box; outliers are shown.
Statistical significance was determined by one-way Wilcoxon rank sum test (alternative = less). P values include 2 x 1077, 2 x 107°, and 0.7 for patients 1 to 3, respectively.
(B) Volcano plot showing differentially expressed DoG RNAs (log, FC > 0.58 or log, FC < —0.58, g < 0.05) in the same three NT and three COAD tissues shown in (A). The
significantly down-regulated (blue) and up-regulated (pink) DoG RNAs are shown. (C) Integrative Genomics Viewer (IGV) tracks of total RNA-seq signal in log reads per
kilobase of transcript per million mapped reads (RPKM) at ASCL2 and PCK1 loci in three paired NT and COAD samples shown in (A) and (B). NT and COAD tissues are rep-
resented in blue and red, respectively. The horizontal bars define the DoG region determined by DoGFinder (33). (D) Scatter plot showing log, FC expression for the DoG-
producing genes on the x axis and the log, FC DoG RNA expression on the y axis. Down-regulated and up-regulated DoG RNAs (log, FC > 0.58 or log, FC < —0.58, g < 0.05)
and their host genes’ expression (silenced: log, FC < —0.58 and g < 0.05; not changed: —0.58 < log, FC < 0.58 and g > 0.05; activated: log, FC > 0.58 and g < 0.05) in COAD

samples relative to NT are represented in blue and red, respectively. DEDoGs, differentially expressed DoGs.

RNA extensions were significantly longer in the two COADs with
higher DoG number relative to the NTs (Fig. 2A). Specifically, the
longer median extension lengths in the COADs consisted of 17.2 and
16.4 kb versus 14.4 and 13.4 kb in the NTs, respectively (Fig. 2A and
table S3). Comparison of the DoG RNAs identified in the 3 COADs
and 22 COADs from TCGA revealed overlap of 1710 DoG-producing
host genes (fig. S2A, left). Specifically, 72% of the DoG-producing
host genes in TCGA COADs overlap with the host genes identified
in the three COADs, and, conversely, 88% of the host genes in the
three COADs overlap with those identified in the TCGA datasets
(fig. S2A, left). Similarly, we identified an overlap of 1529 DoG-
producing host genes in the three paired colon NTs and TCGA co-
lon NTs (fig. S2A, right). We identified a similar percentage (70%) of
host genes in the TCGA NTs that overlap with the host genes in the
three NTs as were identified for the overlapping DoG-producing
genes in the TCGA and three COADs (72%) (fig. S2A, right). Simi-
larly, we identified a comparable percentage (77%) of the host genes
in the three NTs that overlap with those in the TCGA datasets
(fig. S2A, right).

We next performed differential expression analysis for the DoG
RNAs in the three paired NTs versus COADs, which revealed
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significantly (> or <1.5-fold, g < 0.05) down-regulated (n = 212,
5%) and up-regulated (n = 145, 3%) DoG RNAs in the tumors
(Fig. 2B and table S3). Differential DoG RNA expression in COADs
versus NTs is further evidenced by the increased and decreased
RNA-seq signal mapping downstream of the transcription end site
(TES) of protein-coding genes (fig. S2B). Specifically, we found that
the ASCL2 mRNA is associated with a DoG RNA in all three COADs
versus the paired NTs (Fig. 2C). In comparison, the PCK1 mRNA is
associated with a DoG RNA specifically in the three NTs, but not
paired COAD:s (Fig. 2C).

We next wanted to determine whether the expression of DoG
RNAs relates to the expression levels of their host genes. Log, fold
change (FC) in the expression of DoG RNAs versus DoG-producing
host genes in the three COADs versus paired NTs revealed that a
large number (n = 57, 39%) of up-regulated DoG RNAs are pro-
duced from transcriptionally up-regulated DoG-producing genes
(Fig. 2D and table S4). In comparison, a smaller number of up-
regulated DoG RNAs are produced from DoG-producing genes
whose expression levels are not changing (n =17, 12%) or are down-
regulated (n = 0, 0%) in COAD tumors relative to NTs (Fig. 2D and
table S4). Moreover, down-regulated DoG RNAs in COAD tumors
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relative to NTs are largely produced from DoG-producing genes
(n = 110, 52%) that are also down-regulated in COAD tumors
(Fig. 2D and table S4). A smaller number of down-regulated DoG
RNAs were associated with host genes whose expression levels are
not changing (n = 47, 22%) or are up-regulated (n = 1, 0.5%) in
COAD:s relative to NTs (Fig. 2D and table S4). These data draw a
strong parallel between the transcription levels of DoG RNAs and
their respective host genes. Together, our RNA-seq and qRT-PCR
analyses reveal congruence between the NT and cancer-relevant
DoG RNAs identified in the TCGA data and these independent
RNA-seq analyses of colon tissues.

DoG RNAs lead to a transcriptomic imbalance in colon
cancer cell lines

To refine our observations that there exist differentially expressed
DoG RNAs with an extended length in tumors versus paired NTs, we
used total RNA-seq to identify DoG RNAs in colon cancer cell lines
HCT116 and SW480 versus normal colon epithelial fetal human co-
lon (FHC) cells. A significant number of DoG RNAs (n = 3031,
3130, and 3338) exhibiting an average extension strength (11.4, 16.6,
and 17.3 kb) were identified in FHC, HCT116, and SW480 cells, re-
spectively (Fig. 3A and table S5). By comparing differential expres-
sion analysis of DoG RNAs in SW480 and HCT116 versus colon
FHC cells, we identified a comparable number of significantly up-
regulated [n = 594 (18%) or n = 570 (18%)] and down-regulated
[n=827(25%) or n =867 (28%)] DoG RNAs in SW480 and HCT116
cells, respectively (Fig. 3B and table S5). Specifically, heatmaps
(fig. S3A) and specific gene examples, TTK and EXT1 (fig. S3B), re-
veal the up-regulated versus down-regulated DoG RNAs past the
annotated gene ends in HCT116 and SW480 versus FHC cells. To
confirm DoG RNA identification in colon cancer SW480 cells, we
performed genome-wide mapping of active RNAPII using precision
nuclear run-on sequencing (PRO-seq) (34), which revealed compa-
rable identification of DoG RNAs as observed in our RNA-seq data
(fig. S3C). We also confirmed by qRT-PCR analyses that differen-
tially expressed DoG RNAs were found to be significantly up-
regulated and down-regulated in the COAD tumors (Fig. 1B and
table S1) and the cancer cell lines SW480 and HCT116 (Fig. 3B). As
shown in Fig. 3C, relative to FHC cells, the significantly up-regulated
DoG RNAs in SW480 and HCT116 cells respectively include doFER-
MT1 (42- and 23-fold), doMAD2L1 (9.3- and 11.9-fold), doDEPDCIB
(6.4- and 8.5-fold), doRAD54B (7.7- and 8.3-fold), doMREI11 (11- and
6-fold), and doPOTEF (8.9- and 4.3-fold). In comparison, the sig-
nificantly down-regulated DoG RNAs in SW480 and HCT116 cells
respectively include doSLITRK6 (2.8- and 5-fold), doBMP2 (13- and
36-fold), doALDHI1A1 (3.7- and 7.4-fold), doDSEL (27- and 44-
fold), doADRB2 (1.4- and 2.6-fold), and doLAYN (14- and 40-fold)
(Fig. 3C).

Consistent with the identified congruence between DoG RNAs
identified in COADs and colon cancer cell lines, we observed simi-
lar functional pathways associated with the DoG-producing host
genes in HCT116 and SW480 cells (Fig. 3D) and DoG-producing
genes in COAD tumors (fig. S1D). Specifically, we identified that the
host genes associated with up-regulated DoG RNAs are linked to
protumorigenic pathways including G,-M checkpoint, E2F targets
and MYC targets (Fig. 3D). In comparison, the host genes associat-
ed with down-regulated DoG RNA production in HCT116 and
SW480 revealed functional pathways that include the epithelial
mesenchymal transition, UV response down, and hypoxia (Fig. 3D).
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In addition, consistent with our analysis of DoG RNA signatures in
COAD tumors (Fig. 2D), we found that the expression levels of DoG
RNAs in SW480 and HCT116 cells are largely consistent with the
expression levels of their corresponding DoG-producing host gene
(Fig. 3E and table S6). Specifically, log, FC in the expression of DoG
RNAs versus DoG-producing mRNAs in both SW480 and HCT116
cells versus FHC cells revealed that the vast majority (n = 433 and
373, 73% and 65%, respectively) of DoG RNAs is induced from
transcriptionally active DoG-producing genes (Fig. 3E and table S6).
In comparison, a smaller number of DoG RNAs are induced from
DoG-producing genes whose expression is not changing (n = 66
and 77, 11% and 14%, respectively) or that become silenced (n = 24
and 22, 4% and 4%, respectively) in the cancer cells (Fig. 3E and ta-
ble S6). Moreover, a large number (n = 694 and 735, 84% and 85%,
respectively) of down-regulated DoG RNAs are associated with
DoG-producing genes that are also down-regulated in SW480 and
HCT116 cells (Fig. 3E and table S6). A smaller number of down-
regulated DoG RNAs were associated with host genes that are not
changing (n = 71 and 74, 9% and 8%, respectively) or that are up-
regulated (n = 13 and 8, 2% and 1%, respectively) in SW480 and
HCT116 cells (Fig. 3E and table S6).

We next investigated the cellular localization of DoG RNAs by
isolating RNA from cytoplasmic and nuclear fractions prepared
from SW480 cells. The subcellular fractions were confirmed by im-
munoblot analysis of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and heterogeneous nuclear ribonucleoprotein (hnRNP)
A2/B1 as cytoplasmic and nuclear markers, respectively (Fig. 3F).
qRT-PCR analysis of the fractionated RNA was performed, and the
nuclear expression levels of DoG RNAs and their associating mRNAs
were normalized to their respective expression levels in cytoplasmic
fractions. Notably, we found that the DoG RNAs, doKRT32 (21-
fold), doKCNKS5 (22.2-fold), and doFERMT1 (10.4-fold), are signifi-
cantly enriched in the nuclear relative to the cytoplasmic fraction
(Fig. 3G). In comparison, the DoG-associated mRNAs, KRT32 (2.9-
fold), KCNKS5 (3.7-fold), and FERMT 1 (2.4-fold), were also enriched
but to a lesser extent than the DoG RNAs in the nuclear fractions,
which is consistent with the higher-level enrichment of the DoG-
associated mRNAs versus DoG RNAs in the cytoplasmic fractions
(Fig. 3G). Overall, these findings support the nuclear enrichment of
mRNAs with DoG RNA extensions.

DoG RNA production in colon cancer cells is regulated by
TOP1 inhibition and depletion

Having identified that DoG RNAs are differentially expressed and
exhibit clinical significance in colon cancer, we next examined whether
the Food and Drug Administration-approved TOP1 inhibitor, CPT,
alters DoG RNA expression. Consistent with CPT being an effective
therapeutic in treating advanced colon cancer in the clinic is the find-
ing that TOPI is significantly up-regulated in COAD tumors and
high TOPI expression is associated with high CPT sensitivity (29,
30). Using RNA-seq data from 275 COADs versus 349 NTs from
TCGA and the Genotype-Tissue Expression (4GTEx) databases (32,
35), we identified significantly higher TOP1 mRNA levels in COAD
tumors (Fig. 4A). Similarly, as shown in Fig. 4B, immunoblot analysis
revealed higher TOP1 protein levels in the three COADs relative to
the matched NTs that were used for DoG RNA identification in
Fig. 2A. We further extended the importance of TOPI up-regulation
to other cancers by examining TOP1 mRNA levels in the same 44
patient tissues (22 paired NTs and tumors) from breast, colon, and
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Fig. 3. DoG RNA production is prevalent in colorectal carcinoma cell lines. (A) DoG number and extension strength identified in FHC, HCT116, and SW480 cells by DoG-
Finder (33). Box plots enclose values between first and third quartiles, midlines show medians, and whiskers extend to data points within 1.5 the interquartile range from the box;
outliers are shown. Statistical significance determined by one-way Wilcoxon rank sum test (alternative = less). P < 0.05. Extension strength is shown in log ¢ scale. (B) Volcano plot
of differentially expressed DoG RNAs (log, FC > 0.58 or log, FC < —0.58, g <0.05) in SW480 versus FHC and HCT116 versus FHC cells. (C) gRT-PCR analysis of DoG RNAs denoted
in (B) and normalized with GAPDH. Expression levels in SW480 or HCT116 cells are relative to the levels in FHC cells. Data represent the mean and SEM that are representative of
three independent experiments. P values are shown. (D) Top five (P < 0.05) Molecular Signatures Database (MSigDB) pathways for host genes showing up-regulated and down-
regulated DoG RNAs in SW480 versus FHC (left) and HCT116 versus FHC (right). TNF-a, tumor necrosis factor-a; NF-kB, nuclear factor kB. (E) Scatter plots showing log, FC for the
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0.05) and their host genes’expression (silenced: log, FC < —0.58 and g < 0.05; not changed: —0.58 < log, FC < 0.58 and g > 0.05; activated: log, FC > 0.58 and g < 0.05) in SW480
versus FHC (left) and HCT116 versus FHC (right) cells. (F) Immunoblot of GAPDH and heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 from SW480 cytoplasmic and
nuclear extracts. Image is representative of three independent experiments. (G) gRT-PCR analysis of the denoted mRNAs and their respective DoG RNAs normalized with GAPDH
using RNA from SW480 cytoplasmic and nuclear fractions. Data represent the mean and SEM that are representative of three independent experiments. P values are shown.
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Fig. 4. TOP1 regulates DoG RNA production in colorectal carcinoma. (A) Box with jitter plot for TOP7 RNA-seq levels in 349 NTs and 275 COADs determined with GTEx
and TCGA data from GEPIA server (32, 35, 66). Statistical significance was determined by one-way analysis of variance (ANOVA) test (*P < 0.05). (B) Immunoblot analysis of
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or (J) shTOP1 versus shCtrl. Data represent the mean and SEM that are representative of three independent experiments. P values are shown.
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liver tissues that were used for DoG RNA calling (Fig. 1, A and B)
from TCGA (32). Consistent with up-regulated TOPI1 RNA ex-
pression in COADs (Fig. 4A), TOP1 expression is also significantly
(P = 2.82 x 107®) up-regulated in the additional COAD tumors
relative to N'Ts (fig. S4A). Moreover, significant TOP1I up-regulation
was also identified in BRCA versus NTs (P = 0.001468) but not
LIHC tumors (fig. S4A). To examine whether TOPI up-regulation
in COAD is associated with changes in DoG production, we next
parsed RNA-seq data from the 22 COADs used from TCGA
(Fig. 1A) into two subsets with either high (n = 11) or low (n = 11)
TOP1 mRNA levels (fig. S4B). Notably, COADs with high TOP1
levels are associated with significantly fewer (n = 1319) DoG RNAs
relative to COADs with low TOP1 levels (n = 1901) (fig. S4B). This
finding is consistent with an anticorrelation between TOP1 and
DoG RNA levels.

Having found that colon cancer-associated TOPI up-regulation
is correlated with lower DoG RNAs levels, we hypothesized that the
therapeutic benefits of inhibiting TOP1 activity with CPT may be
linked to increased DoG RNA levels in colon cancer. To examine
this possibility, we determined the 25% inhibitory concentration
(ICy5) of CPT in SW480 cells. Specifically, we examined the effects
of various CPT concentrations (0, 0.1, 1, 2.5, and 5 pM) for 24 hours
on the proliferation of SW480 cells. These data revealed that 1.15 pM
CPT resulted in a 75% cell survival (Fig. 4C, left). We performed
follow-up RNA-seq experiments in SW480 cells using the deter-
mined IC,5 to maintain high levels of cell viability and lessen the
potential side effects from CPT treatment. Total RNA-seq was per-
formed to identify alterations in DoG RNA levels following 3-hour
CPT treatment in which TOP1 levels were not affected by CPT
(Fig. 4C, right). Relative to dimethyl sulfoxide (DMSO), we identi-
fied 532 protein-coding genes that specifically produce DoG RNAs
following CPT treatment (fig. S4C and table S7). Notably, CPT treat-
ment results in elevated DoG production as evidenced by the in-
crease in transcription signal past the annotated TESs of these 532
protein-coding genes (Fig. 4D). Consistent with CPT primarily af-
fecting DoG RNA versus mRNA expression levels of these 532
DoG-producing genes is the minimal change in RNA-seq signal
spanning from the transcriptional start site (TSS) to the TES of these
DoG-producing genes following CPT treatment (Fig. 4D). These
findings suggest that CPT releases a potent inhibition of DoG RNA
production at a subset of genes in colon cancer cells.

To examine a direct role for TOP1 in the inhibition of DoG RNA
production, we next performed RNA-seq in SW480 colon cancer
cells expressing shRNAs against TOP1. As shown in Fig. 4E, relative
to a nontargeting shRNA against LacZ [control (Ctrl)], TOP1 shRNA
markedly reduced TOP1 mRNA (left) and TOP1 protein (right) lev-
els. Notably, we identified a comparable number of DoG-producing
genes (n = 555) that are specific to TOP1 versus the Ctrl knockdown
(fig. S4D and table S7) as were identified following CPT treatment
(n=532) (fig. S4C and table S7). For brevity purposes, we refer to the
DoG RNAs that are specific to TOP1 knockdown as TOP1 DoG
RNAs (TDRs). Consistent with TOP1 primarily regulating DoG
RNA versus TDR gene expression is the minimal change in RNA-seq
signal spanning from the TSS to the TES (Fig. 4F). Further analysis of
qRT-PCR confirmed a significant increase in the expression levels of
DoG RNAs, doDAPK3 (3-fold), doBRFI (3.9-fold), and doMAPK9
(2.6-fold), following TOP1 shRNA-mediated knockdown in SW480
cells (fig. S4F). Moreover, TOP1 regulation of DoG RNAs, doDAPK3,
doBRF1, and doMAPKY, was further confirmed following TOP1
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depletion using small interfering RNAs (siRNAs) directed against
different regions of TOP1 mRNA relative to the TOP1 targeted shRNA
oligos (fig. S4G) and following TOP1 knockdown in a second colon
cancer HCT116 cell line (fig. S4H).

Comparative analysis of the DoG RNA signatures specifically
produced following CPT treatment (Fig. 4D and fig. S4C), and TOP1
knockdown (Fig. 4F and fig. S4D) revealed 38 (~7%) overlapping
DoG RNAs (fig. S4E). Using the hypergeometric test, we revealed
that the number of overlapping DoG-producing genes achieves a
statistically significant level within the total of 20,046 protein-coding
genes (P=1.04 X 1077). Nonetheless, the DoG RNAs specific to CPT
(n = 494, 93%) and TOP1 knockdown (n = 517, 93%) suggest that
TOP1 regulation of DoG RNAs is not only dependent on its cata-
lytic activity but may also relate to other unknown TOP1 functions.
The identification of overlapping DoG RNAs is evidenced by the in-
crease in RNA-seq signal past the TESs of the EXO5 and MARVELDI
gene loci that are among the DoG-producing genes showing induced
DoG RNA expression following CPT treatment (Fig. 4G) and TOP1
knockdown (Fig. 4H). In addition, qRT-PCR analyses confirmed
potent induction of DoG RNAs following CPT treatment (Fig. 4I)
and TOP1 knockdown (Fig. 4]). Specifically, following CPT treat-
ment, a significant induction was observed for doACOX2 (2.2-fold),
doBCL9 (4.4-fold), doCKAP2 (12.2-fold), doEIF4A3 (5.1-fold),
doGEMIN?2 (4.5-fold), doHSPH1 (2.5-fold), doRNF19A (1.9-fold),
doRABIF (5.1-fold), doTCTA (4.5-fold), doTPBG (7.6-fold), and
doTHAPI2 (2.2-fold) (Fig. 4I). We further revealed that TOP1
knockdown results in a significant and comparable fold induction of
these same DoG RNAs. Specifically, following TOP1 knockdown, we
observed a significant induction of doACOX2 (24-fold), doBCL9
(4.3-fold), doCKAP2 (2.1-fold), doEIF4A3 (2.4-fold), doGEMIN2
(9.6-fold), doHSPH1 (2.9-fold), doRNF19A (3.3-fold), doRABIF
(2.2-fold), doTCTA (3.8-fold), doTPBG (2.2-fold), and doTHAPI12
(4.5-fold) (Fig. 4]). Together, these findings underscore the impor-
tance of relieving the TOP1-dependent block of DoG production in
colon cancer, which is overcome by CPT and TOP1 knockdown and
therefore may have therapeutic implications in colon cancer.

Paused RNAPII and catalytically inactive TOP1 accumulate at
TES-proximal regions

To investigate the mechanisms underlying TOP1’s role in prevent-
ing DoG RNA production in colon cancer, we monitored the global
relationship between TOP1 catalytic activity and TOP1 and RNAPII
binding profiles at TDR host genes and non-DoG-producing genes
that, similar to TDR genes, are transcribed at high levels (Fig. 5A).
Using SW480 colon cancer cells, we performed chromatin immuno-
precipitation followed by deep sequencing (ChIP-seq) for RNAPII
and TOP1 and measured TOP1 catalytic activity using TOP1 se-
quencing (TOP1-seq; Fig. 5B), a method for identifying only cata-
lytically engaged TOP1 (TOP1cc) (22). To examine the relationship
between TOP1cc, TOP1, and RNAPII profiles and transcription, we
next parsed the TDR host genes and non-DoG-producing genes in
SW480 cells using the lower and upper quartiles into three subsets,
low (quartile 1), medium (quartile 2), and high (quartile 3) tran-
scription levels as measured by RNA-seq (Fig. 5A). The TDR host
genes are transcribed at high levels that are comparable to the tran-
scription levels of the highly transcribed non-DoG-producing
genes (Fig. 5A). High levels of TOP1, RNAPII, and TOPlcc were
identified at the TSSs of TDR and mediumly and highly transcribed
non-DoG-producing genes (Fig. 5C). While the TOP1, RNAPI],
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Fig. 5. RNAPIl and TOP1 accumulate at the promoter- and TES-proximal regions of paused genes. (A) Box plot showing the counts of TDRs and non-DoG-producing
genes with low, medium, and high transcriptions in SW480 cells. The counts were grouped using the bottom and top quartiles into three groups, low (quartile 1), medium
(quartile 2), and high (quartile 3) expressions according to the total RNA-seq reads. Box plots enclose values between first and third quartiles, midlines show medians, and
whiskers extend to data points within 1.5 the interquartile range from the box; outliers are shown. (B) Schematic of TOP1-seq, a method to identify TOP1cc (22). (C) Meta-
plots of TOP1, TOP1-seq, and RNAPII ChIP-seq signal at TDRs (n = 555) and non-DoG-producing genes with low, medium, and high transcriptions in SW480 cells. TOP1-seq
and ChIP-seq signal is represented as log,-transformed FC of bins per million over input and spans 2-kb upstream of the TSS to 5-kb downstream of the TES. (D) lllustration
depicting the pause index determination for TDR genes. The TSS pause index is defined as the ratio of PRO-seq reads at paused site 1 at the TSS (P1, spanning from —50
to +300 bp) over the PRO-seq reads at gene body (P2, spanning from +300 to end of the gene). The TES pause index is defined as the ratio of PRO-seq reads at paused site
2 on TES (P3, spanning from +500 to +1500 bp) over the PRO-seq reads at DoG region identified by DoGFinder (33) (P4, spanning from +1500 to end of the DoG defined
by DoGFinder) (33). (E) Box plot showing the TSS and TES pause indices in highly expressed non-DoG-producing genes (green), SW480 DoG-producing genes (blue), and
TDR genes (red) in SW480 cells. Statistical significance was determined by two-way Wilcoxon rank sum test.

and TOPlcc enrichment levels were significantly lower at the low  be comparable and significantly higher relative to the low transcribed
transcribed genes (Fig. 5C). The increased enrichment of TOP1, non-DoG-producing genes (Fig. 5C). Notably and despite compa-
RNAPII, and TOP1cc at the TSSs is consistent with increased super-  rable levels of TOP1 binding, TOP1cc enrichment at the TDR and
coiling that coincides with the significantly higher transcription levels ~mediumly transcribed genes was comparable but lower than TOP1cc
observed at TDR and mediumly to highly transcribed non-DoG- accumulation at highly transcribed non-DoG-producing genes
producing genes. Specifically, TOP1 enrichment at the TSSs of TDRs  (Fig. 5C). Similarly, RNAPII enrichment was comparable to TOP1cc
and mediumly and highly non-DoG-producing genes was found to  profiles with lower levels of RNAPII binding at the TDR and mediumly
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transcribed non-DoG-producing genes relative to the highly tran-
scribed non-DoG-producing genes (Fig. 5C). At the TES-proximal
regions, a second peak of TOP1 and RNAPII binding was observed
that, similar to the TSS peak, was higher at the TDR host genes and
the highly transcribed versus the lowly and mediumly transcribed
non-DoG-producing genes (Fig. 5C). Despite high levels of TOP1
and RNAPII binding at the TDR TESs, we observed negligible levels
of TOP1cc at the TES-proximal regions of TDRs and lowly and me-
diumly transcribed non-DoG-producing genes (Fig. 5C). In com-
parison, TOP1cclevels at the highly transcribed non-DoG-producing
genes remained high over the gene bodies and past the TESs
(Fig. 5C). Together, our data suggest a role for TOP1 and TOP1cc at
TDR TSSs and, conversely, a role for TOP1 at TDR TESs that is likely
independent of its catalytic function.

The high-density RNAPII binding that overlaps with TOP1
binding at the TSS and TES of TDR host genes and highly tran-
scribed non-DoG-producing genes is consistent with RNAPII
pausing patterns. To examine whether the TDR host genes are
largely occupied by paused RNAPII, we used our PRO-seq data
in SW480 cells to calculate the pausing index (PI) for all DoG-
producing genes versus two subsets of non-DoG-producing genes,
the TDR host genes (yellow; Fig. 5A) and the highly transcribed
non-DoG-producing genes (green; Fig. 5A). PRO-seq enables de-
tection of nascent transcripts at a single-nucleotide resolution that
are specifically produced by paused or elongating polymerases ver-
sus stalled or arrested polymerases. As shown in Fig. 5D, we calcu-
lated the PI at the TSS (Plyss) by measuring the ratio of RNAPII
density at the TSS [L1, —50 to +300 base pairs (bp)] relative to the
RNAPII density in the gene body (L2, +300 bp to the annotated end
of the genes). In addition, we measured the PI associated with 3’
gene ends (PIygs) by dividing the normalized RNAPII density at the
TES-proximal region (L3, 4500 to +1500 bp) by the RNAPII den-
sity downstream of the TES (L4, +1500 bp to +10,000 bp). At the
TSSs, a Plygs greater than 2 was identified, which is consistent with
a strong promoter bias of paused RNAPII at all three subsets of
genes (Fig. 5E). Moreover, we found that the median Plrgs was sig-
nificantly higher for highly transcribed non-DoG-producing genes
(n = 5294) as compared to the DoG-producing genes (n = 3462)
and TDR host genes (n = 555) (Fig. 5E). Examination of the Plrgs
further revealed enrichment of paused RNAPII, which is albeit low-
er than the Plyss observed at all three gene subsets (Fig. 5E). To-
gether, these data are consistent with all three subsets of genes
consisting of paused RNAPII at the TSS and TES. Notably and con-
sistent with DoG production, we found that the median PIrgg as-
sociated with DoG-producing genes is significantly lower than
the median Plygg for the highly transcribed non-DoG-producing
genes. Notably, the median Pltgg for the TDR host genes was also
found to be significantly lower than that of the non-DoG-producing
genes and the DoG-producing genes (Fig. 5E). Consistent with the
higher median PItgs observed at the non-DoG-producing and
DoG-producing genes relative to TDRs is a higher average profile
of PRO-seq density past the TESs of these two subsets of genes
(fig. S5). In addition, consistent with the TDRs having the lowest
median Plrgs is the finding that the PRO-seq signal density remains
at a comparable and lower level at the TES-proximal region and
beyond (~10-kb downstream) relative to the non-DoG-producing
genes and DoG-producing genes (fig. S5). Together, these data
demonstrate that TDR genes exhibit high levels of concordance
between the binding profiles of TOP1 and paused RNAPII at the
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promoter- and TES-proximal regions. Moreover, differences in the
localization and accumulation of TOP1 binding versus TOP1cc ac-
cumulation suggest that TOP1 is likely to exhibit other, noncatalytic
roles at TES-proximal regions.

TOP1 is essential for RNAPII termination at hundreds of TDR
host genes

Given the notable overlap of TOP1 and RNAPII binding profiles, we
next examined whether TOP1-dependent regulation of DoG RNA
expression is associated with alterations in RNAPII behavior. First,
we examined whether TOP1 and RNAPII form functional associa-
tions in SW480 cells. As shown in Fig. 6A, an antibody specifically
recognizing TOP1 coimmunoprecipitated RNAPII from nuclear
extracts prepared from SW480 cells. These results establish physio-
logical associations between TOP1 and RNAPII that are consistent
with the global overlap in their binding profiles (Fig. 5C).

Having identified enrichment of TOP1 and RNAPII binding at
the TSS- and TES-proximal regions of highly transcribed TDR
genes, we next examined whether TOP1 is directly regulating DoG
RNA production by modulating RNAPII chromatin engagement. To
examine this possibility, we performed RNAPII ChIP-seq following
TOP1 shRNA-mediated knockdown, which significantly decreased
TOP1 mRNA and protein levels without affecting RNAPII protein
levels (Fig. 6B). Inspection of the heatmap analyses (Fig. 6C, left) and
individual TDR host genes (Fig. 6D) revealed increased RNAPII
binding at the promoter-proximal regions and past TESs under
TOP1 versus Ctrl knockdown conditions. Consistent with defects in
RNAPII pause release at promoter-proximal regions is the finding
that TOP1 depletion resulted in increased RNAPII at the promoter
region but only moderate/negligible increases in RNAPII binding
were observed spanning the region from the TSS to the TES
(Figs. 5C, left, and 6D). Notably, at TDR genes where an increased
DoG RNA-seq signal is observed following TOP1 knockdown
(Fig. 4F), we also identify increased RNAPII binding downstream of
the TES-proximal region [Fig. 6, C (left) and D], which is consistent
with defects in transcriptional termination following TOP1 knock-
down. Specifically, quantitative analysis of RNAPII binding at the
TES-proximal region (TES to 3-kb downstream) and downstream of
the TES-proximal region (3 to 8 kb) revealed that RNAPII binding
is significantly increased past the TES-proximal regions (Fig. 6C,
right). Moreover, at highly transcribed non-DoG-producing genes,
negligible changes in RNAPII binding were observed over the DoG
regions following TOP1 depletion (Fig. 6E, left), which is consistent
with these genes not producing DoG RNAs (Fig. 6E, right). However,
a notable increase in RNAPII binding was observed at the promoter-
proximal regions of the non-DoG-producing genes following TOP1
knockdown (Fig. 6E, left). This increase in promoter-proximal RNAPII
binding is consistent with RNAPII pause release defects, which
is common to both highly transcribed DoG-producing (Fig. 6C)
and non-DoG-producing genes (Fig. 6E, left). The high levels of
promoter-proximal RNAPII following TOP1 knockdown are not
accompanied by changes in RNAPII binding within the coding re-
gions of the non-DoG-producing (Fig. 6E, left) genes. Moreover,
these nominal changes in RNAPII binding are associated with
only a moderate increase in RNA-seq signal over the gene bodies
(Fig. 6E, right).

To further investigate the defects caused by TOP1 loss on aberrant
RNAPII pause release and RNAPII accumulation at TDR promoter-
proximal regions and downstream of the TES-proximal regions, we
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Fig. 6. TOP1 associates with RNAPII to regulate TDR genes. (A) Coimmunoprecipitation (IP) with TOP1 and immunoglobulin G (IgG) antibodies from SW480 nuclear
extracts and immunoblot analysis of RNAPII and TOP1. An image is shown that is representative of three independent experiments. (B) Left: qRT-PCR analysis of TOP1
mRNA. Data represent the mean and SEM of three independent qRT-PCR experiments. P = 1.5 x 107%. Right: Inmunoblot analysis of TOP1, RNAPII, and B-actin in SW480
cells expressing Ctrl and TOP1 shRNA. A representative image is shown that is representative of three independent experiments. (C) Heatmap of RNAPII ChIP-seq distribu-
tion spanning 3-kb upstream of the TSS to 10-kb downstream of the TES of the TDR genes (n = 555). The RNAPII ChIP-seq represents the log, ratio of ChIP-seq signal in
TOP1 knockdown (KD) over shCtrl in SW480 cells. Box plot showing the pause index at TDR genes at two regions, TES to 3 kb and 3 to 8 kb past the TES in SW480 cells
expressing shTOP1 over shCtrl. Statistical significance was determined by two-way Wilcoxon rank sum test. P=0.032. (D) IGV tracks of RNAPII ChIP-seq signal at the IGFBP4
and ADAMTS15 loci in SW480 cells expressing Ctrl and TOP1 shRNA. (E) Heatmaps of RNAPII ChIP-seq and RNA-seq distribution spanning 3-kb upstream of the TSS to 10-kb
downstream of the TES of the highly transcribed non-DoG genes. The log, ratio of RNA-seq signal (RPKM) is represented in shTOP1 versus shCtrl SW480 cells. The RNAPII
ChlIP-seq signal is represented as the log, ratio of ChIP-seq signal in shTOP1 over shCtrl SW480 cells. (F) Box plot showing the TSS and TES pause indices (calculated from
RNAPII ChIP-seq) on TDRs genes in SW480 cells expressing Ctrl and TOP1 shRNA. Statistical significance was determined by two-way Wilcoxon rank sum test. P = 0.043 and
P =0.00035.

calculated the PlItgs and Plrgs using the RNAPII ChIP-seq data in
Ctrl versus TOP1 knockdown. Consistent with our PI calculations
using PRO-seq data in SW480 cells, which revealed 331 TDR genes
with paused RNAPII (Plyss > 2) (Fig. 5E), the RNAPII ChIP-seq data
in shCtrl cells revealed a comparable number of 336 TDR genes with
paused RNAPII (Plrss > 2) (Fig. 6F). Notably, relative to the shCtrl,
TOP1 knockdown significantly altered both Plyss and Pltgs of TDR
genes (Fig. 6F). Specifically, a significant increase in the Plygs was
observed, which is consistent with the significant increase in RNAPII
accumulation at the TDR promoter-proximal regions following
TOP1 knockdown (Fig. 6F, left). Notably, however, a significantly
lower PItgs at TDR genes was observed in TOP1 knockdown versus
Ctrl cells (Fig. 6F right). The significant decrease in the PIrgs (Fig. 6F,
right) is consistent with the observed increases in RNAPII levels that
are detected downstream of the TES-proximal region of the TDR
genes following TOP1 knockdown (Fig. 6C). Collectively, these data
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reveal different roles for TOP1 in regulating RNAPII binding at the
TSS and TES of TDR genes. Specifically, our data support a role for
TOP1 in promoting the release of promoter-proximal paused RNAPII
and in establishing efficient transcription termination by RNAPII at
TDR host genes.

DISCUSSION

While ncRNAs make up the vast majority of our transcriptome, our
understanding of the noncoding genome remains limited. Among
the emerging classes of ncRNAs are DoG RNAs that are induced in
response to stress stimuli including osmotic stress (3, 9), viral infec-
tion (6, 7), and heat shock (8). Several unsolved questions regarding
DoG RNAs exist. For example, are DoG RNAs produced in normal
cellular contexts and in human disease states including cancer?
Can differential expression analyses of DoG RNAs in normal versus
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cancer tissues provide new glimpses into the biological differences
between a healthy versus cancer cell? What makes certain protein-
coding genes in the genome prone to DoG RNA production, and,
relatedly, are there specific transcriptional regulators that Ctrl DoG
RNA expression? In our study, we address these questions through
global identification and classification of differentially expressed
DoG RNA signatures in paired normal and cancer tissues. Our data
support a model (Fig. 7) for DoG RNAs in diversifying both nonneo-
plastic and cancer cell transcriptomes. These new insights stem from
unveiling alterations in DoG RNA expression that are tissue- and
cancer stage-specific, and the up-regulation and down-regulation of
DoG RNAs are associated with decreased OS of patients with breast,
liver, and colon cancer (Fig. 7). Moreover, our finding that alterations
in DoG RNA production in colon cancer are likely to have clinical
relevance is further supported by our data revealing that DoG RNAs
are induced in colon cancer in response to chemotherapeutic TOP1
poison CPT and TOP1 depletion (Fig. 7).

To reach a deeper understanding of alterations in the cancer cell
transcriptome, we sought to demonstrate the existence and cancer
specificity of DoG RNAs. By using an approach using TCGA RNA-
seq data from matched tumors and NTs and an established pipeline,
DoGFinder (33), we reveal a comprehensive catalog of previously
unrecognized DoG RNA signatures that reshape both normal and
cancer transcriptomes. Among the molecular features of DoG RNAs,
we found that differences in tumors versus paired N'Ts are changes
in DoG number and extension strength. Specifically, moderate in-
creases in DoG number and significantly longer DoG RNA exten-
sion strength were identified in COAD and LIHC tumors, and
conversely deceased DoG number and nonsignificant changes in
DoG extension strength were identified in BRCA tumors. Since
DoG RNAs are continuous ncRNA extensions of their upstream
protein-coding genes, our study suggests the significance of longer
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mRNAs with DoG RNA extensions in tumorigenesis. Consistent
with aberrant DoG-producing mRNAs exhibiting cancer relevancy
is our finding of a significantly lower stochiometric ratio of correct-
ly transcribed mRNAs relative to mRNAs with DoG RNA exten-
sions in paired COAD and LIHC tumors compared to their paired
NTs. Conversely, we identified a higher ratio of correctly transcribed
mRNAs relative to those with DoG RNAs in BRCA tumors, suggest-
ing that the loss versus gain of DoG RNAs may be most relevant
for breast tumorigenesis. Recent studies examining shifts in gene
length support a paradigm for age-associated imbalances in gene
length (36). In addition to aging, length-associated transcriptomic
imbalances have also been linked to Alzheimer’s disease (37). While
various length transcripts are enriched under specific biological
contexts, future work is needed to determine causality of the various
length-associated transcripts including DoG RNAs in both normal
development and disease states.

Cancer progression involves multiple genetic and epigenetic events
that involve both gain-of-function oncogenes and loss-of-function
tumor suppressors. Comparative analysis of DoG RNA signatures in
paired NTs versus tumors of breast, colon, and liver origins revealed
both a gain and loss of DoG RNA expression. Consistent with dys-
regulated DoG RNA expression underlying tumorigenesis is the
finding that DoG-producing host genes with up-regulated DoGs
encode for transcripts involved in tumor-promoting functional
pathways including G,-M checkpoint, glycolysis, and E2F targets.
Comparatively, functional annotations observed for DoG-producing
genes with down-regulated DoG RNAs revealed enrichment of nor-
mal cellular and developmental processes and tumor-suppressor
pathways. Consistent with the gain and loss of DoG RNAs overlap-
ping with the biological hallmarks of tumorigenesis and tumor sup-
pression, respectively, is the finding that both the up-regulation and
down-regulation of DoG RNAs significantly correlated with poor
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5
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Fig. 7. Working model for how DoG RNAs reshape normal and cancer transcriptomes. Comparative analyses of DoG RNA signatures in normal versus cancer tissues
provide previously unknown insights into this emerging class of differentially expressed tissue- and stage-specific ncRNAs. Dysregulated expression of DoG RNAs in
breast, liver, and colon tumors is significantly correlated with poor patient survival. Up-regulated DoG RNAs are associated with DoG-producing host genes that exhibit
tumor-promoting functions, and down-regulated DoG RNAs are linked to host genes involved in normal developmental and tumor-suppressor pathways. Treatment of
colon cancer cells with the TOP1 poison, CPT, leads to an induction of DoG RNA production, which is consistent with DoG RNAs exhibiting a potential therapeutic benefit
in patients with colon cancer. Mechanistically, we confirm that TOP1 depletion promotes DoG RNA induction by lowering the RNAPII Pl at the TES and promoting RNAPII

release well beyond the ends of TDR host genes.
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patient survival. Moreover, we revealed that DoG RNAs largely
exhibit tissue-specific expression patterns, which is similar to other
classes of IncRNAs. In addition, similar to other IncRNAs is the find-
ing that DoG RNAs are expressed in a stage-specific manner. Altera-
tions in the expression of late stage-specific DoG RNAs in BRCA and
COAD tumors, respectively, are linked to a significant reduction in
patient OS. Future investigations are needed to discern regulatory
factors and mechanisms underlying the differential regulation of this
emerging class of ncRNAs in normal developmental and disease
states including cancer.

The tissue- and stage-specific expression of DoG RNAs is consis-
tent with these molecules serving as attractive therapeutic targets
that inform prognosis and treatment of patients with colon cancer.
Our study suggests that triggering DoG induction may exude a ther-
apeutic benefit in treating patients with colon cancer. This is evi-
denced by the enhanced levels of DoG production in colon cancer
cells that are observed following inhibition of TOP1 catalytic activity
with CPT. Consistent with the clinical benefit of enhancing DoG
production with CPT is our finding that TOP1 up-regulation, which
is common in COAD tumors, is associated with lower DoG number.
Thus, the therapeutic advantage of CPT that occurs in tumors
with up-regulated TOP1 may be linked, at least in part with CPT-
dependent enhanced levels of DoG RNA production. However, ad-
ditional mechanistic insight is needed to fully understand how
differential TOP1 levels are related to changes in DoG RNA produc-
tion in human cancers. For example, our findings revealed that high
TOP1 levels are associated with increased DoG production in COADs
when compared to paired NTs. However, our stratification of COAD
tumors into low versus high TOP1 levels revealed high versus low
DoG numbers, respectively. This suggests that there are likely vari-
ous mechanisms underlying the roles of TOP1 in contributing to al-
terations in DoG production in human cancers.

Consistent with a direct role for TOP1 in regulating DoG produc-
tion is our finding that TOP1 depletion, similar to TOP1 inhibition
with CPT, results in genes that escape transcriptional termination
and support high levels of DoG production in colon cancer cells.
How precisely enhanced DoG production yields a clinical benefit for
patients with cancer remains unclear as the functions of DoG RNAs
also largely remain a mystery. One possibility is that DoG RNAs in-
duced by CPT and TOP1 loss will induce transcriptional stress and
lead to cell cycle arrest and cell death. Recent evidence supports a
role for transcription inhibition in leading to increased DoG pro-
duction (38). Our study connects up-regulated DoG RNAs in colon
cancer to host mRNAs that are known to regulate cell cycle arrest
including G,-M phase arrest. CPT is also known to induce G,-M
phase arrest mediated by reactive oxygen species (39), which, togeth-
er with previous studies showing that oxidative stress inhibits 3" end
cleavage of nascent transcripts and leads to readthrough transcrip-
tion (9), suggests a mechanism by which CPT-induced DoG RNAs
could lead to cell cycle arrest. Another possibility is that TOP1-
regulated DoG RNAs will induce R loop formation, replication
stress, and cellular senescence, which has been previously shown for
RNAPII transcription elongation factor, SPT6 whose loss leads to the
formation of DoG RNAs that are prone to R loop formation (40).
Consistent with this model is the known role that TOP1 plays in pre-
venting replication stress at R loop-enriched transcriptional termi-
nation sites (25). The increased levels of DoG production that we
observe following TOP1 loss and inhibition will overlap with DNA
replication origins, which, in turn, can alter replisome progression
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and lead to replication stress. Moreover, an increased likelihood of a
collision arising between replication and transcription machinery
would be expected on the basis of increases in DoG extension
strength. This possibility is therefore more likely in COAD and LIHC
tumor relative to their paired NTs where we observed increased
DoG extension strength and following CPT and TOP1 knockdown
that enhanced DoG expression. While our study supports a role for
TOP1 loss and inhibition in promoting DoG production, additional
investigations are warranted to discern whether TOP1 also regulates
down-regulation of DoG RNAs. Our study reveals that both down-
regulation and up-regulation of DoG RNAs in human cancers are
prevalent and associated with poor prognosis. Thus, it will be impor-
tant going forward to uncover other regulatory factors and mecha-
nisms underlying both up-regulation and down-regulation of DoG
production in normal development and disease.

TOPI has long been viewed as a key determinant of gene Ctrl
that is governed by its regulation of the PIC (15-21) and RNAPII
elongation (22). Our study further supports a role for TOP1 in fa-
cilitating RNAPII elongation by preventing aberrant accumulation
of RNAPII at promoter-proximal regions. This role for TOP1 in
RNAPII pause release is evidenced by the increased enrichment of
paused RNAPII at the promoter region of TDR genes that we ob-
served following TOP1 knockdown. The increased accumulation
of paused RNAPII is likely related to the known role of BRD4 in fa-
cilitating RNAPII pause release by stimulating TOP1 activity via
phosphorylation of the RNAPII C-terminal domain (CTD) (22). Ac-
cording to the twin domain model (41), as DNA moves through the
active site of RNAPII, positive supercoils are generated ahead, and
negative supercoils trail behind RNAPIL. If the supercoiling tension
is not removed by TOP1, then this would oppose RNAPII pause re-
lease and therefore lead to the buildup of RNAPII that we observe at
the promoter region. The requirement for stimulating TOP1 activity
particularly at the promoter-proximal regions of TDR genes would
be expected on the basis of our finding that there exist high levels of
TOPIcc at this subset of genes, which is consistent with the high
levels of TDR expression that would be expected to generate high
levels of torsional strain.

Our studies further unveil that TOP1 is also a key regulator of
gene Ctrl at the level of termination. Notably, the identification of
increased DoG production, together with negligible changes in the
expression of the DoG-producing gene following TOP1 depletion, is
consistent with our data showing that TOP1 loss raises the TSS PI but
lowers the TES PI. These findings contribute to a growing area of in-
terest that includes defining the regulatory mechanisms underlying
termination that is the least understood step of the RNAPII tran-
scription cycle. The mechanisms underlying these defects in tran-
scriptional termination following TOP1 loss remain unclear. First,
note that we observed particularly high levels of TOP1 and paused
RNAPII binding at the TESs of TDR genes, which may create a po-
tent barrier to the local assembly of nucleosomes (42-45) and allow
for prompt transcriptional activation over the DoG regions once the
PI is lowered by TOP1 loss. Thus, the high levels of pausing and
TOP1 that are present over the TDRs could be considered as a means
of tuning DoG RNA expression levels by priming the machinery nec-
essary to maintain the potential of TDR genes to become transcribed
under different conditions. One possibility by which TOP1 depletion
may lower the RNAPII PI at the TES is by leading to the loss of ter-
mination factors at TDR genes. It is known that BRD4-dependent
phosphorylation of the RNAPII CTD regulates the recruitment of
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transcription termination factors, including cleavage and polyade-
nylation specificity factor (CPSF) and cleavage stimulation factor 64
(CSTF64) to Ctrl termination (46). Thus, future studies investigating
the relationship between BRD4 phosphorylation of RNAPII and its
role in both stimulating TOP1 activity and recruiting termination
factors will likely provide insights into the direct (causal) effects of
TOP1 in regulating termination that we observed in this study. Fur-
ther supporting this possibility is the recent finding that coinhibition
of BRD4 using JQ1 (47) and TOP1 using SN38, which is an active
metabolite of irinotecan (48), disrupts recruitment of CSTF64 at all
genes (26). However, it is not yet clear from this study whether TOP1
is directly involved in regulating CSTF64 binding and RNAPII-
dependent termination. Moreover, additional mechanistic investiga-
tions are needed to determine why CSTF64 loss occurred at all genes,
but only a subset exhibited readthrough transcription (26). Our study
reveals that TOP1 directly regulates RNAPII termination and DoG
production and that, while a subset of TOP1-dependent DoG RNAs
are dependent on its catalytic activity, there is an additional subset
that is independent of its catalytic activity. Thus, there are likely sev-
eral different mechanisms by which TOP1 is regulating termination
and DoG production that remain to be further elucidated. Another
possibility is that TOP1 loss may favor transcription elongation and
DoG production by lowering uncoordinated clashes between replica-
tion forks and transcription machinery that can cause replication
stress and genomic instability. Consistent with TOP1 depletion low-
ering the occurrence of transcription-replication collisions (TRCs) is
the finding that all replication forks are slowed down by 30 to 40% in
TOP1 knockdown cells (25). This, together with elongating RNAPII
acting as the main obstacle to replication fork progression (49), sug-
gests a means in which enhanced DoG production could be favored
beyond the ends of genes following TOP1 inhibition. Additional in-
sights are needed to discern the relative importance of topological
stress ahead and behind replication forks in the context of TRC-
associated replication interference and in DoG production as this
remains not well elucidated.

We have uncovered a biological basis for DoG RNA signatures in
human cancers through their annotation and characterization in ref-
erence to paired N'Ts for several major cancers that include the colon,
breast, and liver. Our study also unveils that these molecular vulner-
abilities linked to tumor-promoting genes can be induced under the
Ctrl of a regulatory switch governed by an essential regulator of gene
Ctrl, TOP1. By defining the previously unrecognized role of TOP1
in regulating termination, we now demonstrate the significance of
TOP1 in regulating all stages of the RNAPII transcription cycle
and urther support the paradigm that DoG RNAs are increasingly
identified as hallmarks of termination defects (3, 5-7, 9, 50, 51).

MATERIALS AND METHODS

Cell culture and treatments

Human colorectal adenocarcinoma SW480, HCT116, and normal
colon FHC cells and human embryonic kidney (HEK) 293T cells
were purchased from the American Type Culture Collection. SW480,
HCT116, and HEK293T cell lines were cultured in Dulbecco’s mod-
ified Eagle’s medium (Gibco) supplemented with 10% fetal bovine
serum (Gibco). The FHC cells were grown in Dulbecco’s modified
Eagle’s medium:F12 medium (American Type Culture Collection)
supplemented with 25 mM Hepes, cholera toxin (10 ng/ml; Sigma-
Aldrich, C8052-1MG), insulin (0.005 mg/ml; MP Biomedicals,
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0219390025), transferrin (0.005 mg/ml; Sigma-Aldrich, T8158-
100MG), hydrocortisone (100 ng/ml; Sigma-Aldrich, H0888-1G),
human recombinant epidermal growth factor (20 ng/ml; Thermo
Fisher Scientific, PHG0311), and 10% fetal bovine serum (Gibco).
All cell lines were grown in a 37°C incubator supplied with 5% COs.
All cell lines tested negative for mycoplasma contamination by
PCR. SW480 cells were treated with DMSO or 1.15 pM TOP1 poi-
son, CPT-11 (Santa Cruz Biotechnology, CAS 136572-09-3) for
3 hours in a 37°C incubator supplied with 5% CO; before harvesting
for RNA expression, cell survival assays, and immunoblot analyses.

Cell survival assays

To determine the IC,5 and ICsy concentrations for CPT treatment,
SW480 cells were treated with 0, 0.1, 1, 2.5, and 5 pM concentrations
of CPT diluted in DMSO and incubated at 37°C. After 24 hours,
0.5% crystal violet solution was added to each well and incubated
for 20 min at room temperature. The crystal violet solution was
washed from the plate with phosphate-buffered saline (PBS), air-
dried for 2 hours at room temperature, before methanol was added
to each well, and incubated for 20 min at room temperature. Absor-
bance at 570 nm was measured by TECAN infinite M1000 PRO
microplate reader. ICsy and IC,5 were calculated using GraphPad
Prism v. 10.

Lentivirus production and generation of TOP1

knockdown cells

pLKO.1 TRC Ctrl and target shRNA plasmids for TOP1 knock-
down were generated with annealed oligos. The shRNA oligos used
in this study are listed in table S8. For lentivirus production and
transduction, 50 to 60% confluent HEK293T cells were transfected
with TRC Ctrl, target shRNA, and packaging plasmids psPAX2 and
pMD2.G using Lipofectamine 3000 (Invitrogen). Virus-containing
medium was collected 48 and 72 hours after transfection, filtered
with a 0.45-pm pore size filter, and used for viral infection. SW480
and HCT116 cells were transduced with viral supernatants contain-
ing polybrene (8 pg/ml; Sigma-Aldrich). Following 8 hours, virus-
containing medium was removed and replaced with fresh medium.
After 48 hours, the cells were selected using puromycin at a final
concentration of 1.5 ug/ml before harvesting the cells for qRT-PCR
and immunoblot analysis.

RNA interference experiments using siRNA

SW480 cells were transfected with 100 nM nontargeting siRNA Ctrl
or TOP1 siRNA duplexes listed in table S8 (Dharmacon) using Li-
pofectamine 3000 (Invitrogen) according to the manufacturer’s di-
rections (Life Technologies). Cells were harvested 48 hours after
transfection for immunoblot or RNA expression analyses.

Antibodies

Antibodies used for ChIP assays were obtained commercially as
follows: anti-TOP1 (2 pg; Abcam, ab219735), anti-RNAPII (N-20)
(2 pg; Santa Cruz Biotechnology, Sc-899), anti-RNA polymerase II
subunit B (Rpb1) N-terminal domain (NTD) (D8L4Y) (5 pl; Cell
Signaling Technology, #14958), spike-in antibody (2 pg; Active Mo-
tif, 61686), and anti-immunoglobulin G (IgG) (2 pg; Cell Signaling
Technology, 2729S). Antibodies used for immunoblotting are as fol-
lows: anti-p-actin (Santa Cruz Biotechnology, sc47778; 1:1000 dilu-
tion), anti-TOP1 (Santa Cruz Biotechnology, sc-32736; 1:1000
dilution), anti-Rpbl NTD (D8L4Y) (Cell Signaling Technology;
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#14958; 1:1000 dilution), anti-GAPDH (0411) (Santa Cruz Biotech-
nology, sc-47724; 1:1000 dilution), and anti-hnRNPA2/B1 (EF-67)
(Santa Cruz Biotechnology, sc-53531; 1:1000 dilution). Secondary
antibodies used in the study include anti-mouse IgG horseradish
peroxidase conjugate (Promega, W402B; 1:3000 dilution) and anti-
rabbit IgG horseradish peroxidase Conjugate (Promega, W401B;
1:5000 dilution).

Tumor tissue analysis

Paired nonneoplastic and tumor tissue was obtained from three
colorectal carcinomas through the Department of Pathology of
Northwestern University, Feinberg School of Medicine following in-
formed consent from patients. All clinical samples used in this study
were reviewed and approved by the Institutional Review Board at the
Northwestern University Feinberg School of Medicine. In addition,
paired samples of normal and tumor tissue from two patients with
breast cancer (R8235086-PP-10) and liver cancer (R8235149-PP-10)
were obtained from BioChain Institute Inc. Briefly, for RNA extrac-
tion, 1 ml of TRIzol reagent (Invitrogen) was added per 50 mg of tis-
sue into a homogenizing tube (Precellys). For protein extraction, 1 ml of
radioimmunoprecipitation assay lysis buffer [10 mM tris-HCI (pH 8.0),
1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% NaDoc, 0.1%
SDS, and 140 mM NaCl] was added per 50 mg of tissue into a homog-
enizing tube (Precellys). Tissues were homogenized with the Bertin
Technologies power homogenizer for 10 cycles, 20 s per cycle at speed
setting #2. Following homogenization, samples were centrifuged at
12,000g for 10 min at 4°C, and the cleared lysate was used for RNA
purification or immunoblotting as described in detail below.
Cellular fractionation

Cells were washed with ice-cold PBS before lysis in the following cell
lysis buffer [10 mM tris (pH 7.4), 150 mM NaCl, 0.15% NP-40,
1 mM phenylmethylsulfonyl fluoride (PMSF), and protease inhibi-
tor cocktail] and incubated on ice for 5 min, before centrifugation at
3500g for 10 min. The supernatant containing the cytoplasmic frac-
tion was cleared by centrifugation at 14,000g for an additional 1 min
in a fresh tube. The isolated nucleus pellet was rinsed with 1 ml of
ice-cold PBS with 500 mM EDTA. Each fraction was divided for
protein lysate preparation and RNA extraction.

Western blotting

Protein samples were denatured at 95°C for 5 min, separated by
SDS-polyacrylamide gel electrophoresis, and transferred to poly-
vinylidene difluoride membranes using the iBlot2 gel transfer device
(Invitrogen). The membranes were blocked in 3% milk and probed
with the indicated antibodies. Reactive bands were detected by
Pierce ECL Plus (Thermo Fisher Scientific) or SuperSignal West
Femto (Thermo Fisher Scientific) and visualized using the Odyssey
Fc Imaging System (LI-COR Biosciences) or the ChemiDoc Imaging
system (Bio-Rad Laboratories).

RNA purification and qRT-PCR

Total RNA was extracted with TRIzol reagent (Invitrogen) from
paired patient tissues (breast, colon, and liver), SW480, HCT116,
and FHC cells; SW480 and HCT116 cells stably expressing Ctrl or
TOP1 shRNAs; or SW480 cells transiently expressing Ctrl or TOP1
siRNAs following the manufacturer’s instructions. Total RNA was
used for cDNA synthesis using the ProtoScript II First Strand cDNA
Synthesis Kit [New England Biolabs (NEB)] with random hexamers.
PCR reactions were performed using SYBR Green PCR Master Mix
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(Applied Biosystems) on an Applied Biosystems QuantStudio3 real-
time PCR system and iTaq Universal SYBR Green Supermix (Bio-Rad
Laboratories) on CFX Opus 384 Real-Time PCR System (Bio-Rad
Laboratories). The specificity of amplification was confirmed by melt-
ing curve analysis. The relative levels of DoG and mRNA expression
were calculated using the AAC; method normalized to 185 rRNA (tu-
mor samples) or GAPDH (cell lines). The expression levels in TOP1
knockdown are relative to the Ctrl knockdown. Primers used for
qRT-PCR are listed in table S8.

RNA sequencing

Total RNA from three paired patient tissues (COAD and NTs),
HCT116, SW480, and FHC cells, and from SW480 cells stably ex-
pressing Ctrl or TOP1 shRNAs or treated with CPT versus DMSO
was extracted using TRIzol reagent (Invitrogen) and Direct-zol RNA
Microprep kit (Zymo Research) according to the manufacturer’s in-
structions. Total RNA-seq (ribo-depleted) libraries for all samples
were generated and sequenced by Admera Health. Briefly, isolated
RNA sample quality was assessed by High Sensitivity RNA TapeSta-
tion (Agilent Technologies, CA, USA) and quantified by Qubit 2.0
RNA HS assay (Thermo Fisher Scientific, MA, USA). Libraries were
constructed with KAPA RNA HyperPrep with RiboErase (Roche,
IN, USA) and performed on the basis of the manufacturer’s recom-
mendations. Final library quantity was measured by KAPA SYBR
FAST qPCR and library quality evaluated by TapeStation D1000
ScreenTape (Agilent Technologies, CA, USA). The final library size
was about 430 bp with an insert size of about 200 bp. Illumina 8-
nucleotide (nt) dual indices were used. Equimolar pooling of librar-
ies was performed based on quality Ctrl (QC) values and sequenced
on an Illumina NovaSeq $4 (Illumina, CA, USA) with a read length
configuration of 150 paired-end (PE) for 50 M PE reads per sample
(25 M in each direction).

TOP1 sequencing

The TOP1-seq methodology was adapted from a previously estab-
lished protocol (22). Briefly, 24 x 10° SW480 cells were treated with
10 pM CPT for 4 min. Cells were immediately washed with ice-cold
1x PBS, scraped, resuspended in lysis buffer [20 mM tris-HCl
(pH 7.5), 300 mM NaCl, 2 mM EDTA, 0.5% NP-40, 1% Triton X-100,
1 mM PMSE, and PICs], and incubated on ice for 15 min. Cell re-
suspensions were dounced 10 times using an ice-cold glass homog-
enizer. Nuclei were collected by centrifugation and resuspended in
shearing buffer [0.1% SDS, 0.5% N-lauroylsarcosine, 1% Triton
X-100, 10 mM tris-HCI (pH 8.1), 100 mM NaCl, 1 mM EDTA, 1 mM
PMSE, and PICs]. Chromatin was fragmented using a Bioruptor
Pico sonicator (Diagenode) to an average size of 200 to 600 bp, and
cleared chromatin was used for immunoprecipitation overnight
at 4°C with protein A Dynabeads that were precoupled in 0.5%
bovine serum albumin with IgG or TOP1 antibodies. The immuno-
complex-bound beads were washed eight times in wash buffer [50 mM
Hepes-KOH (pH 7.6), 500 mM LiCl, 1 mM EDTA, 1% NP-40, 0.7%
sodium deoxycholate, 1 mM PMSE, and PICs], twice in 1x TE,
and eluted in elution buffer [50 mM tris-HCI (pH 8.0), 10 mM
EDTA, and 1% SDS]. Immunoprecipitated DNA samples were puri-
fied using UPrep Spin Columns (Genesee Scientific) and quantified
with a Qubit 4.0 fluorometer (Invitrogen). We used 10 ng of DNA
from two biological replicates to generate sequencing libraries
using KAPA Hyper Prep Kit (KAPA Biosystems) according to the
manufacturer’s instructions. Briefly, TOP1-seq was subjected to end
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repair and adaptor ligation, followed by indexed PCR. Libraries
were size-selected for average size of 300 bp. Sequencing was per-
formed on an Illumina NovaSeq 6000 (Illumina, CA, USA) with a
read length configuration of 75 single-end (SE) per sample.

Precision nuclear run-on sequencing

PRO-seq was performed following established protocol (52). Nuclei
from SW480 cells were isolated and snap-frozen in storage buffer
[10 mM tris-HCI (pH 8.0), 25% glycerol, 5 mM MgCl,, 0.1 mM
EDTA, and 5 mM dithiothreitol (DTT)]. Next, 10 X 10° nuclei and
100 pl of storage buffer were run on by the addition of 100 pl of pre-
warmed 2X reaction buffer [10 mM tris-HCI (pH 8.0), 300 mM KCl,
5 mM MgCly, 1% sarkosyl, 1 mM DTT, RNaseOUT (0.8 U/pl; Ther-
mo Fisher Scientific), 250 uM adenosine 5’-triphosphate, 250 pM
guanosine 5’'-triphosphate, 50 pM biotin-11-cytidine 5'-triphosphate
(PerkinElmer), and 50 pM biotin-11-uridine 5’'-triphosphate (Perki-
nElmer)] for 3 min at 37°C. Reactions were stopped by the addition
of 500 pl of TRIzol LS (Invitrogen) and purified following the manu-
facturer’s instructions. RNAs were heat-denatured at 65°C for 40 s,
placed on ice, and fragmented with 0.2 N of NaOH on ice for 10 min.
After pH adjustment with 1 M tris-HCI (pH 6.8), buffer exchange
using P-30 columns (Bio-Rad Laboratories) was performed. Bioti-
nylated RNAs were enriched with 30 pl of prewashed Dynabeads
MyOne Streptavidin C1 (Life Technologies) in binding buffer [10 mM
tris-HCI (pH 7.4), 300 mM NacCl, 0.1% Triton X-100, and RNase-
OUT (0.8 U/pl)] and by gentle rotation at room temperature for
30 min. Beads were subsequently washed twice with ice-cold high-
salt wash buffer [50 mM tris-HCI (pH 7.4), 2 M NaCl, and 0.5%
Triton X-100], twice with binding buffer, and once with low-salt
wash buffer [5 mM tris-HCI (pH 7.4) and 0.1% Triton X-100] and
eluted with TRIzol LS (Invitrogen). The 3’ RNA adaptor (VRA3:
5'-GAUCGUCGGACUGUAGAACUCUGAAC-/inverted dT/-3')
was ligated to the eluted RNAs, and a second biotin RNA enrich-
ment was performed as described above. Next, the 5" end of RNAs
was enzymatically modified with RNA 5’ pyrophosphohydrolase
(NEB), and hydroxyl repair was performed using T4 polynucleotide
kinase (NEB). Purified RNAs were subsequently ligated with the 5’
RNA adaptor (RA5: 5-CCUUGGCACCCGAGAAUUCCA-3'). A
third biotin RNA enrichment was performed before reverse tran-
scription of the eluted RNAs. Libraries from two biological replicates
were amplified for 13 cycles, size-selected for 140 to 350 bp, and
single-end sequenced on Illumina HiSeq 4000 (75 bp).

Chromatin immunoprecipitation

TOP1 and RNAPII ChIP assays were performed using 24 X 10° to
48 x 10° SW480 cells, and RNAPII ChIP assays were performed us-
ing the same number of SW480 cells stably expressing Ctrl or TOP1
shRNAs. The cells were cross-linked with 2 mM disuccinimidyl
glutarate (ProteoChem) for 30 min, followed by cross-linking with
1% formaldehyde for an additional 10 min at room temperature and
quenched with 125 mM glycine (Thermo Fisher Scientific) for 5 min.
Cell pellets were resuspended in lysis bufter [20 mM tris-HCI (pH 7.5),
300 mM NaCl, 2 mM EDTA, 0.5% NP-40, 1% Triton X-100, 1 mM
PMSE and PICs] and incubated on ice for 30 min. Cell resuspensions
were next dounced 10 times in a prechilled glass homogenizer.
Nuclei were collected and resuspended in shearing buffer [0.1% SDS,
0.5% N-lauroylsarcosine, 1% Triton X-100, 10 mM tris-HCI (pH 8.1),
100 mM NaCl, 1 mM EDTA, 1 mM PMSE, and PICs]. Chromatin
was fragmented using a Bioruptor Pico (Diagenode) or an E220
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focused ultrasonicator (Covaris) to an average size of 200 to 600 bp,
and the cleared chromatin was used for immunoprecipitation over-
night at 4°C with Protein A Dynabeads that were precoupled in 0.5%
bovine serum albumin with IgG, TOP1, RNAPII, and spike-in anti-
bodies. Spike-in chromatin (Active Motif, 53083) was added to normalize
out technical variation. The immunocomplex-bound beads were
washed eight times in wash buffer [50 mM Hepes-KOH (pH 7.6), 500 mM
LiCl, 1 mM EDTA, 1% NP-40, 0.7% sodium deoxycholate, 1 mM
PMSE, and PICs] and twice in 1X TE and eluted in elution buffer
[50 mM tris-HCI pH 8.0, 10 mM EDTA, and 1% SDS]. Cross-links
were reversed at 65°C overnight, and the DNA samples were purified
using UPrep Spin Columns (Genesee Scientific).

ChIP-seq libraries for all samples were generated and sequenced
by Admera Health. Briefly, immunoprecipitated DNA was quantified
with Qubit 2.0 DNA HS Assay (Thermo Fisher Scientific, MA, USA)
and quality-assessed by TapeStation genomic DNA Assay (Agilent
Technologies, CA, USA). Library preparation was performed using
KAPA Hyper Prep (Roche, Basel, Switzerland) following the manu-
facturer’s recommendations. All samples were subjected to end re-
pair and adaptor ligation, followed by indexed PCR using Illumina
8-nt dual-indices. Library quality and quantity were assessed with
Qubit 2.0 DNA HS Assay and TapeStation High Sensitivity D1000
Assay (Agilent Technologies, CA, USA). Final libraries were quanti-
fied using QuantStudio 5 System (Applied Biosystems, CA, USA)
before equimolar pooling based on qPCR QC values. Sequencing
was performed on an [llumina NovaSeq (Illumina, CA, USA) with a
read length configuration of 150 PE for 40 M PE reads 20 M in each
direction) per sample.

Coimmunoprecipitation

Coimmunoprecipitation was performed following established pro-
tocol (53). Briefly, 12 X 10° cells were lysed in lysis buffer [10 mM
tris-HCI (pH 7.4), 10 mM KCl, 1.5 mM MgCl,, 12% sucrose, 10%
glycerol, 0.2% Triton X-100, 0.5 mM DTT, 1 mM PMSEF, PICs,
and phosphatase inhibitors] and then fractionated in sucrose cushion
[10 mM tris-HCI (pH 7.4), 10 mM KCIl, 1.5 mM MgCl,, 30% su-
crose, and 0.5 mM DTT]. Nuclei were stored in freeze buffer [10 mM
tris-HCI (pH 7.4), 10 mM KCl, 1.5 mM MgCl,, 40% glycerol, and 0.5 mM
DTT] at —80°C. Chromatin DNA was digested in chromatin diges-
tion buffer [20 mM tris-HCI (pH 7.4), 150 mM NaCl, 1.5 mM MgCl,,
10% glycerol, 0.05% NP-40, 0.5 mM DTT, 1 mM PMSE PICs, phos-
phatase inhibitors, and benzonase (250 U/ml)]. After centrifugation,
the supernatant was collected as fraction 1, while proteins were fur-
ther extracted from the pellet in chromatin-2 buffer [20 mM
tris-HCI (pH 7.4), 500 mM NaCl, 1.5 mM MgCl,, 10% glycerol,
0.05% NP-40, 0.5 mM DTT, 1 mM PMSE, PICs, phosphatase inhibi-
tors, and 3 mM EDTA] as fraction 2. NaCl concentration in fraction
2 was adjusted to 150 mM and then combined with fraction 1. TOP1
immunoprecipitation was performed using anti-TOP1 (2 pg; Abcam,
ab219735), conjugated to Protein A Dynabeads for 24 hours. The
immunocomplex-bound beads were washed four times in wash buf-
fer [20 mM tris-HCI (pH 7.4), 225 mM NaCl, 1.5 mM MgCl,, 10%
glycerol, 1.5 mM EDTA, 0.05% NP-40, and 0.5 mM DTT], and im-
munoprecipitated proteins were eluted in Laemmli SDS sample buf-
fer before immunoblotting analysis for TOP1 and RNAPIL

Total RNA-seq analysis
The QC of raw data was evaluated with FastQC (v0.11.5) (54) and
MultiQC (55). The reads were trimmed for adapter contaminations
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and quality using Trim_Galore (v0.6.10 with cutadapt v4.2) (56) with
the following parameters: “--clip_R1 15 --clip_R2 15 --three_prime_
clip_R1 5 --three_prime_clip_R2 5 Paired-end raw reads were
mapped to the hg38 human genome with GENECODE v43 (primary_
assembly) using STAR aligner v2.7.9a (57) with the following parameters:
“--genomeLoad NoSharedMemory --outFilterMultimapNmax 20
--alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --outFilter
MismatchNmax 999 --outFilterMismatchNoverReadLmax 0.04
--alignIntronMin 20 --alignIntronMax 1000000 --alignMates
GapMax 1000000 --outSAMunmapped Within --outFilterType
BySJout --outSAMattributes NH HI AS NM MD --outSAMtype
BAM SortedByCoordinate --quantMode TranscriptomeSAM
GeneCounts --sjdbScore 1 --limitBAMsortRAM 60000000000
--outWigType wiggle --outWigNorm None.” Only high-quality reads
(both ends were uniquely mapped, passed quality check, and were
with mapping quality score > 255) were kept for the analysis. The
gene expression was determined with featureCounts (subread v1.6.1)
(58) using GENECODE v43 (primary_assembly) gene annotation
with the parameters: “-s 2 -B -p -t exon -g gene_id” (58) The gene
counts were used to determine the differential gene expression with
DESeq2 v1.36 (59) and g < 0.05 and a log, FC of 0.58. Volcano plots
were generated using ggplot2 (v3.4.3) (60). The gene set enrichment
analysis was carried out using enrichr [Pathway- > Molecular Signa-
tures Database (MSigDB) Hallmark 2020] (61). Terms with a P < 0.05
were deemed statistically significant. The box plot, bar plot, dot plot,
Venn diagram, and statistical analysis were performed in the ggplot2
package of R (v4.2.0) (60).

DoG RNA identification

BAM files from our total RNA-seq analysis aligned to the hg38 hu-
man genome were sorted and indexed with SAMtools v1.14 (62).
DoG RNAs were identified using DoGFinder (33) with the follow-
ing parameters, Get_DoGs “-minDoGLen 5000 -minDoGCov 0.6
-w 200 -mode F” using the protein-coding genes GENCODE v43
annotation. “-S” was added for our own RNA-seq data due to the
reverse-stranded specific protocol but not in TCGA RNA-seq data
(unstranded protocol). Samples within each group were merged to
increase the coverage of DoG calling. Downsampling of the follow-
ing RNA-seq datasets—(i) NT and COAD group, (ii) cell lines in-
cluding the SW480, HCT116 and FHC, and (iii) the shTOP1 and
shCtrl cell lines—was performed to reduce the differences in se-
quencing depth using the Pre_Process function in DoGFinder. Only
DoGs derived from protein-coding genes (GENCODE v43, primary_
assembly) were kept for analysis. Further, within 5-kb downstream
of DoG host genes’ TES, if there is any other gene annotation
[GENCODE v43 or National Center for Biotechnology Information
RefSeq annotation from University of California, Santa Cruz (UCSC),
same strand as DoG hosting genes for our own stranded specific
RNA-seq or no strand requirement for TCGA unstranded RNA-
seq], these DoGs will be filtered out for the downstream analysis to
avoid the quantification of other genes’ expression into DoG’s ex-
pression. The DoG coordinates and strand information provided by
DoGFinder were converted to GTF format by bedToGenePred and
genePredToGtf (UCSC kentUtils 302) (63) and used to quantify the
DoG’s expression level. The gene expression of DoGs was quantified
with featureCounts (subread v1.6.1) (58) on these coordinates with
the parameters: “-s 2 -B -p -t exon -g gene_id” (-s 0 for TCGA RNA-
seq due to its unstranded protocol) to identify the counts and further
generate BigWig files for visualization. TPM normalization method
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was used, and the log; ratio between samples was calculated (COAD
samples over NT samples, SW480 and HCT116 over FHC cells, and
shTOP1 over shCtrl cells). Box plots were generated using ggplot2
(60). The adjacent genes were identified by the closest function
available in bedtools v2.25.0 (64).

TCGA data analysis

To identify DoG RNA signatures in breast, colon, and liver paired
NTs and tumors, RNA-seq data from a total of 44 patient tissues
(22 paired tumors and NTs) were used from the TCGA database (32,
35). STAR-aligned RNA-seq BAM files of patients with BRCA,
COAD, and LIHC from TCGA were downloaded from the Genomic
Data Commons with the dbGaP accession phs000178.v10.p8. For
this study, TCGA samples that were prepared for RNA-seq by polyad-
enylation captured RNA libraries, and only paired-end format files
were used. Only high-quality reads (both ends were uniquely mapped,
passed quality check, and were with mapping quality score > 255)
were kept for the analysis. The gene expression was determined with
featureCounts (subread v1.6.1) (58) using GENECODE v43 (primary_
assembly) gene annotation with the parameters: “-s 0 -B -p -t exon -g
gene_id” The gene counts were used to determine the differential
gene expression with DESeq2 v1.36 (59) and g < 0.05 and a log, FC of
0.58. Volcano plots were generated using ggplot2 (v3.4.3) (60) and
DoGFinder (33) using Get_DoGs -minDoGLen 5000 -minDoGCov
0.6 -w 200 -mode F using the GENCODE v43 annotation (primary
assembly). TOP1 levels in patients with COAD were determined and
ranked by increasing values.

Kaplan-Meier curves were generated by the OS time in days of
patients from TCGA downloaded from UCSC Xena survival pack-
age (v3.5-7) from R (v4.2.0) (65) The median DoG number and ex-
tension strength for BRCA, COAD, and LIHC were used as the cutoff
value. The significance was determined by a log-rank test in survival
package (v3.5-7) from R.

To identify differentially expressed TOP1 levels in COAD versus
NTs, we used the RNA-seq data available for 275 COAD and 349 NTs
from TCGA and GTEx databases through GEPIA website (http://
gepia.cancer-pku.cn/detail.php?gene=top1) (32, 35, 66). To identify
differentially expressed TOPI mRNA levels in the breast, colon, and
liver, RNA-seq data from TCGA were downloaded from the Genomic
Data Commons with the dbGaP accession phs000178.v10.p8. RNA-seq
data was analyzed from a total of 44 patient tissues (22 paired tumors
and NTs) from BRCA, COAD, and LIHC.

ChIP-seq and TOP1-seq analysis

The QC of raw data was evaluated with FastQC (v0.11.5) (54). The
low-quality reads were removed using Trim_Galore (v0.6.10 with cut-
adapt v4.2) (56) with the following parameters: “--clip_R1 3 --clip_R2
3 --three_prime_clip_R1 3 --three_prime_clip_R2 3” for paired-end
reads and “--clip_R1 3 --three_prime_clip_R1 3” for single-end reads.
Sequencing reads were mapped to the hg38 human genome
(GCA_000001405.15_GRCh38_no_alt_analysis_set.fa) using bwa
v0.7.17 (mem for paired-end reads and aln and samse for single-end
reads) (67) and default parameters. SAMtools v1.14 (62) was used for
filtering the mapping quality and the duplicate reads. Only high-
quality reads (uniquely mapped, passed quality check, no PCR dupli-
cates, and with mapping quality score > 30). For paired end reads, we
further required properly paired and both ends uniquely mapped)
were used for further analysis. Spike-in normalization was performed
by mapping the reads to the Drosophila melanogaster genome (dmé6)
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using bwa-mem with the same parameters. deepTools v3.5.1 (68)
was used to generate normalized BigWig files by combining reads
from two replicas. The bins per million mapped normalized reads
were used, and the log, ratio between the ChIP-seq signal over
input was calculated. The BigWig files were visualized in Integra-
tive Genomics Viewer (IGV) (69).

PRO-seq analysis

The QC of raw data was evaluated with FastQC (v.0.11.5) (54). The
low-quality reads were removed using Trim_Galore (v0.6.10 with
cutadapt v4.2) (56) with the following parameters: “--clip_R1 10
--clip_R2 3 --three_prime_clip_R1 2 --three_prime_clip_R2 2”
Sequencing reads were mapped to the hg38 human genome
(GCA_000001405.15_GRCh38_no_alt_analysis_set.fa) using bwa-
mem (v0.7.17) with default parameters. SAMtools v1.14 (62) was
used for filtering the mapping quality and the duplicate reads. Only
high-quality reads (both ends uniquely mapped, passed quality
check, no PCR duplicates, properly paired, and with mapping qual-
ity score > 30) were used for further analysis. deepTools (v3.5.1)
(68) was used to generate normalized BigWig files.

TSS and TES PI

To calculate the TSS PI, we used the previously described method
(70). bigWigAverageOverBed from UCSC tools (68) was used to
summarize the coverage of RNAPII counts (RNAPII ChIP-seq) or
PRO-seq counts at promoters of TDR genes (—50 to +300 bp around
TSS) and the gene body (4300 downstream to the annotated gene
end). The PI was calculated by the following formula (Fig. 5D):

Pl = (read counts at TSS/length1)/(read counts at gene body/length2)

where “length1” is the length of the promoter region (350 bp) and
“length2” is the length of the gene body region (+300 downstream
of the TSS to the annotated gene end). A PI of 2 was used to define
the paused TDR genes.

To define the TES PI we used a similar method as was used for
calculating the TSS PI. bigWigAverageOverBed from UCSC tools
(68) was used to analyze the coverage of RNAPII counts (RNAPII
ChIP-seq or PRO-seq) at +-500 to +1500 bp around TES and 410,000
downstream to the annotated gene end for non-DoG-producing
genes. For TDRs and DoGs in SW480 cells, we used the region
spanning from 41500 downstream to the annotated gene end to the
end of the DoG defined by DoGFinder (33). The region at +500 to
41500 bp around the TES was defined according to RNAPII enrich-
ment at TES regions (Fig. 5C). Figure 5D shows an illustration of
the TSS and TES pausing indices calculated from PRO-seq.

Statistical analysis

All statistical tests were performed using GraphPad Prism version 8
or 9 or statistical functions in R or Python using the tests described
for each experiment. Log, FC > 0.58 or log, FC < —0.58, g < 0.05,
and P < 0.05. Information about the statistical tests is provided in
the figure legends for the respective figures and relevant subsections
in Materials and Methods.

Supplementary Materials
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Legends for tables S1 to S8

Abe etal., Sci. Adv. 10, eadh9613 (2024) 3 July 2024

Other Supplementary Material for this manuscript includes the following:
Tables S1to S8

REFERENCES AND NOTES

1. D.Hanahan, R. A. Weinberg, Hallmarks of cancer: The next generation. Cell 144, 646-674
(2011).

2. C.E.Olivero, N. Dimitrova, Identification and characterization of functional long
noncoding RNAs in cancer. FASEB J. 34, 15630-15646 (2020).

3. A.Vilborg, M. C. Passarelli, T. A. Yario, K. T. Tycowski, J. A. Steitz, Widespread inducible
transcription downstream of human genes. Mol. Cell 59, 449-461 (2015).

4. A.Vilborg, J. A. Steitz, Readthrough transcription: How are DoGs made and what do they
do? RNA Biol. 14, 632-636 (2017).

5. M.Morgan, R. Shiekhattar, A. Shilatifard, S. M. Lauberth, It's a DoG-eat-DoG world-altered
transcriptional mechanisms drive downstream-of-gene (DoG) transcript production.
Mol. Cell 82,1981-1991 (2022).

6. S.Heinz, L.Texari, M. G. B. Hayes, M. Urbanowski, M. W. Chang, N. Givarkes, A. Rialdi,

K. M. White, R. A. Albrecht, L. Pache, |. Marazzi, A. Garcia-Sastre, M. L. Shaw, C. Benner,
Transcription elongation can affect genome 3D structure. Cell 174, 1522-1536.e22 (2018).

7. A.J.Rutkowski, F. Erhard, A. L'Hernault, T. Bonfert, M. Schilhabel, C. Crump, P. Rosenstiel,
S. Efstathiou, R. Zimmer, C. C. Friedel, L. Dolken, Widespread disruption of host
transcription termination in HSV-1 infection. Nat. Commun. 6, 7126 (2015).

8. A.Vilborg, N. Sabath, Y. Wiesel, J. Nathans, F. Levy-Adam, T. A. Yario, J. A. Steitz, R. Shalgi,
Comparative analysis reveals genomic features of stress-induced transcriptional
readthrough. Proc. Natl. Acad. Sci. U.S.A. 114, E8362-E8371 (2017).

9. N.A.Rosa-Mercado, J. T. Zimmer, M. Apostolidi, J. Rinehart, M. D. Simon, J. A. Steitz,
Hyperosmotic stress alters the RNA polymerase Il interactome and induces readthrough
transcription despite widespread transcriptional repression. Mol. Cell 81, 502-513.e4
(2021).

10. L.F. Dasilva, E. Blumenthal, F. Beckedorff, P. R. Cingaram, H. Gomes Dos Santos,

R. R. Edupuganti, A. Zhang, S. Dokaneheifard, Y. Aoi, J. Yue, N. Kirstein, M. M. Tayari,
A. Shilatifard, R. Shiekhattar, Integrator enforces the fidelity of transcriptional termination
at protein-coding genes. Sci. Adv. 7, eabe3393 (2021).

11. L. Davidson, L. Muniz, S. West, 3' end formation of pre-mRNA and phosphorylation of
Ser2 on the RNA polymerase Il CTD are reciprocally coupled in human cells. Genes Dev.
28, 342-356 (2014).

12. K. Glover-Cutter, S. Kim, J. Espinosa, D. L. Bentley, RNA polymerase Il pauses and
associates with pre-mRNA processing factors at both ends of genes. Nat. Struct. Mol. Biol.
15,71-78 (2008).

13. N.D.Elrod, T. Henriques, K. L. Huang, D. C. Tatomer, J. E. Wilusz, E. J. Wagner, K. Adelman,
The integrator complex attenuates promoter-proximal transcription at protein-coding
genes. Mol. Cell 76, 738-752.e7 (2019).

14. C.B.Stein, A.R. Field, C. A. Mimoso, C. Zhao, K. L. Huang, E. J. Wagner, K. Adelman,
Integrator endonuclease drives promoter-proximal termination at all RNA polymerase
Il-transcribed loci. Mol. Cell 82, 4232-4245.e11 (2022).

15. M. Durand-Dubief, J. Persson, U. Norman, E. Hartsuiker, K. Ekwall, Topoisomerase | regulates
open chromatin and controls gene expression in vivo. EMBO J. 29, 2126-2134 (2010).

16. F.Kouzine, A. Gupta, L. Baranello, D. Wojtowicz, K. Ben-Aissa, J. Liu, T. M. Przytycka,

D. Levens, Transcription-dependent dynamic supercoiling is a short-range genomic force.
Nat. Struct. Mol. Biol. 20, 396-403 (2013).

17. M.Kretzschmar, M. Meisterernst, R. G. Roeder, Identification of human DNA
topoisomerase | as a cofactor for activator-dependent transcription by RNA polymerase
Il. Proc. Natl. Acad. Sci. U.S.A. 90, 11508-11512 (1993).

18. A.Merino, K. R. Madden, W. S. Lane, J. J. Champoux, D. Reinberg, DNA topoisomerase | is
involved in both repression and activation of transcription. Nature 365, 227-232 (1993).

19. J. M. Pedersen, J. Fredsoe, M. Roedgaard, L. Andreasen, K. Mundbjerg, M. Kruhoffer,

M. Brinch, M. H. Schierup, L. Bjergbaek, A. H. Andersen, DNA topoisomerases maintain
promoters in a state competent for transcriptional activation in Saccharomyces
cerevisiae. PLOS Genet. 8, 21003128 (2012).

20. B.M.Shykind, J. Kim, L. Stewart, J. J. Champoux, P. A. Sharp, Topoisomerase | enhances
TFID-TFIIA complex assembly during activation of transcription. Genes Dev. 11, 397-407
(1997).

21. S.S.Teves, S. Henikoff, DNA torsion as a feedback mediator of transcription and
chromatin dynamics. Nucleus 5,211-218 (2014).

22. L.Baranello, D. Wojtowicz, K. Cui, B. N. Devaiah, H. J. Chung, K. Y. Chan-Salis, R. Guha,

K. Wilson, X. Zhang, H. Zhang, J. Piotrowski, C. J. Thomas, D. S. Singer, B. F. Pugh,

Y. Pommier, T. M. Przytycka, F. Kouzine, B. A. Lewis, K. Zhao, D. Levens, RNA polymerase Il
regulates topoisomerase 1 activity to favor efficient transcription. Cell 165, 357-371
(2016).

23. A.Khobta, F. Ferri, L. Lotito, A. Montecucco, R. Rossi, G. Capranico, Early effects of
topoisomerase | inhibition on RNA polymerase Il along transcribed genes in human cells.
J. Mol. Biol. 357, 127-138 (2006).

19 of 21



SCIENCE ADVANCES | RESEARCH ARTICLE

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

K. Adelman, J.T. Lis, Promoter-proximal pausing of RNA polymerase Il: Emerging roles in
metazoans. Nat. Rev. Genet. 13,720-731 (2012).

A. Promonet, |. Padioleau, Y. Liu, L. Sanz, A. Biernacka, A. L. Schmitz, M. Skrzypczak,

A. Sarrazin, C. Mettling, M. Rowicka, K. Ginalski, F. Chedin, C. L. Chen, Y. L. Lin, P. Pasero,
Topoisomerase 1 prevents replication stress at R-loop-enriched transcription termination
sites. Nat. Commun. 11, 3940 (2020).

D. P. Cameron, J. Grosser, S. Ladigan, V. Kuzin, E. lliopoulou, A. Wiegard, H. Benredjem,

K. Jackson, S.T. Liffers, S. Lueong, P. F. Cheung, D. Vangala, M. Pohl, R. Viebahn,
C.Teschendorf, H. Wolters, S. Usta, K. Geng, C. Kutter, M. Arsenian-Henriksson, J. T. Siveke,
A.Tannapfel, W. Schmiegel, S. A. Hahn, L. Baranello, Coinhibition of topoisomerase 1 and
BRD4-mediated pause release selectively kills pancreatic cancer via readthrough
transcription. Sci. Adv. 9, eadg5109 (2023).

M. U. Romer, N. F. Jensen, S. L. Nielsen, S. Muller, K. V. Nielsen, H. J. Nielsen, N. Brunner,
TOP1 gene copy numbers in colorectal cancer samples and cell lines and their
association to in vitro drug sensitivity. Scand. J. Gastroenterol. 47, 68-79 (2012).

D. H. Smith, I. J. Christensen, N. F. Jensen, B. Markussen, M. U. Romer, S. B. Nygard,

S. Muller, H. J. Nielsen, N. Brunner, K. V. Nielsen, Mechanisms of topoisomerase | (TOP1)
gene copy number increase in a stage Ill colorectal cancer patient cohort. PLOS ONE 8,
60613 (2013).

M. Ataka, M. Ikeguchi, M. Yamamoto, M. Inoue, T. Tanida, S.-I. Oka, K. Katano,
Topoisomerase | protein expression and prognosis of patients with colorectal cancer.
Yonago Acta Med. 50, 81-87 (2007).

C. J. Braun, M. Stanciu, P. L. Boutz, J. C. Patterson, D. Calligaris, F. Higuchi, R. Neupane,

S. Fenoglio, D. P. Cahill, H. Wakimoto, N. Y. R. Agar, M. B. Yaffe, P. A. Sharp, M. T. Hemann,

J. A. Lees, Coordinated splicing of regulatory detained introns within oncogenic
transcripts creates an exploitable vulnerability in malignant glioma. Cancer Cell 32,
411-426.e11 (2017).

C. Meisenberg, D. C. Gilbert, A. Chalmers, V. Haley, S. Gollins, S. E. Ward, S. F. El-Khamisy,
Clinical and cellular roles for TDP1 and TOP1 in modulating colorectal cancer response to
irinotecan. Mol. Cancer Ther. 14, 575-585 (2015).

Cancer Genome Atlas Research Network, J. N. Weinstein, E. A. Collisson, G. B. Mills,

K. R. Shaw, B. A. Ozenberger, K. Ellrott, I. Shmulevich, C. Sander, J. M. Stuart, The Cancer
Genome Atlas Pan-Cancer analysis project. Nat. Genet. 45, 1113-1120 (2013).

Y. Wiesel, N. Sabath, R. Shalgi, DoGFinder: A software for the discovery and quantification
of readthrough transcripts from RNA-seq. BMC Genomics 19, 597 (2018).

H. Kwak, N. J. Fuda, L. J. Core, J.T. Lis, Precise maps of RNA polymerase reveal how
promoters direct initiation and pausing. Science 339, 950-953 (2013).

GTEx Consortium, The Genotype-Tissue Expression (GTEx) project. Nat. Genet. 45,
580-585 (2013).

T. Stoeger, R. A. Grant, A. C. McQuattie-Pimentel, K. R. Anekalla, S. S. Liu,

H. Tejedor-Navarro, B. D. Singer, H. Abdala-Valencia, M. Schwake, M.-P. Tetreault,

H. Perlman, W. E. Balch, N. S. Chandel, K. M. Ridge, J. |. Sznajder, R. I. Morimoto,
A.V.Misharin, G.R. S. Budinger, L. A. Nunes Amaral, Aging is associated with a systemic
length-associated transcriptome imbalance. Aging 2, 1191-1206 (2022).

X.Shen, S. Song, C. Li, J. Zhang, Synonymous mutations in representative yeast genes are
mostly strongly non-neutral. Nature 606, 725-731 (2022).

F. Rios, M. Uriostegui-Arcos, M. Zurita, Transcriptional stress induces the generation of
DoGs in cancer cells. Non-Coding RNA 10, 5 (2024).

R. G.P.T. Jayasooriya, M. G. Dilshara, I. M. N. Molagoda, C. Park, S. R. Park, S. Lee, Y. H. Choi,
G.Y. Kim, Camptothecin induces G,/M phase arrest through the ATM-Chk2-Cdc25C axis

as a result of autophagy-induced cytoprotection: Implications of reactive oxygen species.

Oncotarget 9, 21744-21757 (2018).

T. Nojima, M. Tellier, J. Foxwell, C. Ribeiro de Almeida, S. M. Tan-Wong, S. Dhir, G. Dujardin,
A. Dhir, S. Murphy, N. J. Proudfoot, Deregulated expression of mammalian IncRNA
through loss of SPT6 induces R-loop formation, replication stress, and cellular
senescence. Mol. Cell 72, 970-984.e7 (2018).

L. F. Liu, J. C. Wang, Supercoiling of the DNA template during transcription. Proc. Natl.
Acad. Sci. U.S.A. 84,7024-7027 (1987).

D. A. Gilchrist, S. Nechaey, C. Lee, S. K. Ghosh, J. B. Collins, L. Li, D. S. Gilmour, K. Adelman,
NELF-mediated stalling of Pol Il can enhance gene expression by blocking promoter-
proximal nucleosome assembly. Genes Dev. 22, 1921-1933 (2008).

D. A. Gilchrist, G. Dos Santos, D. C. Fargo, B. Xie, Y. Gao, L. Li, K. Adelman, Pausing of RNA
polymerase Il disrupts DNA-specified nucleosome organization to enable precise gene
regulation. Cell 143, 540-551 (2010).

D. A. Gilchrist, G. Fromm, G. dos Santos, L. N. Pham, I. E. McDaniel, A. Burkholder,

D. C. Fargo, K. Adelman, Regulating the regulators: The pervasive effects of Pol Il pausing
on stimulus-responsive gene networks. Genes Dev. 26, 933-944 (2012).

S.S.Teves, C. M. Weber, S. Henikoff, Transcribing through the nucleosome. Trends
Biochem. Sci. 39, 577-586 (2014).

M. Arnold, A. Bressin, O. Jasnovidova, D. Meierhofer, A. Mayer, A BRD4-mediated
elongation control point primes transcribing RNA polymerase Il for 3'-processing and
termination. Mol. Cell 81, 3589-3603.e13 (2021).

Abe etal., Sci. Adv. 10, eadh9613 (2024) 3 July 2024

47. P.Filippakopoulos, J. Qi, S. Picaud, Y. Shen, W. B. Smith, O. Fedorov, E. M. Morse, T. Keates,
T.T. Hickman, I. Felletar, M. Philpott, S. Munro, M. R. McKeown, Y. Wang, A. L. Christie,
N. West, M. J. Cameron, B. Schwartz, T. D. Heightman, N. La Thangue, C. A. French,

O. Wiest, A. L. Kung, S. Knapp, J. E. Bradner, Selective inhibition of BET bromodomains.
Nature 468, 1067-1073 (2010).

48. Y.Kawato, M. Aonuma, Y. Hirota, H. Kuga, K. Sato, Intracellular roles of SN-38, a metabolite
of the camptothecin derivative CPT-11, in the antitumor effect of CPT-11. Cancer Res. 51,
4187-4191 (1991).

49. L. Zardoni, E. Nardini, A. Brambati, C. Lucca, R. Choudhary, F. Loperfido, S. Sabbioneda,

G. Liberi, Elongating RNA polymerase Il and RNA:DNA hybrids hinder fork progression
and gene expression at sites of head-on replication-transcription collisions. Nucleic Acids
Res. 49, 12769-12784 (2021).

50. M. E. Nemeroff, S. M. Barabino, Y. Li, W. Keller, R. M. Krug, Influenza virus NS1 protein
interacts with the cellular 30 kDa subunit of CPSF and inhibits 3'end formation of cellular
pre-mRNAs. Mol. Cell 1,991-1000 (1998).

51. R.Shalgi,J. A. Hurt, S. Lindquist, C. B. Burge, Widespread inhibition of posttranscriptional
splicing shapes the cellular transcriptome following heat shock. Cell Rep. 7, 1362-1370 (2014).

52. D.B.Mahat, H. Kwak, G.T. Booth, I. H. Jonkers, C. G. Danko, R. K. Patel, C.T. Waters,

K. Munson, L. J. Core, J.T. Lis, Base-pair-resolution genome-wide mapping of active RNA
polymerases using precision nuclear run-on (PRO-seq). Nat. Protoc. 11, 1455-1476 (2016).

53. Y.Aoi, A.P.Shah, S. Ganesan, S. H. A. Soliman, B. K. Cho, Y. A. Goo, N. L. Kelleher,

A. Shilatifard, SPT6 functions in transcriptional pause/release via PAF1C recruitment.
Mol. Cell 82,3412-3423.e5 (2022).

54. S. Andrews, FastQC: A quality control tool for high throughput sequence data (Babraham
Bioinformatics, 2010); www.bioinformatics.babraham.ac.uk/projects/fastqc/.

55. P.Ewels, M. Magnusson, S. Lundin, M. Kaller, MultiQC: Summarize analysis results for
multiple tools and samples in a single report. Bioinformatics 32, 3047-3048 (2016).

56. F.Krueger, F. James, P. Ewels, E. Afyounian, B. Schuster-Boeckler, FelixKrueger/TrimGalore:
v0.6.7 - DOl via Zenodo (0.6.7) (Zenodo, 2021); https://zenodo.org/records/5127899.

57. D.Kim, B.Langmead, S. L. Salzberg, HISAT: A fast spliced aligner with low memory
requirements. Nat. Methods 12, 357-360 (2015).

58. Y.Liao, G. K. Smyth, W. Shi, featureCounts: An efficient general purpose program for
assigning sequence reads to genomic features. Bioinformatics 30, 923-930 (2014).

59. M.I.Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

60. H.Wickham, ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag New York, 2016).

61. M.V.Kuleshov, M. R. Jones, A. D. Rouillard, N. F. Fernandez, Q. Duan, Z. Wang, S. Koplev,

S. L. Jenkins, K. M. Jagodnik, A. Lachmann, M. G. McDermott, C. D. Monteiro,
G.W. Gundersen, A. Ma'ayan, Enrichr: A comprehensive gene set enrichment analysis
web server 2016 update. Nucleic Acids Res. 44, W90-W97 (2016).

62. H.Li, B. Handsaker, A. Wysoker, T. Fennell, J. Ruan, N. Homer, G. Marth, G. Abecasis,

R. Durbin, S., The Sequence Alignment/Map format and SAMtools. Bioinformatics 25,
2078-2079 (2009).

63. Y. Liao, G. K. Smyth, W. Shi, The Subread aligner: Fast, accurate and scalable read mapping
by seed-and-vote. Nucleic Acids Res. 41, €108 (2013).

64. A.R.Quinlan, I. M. Hall, BEDTools: A flexible suite of utilities for comparing genomic
features. Bioinformatics 26, 841-842 (2010).

65. T.M.Therneau, P. M. Grambsch, Modeling Survival Data: Extending the Cox Model
(Springer-Verlag New York, 2000).

66. Z.Tang, C. Li, B.Kang, G. Gao, C. Li, Z. Zhang, GEPIA: A web server for cancer and normal
gene expression profiling and interactive analyses. Nucleic Acids Res. 45, W98-W102
(2017).

67. B.Langmead, S. L. Salzberg, Fast gapped-read alignment with Bowtie 2. Nat. Methods 9,
357-359(2012).

68. F.Ramirez, F. Dundar, S. Diehl, B. A. Gruning, T. Manke, deepTools: A flexible platform for
exploring deep-sequencing data. Nucleic Acids Res. 42, W187-W191 (2014).

69. H.Thorvaldsdottir, J. T. Robinson, J. P. Mesirov, Integrative Genomics Viewer (IGV):
High-performance genomics data visualization and exploration. Brief. Bioinform. 14,
178-192 (2013).

70. D.S.Day, B. Zhang, S. M. Stevens, F. Ferrari, E. N. Larschan, P. J. Park, W.T. Pu,
Comprehensive analysis of promoter-proximal RNA polymerase Il pausing across
mammalian cell types. Genome Biol. 17,120 (2016).

Acknowledgments: We thank the Lauberth laboratory members, A. Shilatifard, R. Shiekhattar,
and M. Morgan for discussions and M. Bhola and M. Iwanaszko for advice on NGS data analysis.
We want to thank M. Parren for review and editing of the manuscript and S. Lauberth for
helping with figure design and layout. This research was supported in part through the
computational resources and staff contributions provided by the Genomics Compute Cluster,
which is jointly supported by the Feinberg School of Medicine, the Center for Genetic
Medicine, Feinberg’s Department of Biochemistry and Molecular Genetics, the Office of the
Provost, the Office for Research, and Northwestern Information Technology. The Genomics
Compute Cluster is part of Quest, Northwestern University’s high-performance computing

20 of 21


https://zenodo.org/records/5127899

SCIENCE ADVANCES | RESEARCH ARTICLE

facility, with the purpose to advance research in genomics. Funding: This work was supported
by NIH/National Institute of General Medical Sciences (R35 GM128900) to S.M.L, the

Robert H. Lurie Comprehensive Cancer Center to S.M.L. and Y.L, and NIH/National Institute of
General Medical Sciences (R35 GM147283) to Y.L. Author contributions: Conceptualization:
S.M.L.. Methodology: K.A., B.M,, J.X., P-A.L,, and N.M. Investigation: K.A., B.M,, J.X,, P-A.L,, and
N.M. Computational analysis: J.X., P-A.L.,, D.K., and Y.L. Writing—original draft: S.M.L. Writing—
review and editing: S.M.L,, G-Y.Y, DK, Y.L, KA, and B.M. Competing interests: The authors
declare that they have no competing interests. Data and materials availability: All data
needed to evaluate the conclusions in the paper are present in the paper and/or the

Abe etal., Sci. Adv. 10, eadh9613 (2024) 3 July 2024

Supplementary Materials. RNA-seq, PRO-seq, ChIP-seq, and TOP1-seq data have been
deposited and are accessible at the Gene Expression Omnibus with the accession number
(GSE202408). This paper analyzes existing, publicly available TCGA data (accession number:
phs000178.v10.p8).

Submitted 24 March 2023
Accepted 29 May 2024
Published 3 July 2024
10.1126/sciadv.adh9613

210f 21



	Downstream-of-gene (DoG) transcripts contribute to an imbalance in the cancer cell transcriptome
	INTRODUCTION
	RESULTS
	Alterations in DoG RNA expression and length lead to transcriptomic imbalances with clinical relevance in major cancer types
	DoG RNAs reshape the transcriptome of human colon tumors
	DoG RNAs lead to a transcriptomic imbalance in colon cancer cell lines
	DoG RNA production in colon cancer cells is regulated by TOP1 inhibition and depletion
	Paused RNAPII and catalytically inactive TOP1 accumulate at TES-proximal regions
	TOP1 is essential for RNAPII termination at hundreds of TDR host genes

	DISCUSSION
	MATERIALS AND METHODS
	Cell culture and treatments
	Cell survival assays
	Lentivirus production and generation of TOP1 knockdown cells
	RNA interference experiments using siRNA
	Antibodies
	Tumor tissue analysis
	Cellular fractionation

	Western blotting
	RNA purification and qRT-PCR
	RNA sequencing
	TOP1 sequencing
	Precision nuclear run-on sequencing
	Chromatin immunoprecipitation
	Coimmunoprecipitation
	Total RNA-seq analysis
	DoG RNA identification
	TCGA data analysis
	ChIP-seq and TOP1-seq analysis
	PRO-seq analysis
	TSS and TES PI
	Statistical analysis

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


