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ABSTRACT

Topoisomerases are required to release topological
stress generated by RNA polymerase Il (RNAPII) dur-
ing transcription. Here, we show that in response
to starvation, the complex of topoisomerase 3b
(TOP3B) and TDRD3 can enhance not only tran-
scriptional activation, but also repression, which
mimics other topoisomerases that can also alter
transcription in both directions. The genes en-
hanced by TOP3B-TDRD3 are enriched with long
and highly-expressed ones, which are also prefer-
entially stimulated by other topoisomerases, sug-
gesting that different topoisomerases may recognize
their targets through a similar mechanism. Specif-
ically, human HCT116 cells individually inactivated
for TOP3B, TDRD3 or TOP3B topoisomerase activ-
ity, exhibit similarly disrupted transcription for both
starvation-activated genes (SAGs) and starvation-
repressed genes (SRGs). Responding to starvation,
both TOP3B-TDRD3 and the elongating form of
RNAPII exhibit concomitantly increased binding to
TOP3B-dependent SAGs, at binding sites that over-
lap. Notably, TOP3B inactivation decreases the bind-
ing of elongating RNAPII to TOP3B-dependent SAGs
while increased it to SRGs. Furthermore, TOP3B-
ablated cells display reduced transcription of several
autophagy-associated genes and autophagy per se.
Our data suggest that TOP3B-TDRD3 can promote
both transcriptional activation and repression by reg-
ulating RNAPII distribution. In addition, the findings
that it can facilitate autophagy may account for the
shortened lifespan of Top3b-KO mice.

INTRODUCTION

Topoisomerases are critical for DNA replication and tran-
scription by relieving topological stress produced by DNA
or RNA polymerases (1). Recently, human TOP3B (a Type
IA topoisomerase) has attracted increasing attention be-
cause it was found to be a dual-activity topoisomerase that
can change the topology for RNA as well as DNA (2).
Subsequent studies indicated that this DNA/RNA dual-
activity is prevalent in Type IA topoisomerases from all
three domains of life (bacteria, archaea, and eukaryotes)
(3,4). This has led to the hypothesis that TOP3B and other
dual activity topoisomerases may resolve topological prob-
lems produced during both DNA and RNA-based cellu-
lar processes (2,4,5). The hypothesis is supported by sev-
eral lines of evidence. For DNA, TOP3B has been shown
to stimulate neuronal activity-dependent transcription in
mouse brains (6), and to resolve R-loops formed during
transcription both in vitro and in cells (7,8). For RNA,
TOP3B can directly bind mRNAs, associate with polyri-
bosomes and RNA-stress granules (2,3), regulate mRNA
translation and turnover (9); and promote replication of
positive-strand RNA viruses including SARS-CoV-2 (10).
Moreover, an over-expression of a TOP3B mutant pro-
tein can generate intermediates of topoisomerase reactions
(cleavage complexes) on both DNA and RNA in human cell
lines (11).

TOP3B forms a conserved complex with TDRD3 (Tu-
dor domain-containing 3) in both human and Drosophila
(2,8,12). TDRD3 can act as a regulatory subunit to en-
hance the binding and topoisomerase activity of TOP3B
on both DNA and RNA in vitro (2,4,13). In addition,
TDRD3 tethers TOP3B to other proteins through sev-
eral protein-binding motifs, including a Tudor domain
that recognizes methylated arginine residues (2,8,14-16).
The TDRD3-interacting proteins include those that can
act on DNA, such as RNA polymerase II (RNAPII)
(15); and those on mRNA, including Fragile-X mental
retardation protein (FMRP) and RNA-induced silencing
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complex (2,14,17). These data suggest that the two pro-
teins may act as a complex (termed TOP3B-TDRD3) to
coordinately solve topological problems on both DNA and
RNA. This notion is supported by evidence that the TOP3B
and TDRD3 can function in the same cellular processes on
DNA or RNA, which include: neuronal activity-dependent
transcription (6), R-loop resolution (8) and mRNA trans-
lation and turnover (9).

In response to starvation, cells can obtain nutrients
through autophagy, which is a lysosomal-mediated process
of cytoplasmic degradation of organelles, protein aggre-
gates and pathogens. Autophagy is essential for stress sur-
vival and normal lifespan of organisms (18,19). Normal in-
duction of autophagy by starvation depends on transcrip-
tional activation of many autophagy-associated genes (20).
However, whether this transcriptional activation requires
topoisomerases remain unclear. Notably, Top3b-KO mice
display shortened lifespan (21), raising a possibility that
transcriptional activation of autophagy genes may be de-
fective in the absence of TOP3B.

This study aims to address three unanswered questions
regarding how TOP3B-TDRD3 functions in transcription.
First, can TOP3B-TDRD3 regulate starvation-induced
transcription? Second, does TOP3B-TDRD3 and its topoi-
somerase activity act coordinately to promote transcrip-
tion? Third, does TOP3B-TDRD3 play a role in regulating
autophagy? We have recently established a non-neuronal
human HCTI116 cell system (derived from colon cancer)
in which we individually inactivated TOP3B, TDRD3 and
the TOP3B topoisomerase activity (Y336F) (9). We used
these cells to show that TOP3B and TDRD3 coordinately
regulate mRNA translation and turnover, in both topoiso-
merase activity-dependent and independent manners. Here
we used the same cells to show that TOP3B-TDRD3 and
its topoisomerase activity coordinately regulate starvation-
induced transcription. Notably, TOP3B-TDRD3 promotes
not only transcriptional activation, but also repression.
Moreover, TOP3B-KO cells show reduced expression of
several autophagy genes, and these cells and 7op3 8 mutant
Drosophila exhibit reduced autophagy. Since autophagy
plays a critical role in aging (22), defective transcription
of starvation-induced autophagy genes could be a mecha-
nism that contributes to the shortened lifespan observed in
Top3b-KO mice.

MATERIALS AND METHODS
Cell lines and cell starvation treatment

HCT116 cells were cultured in Dulbeccos’ modified Eagle’s
medium (DMEM, Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (HyClone) and 1% antibi-
otics (Penicillin-Streptomycin, Sigma). The generation of
the TOP3B-KOI1, TOP3B-KO2, TDRD3-KOI, FMRI-KO
and Y336F-KI HCT116 cell lines by CRISPR-Cas9 were
as described previously (9). TDRD3-KO2 cells were gen-
erated using the same protocol, and its sgRNA sequence
and immunoblotting confirmation were shown in Supple-
mentary Figure S1A, B. For generation of the TOP3B-KO1
HCT116 cell lines with stably-expressed TOP3B or TOP3B-
Y336F protein, we used the retrovirus vector system (ad-
dgene, pPBABE-puro #1764, pUMVC #8449 and pCMV-

VSV-G #8454). First, we cloned each gene without any tags
into the pBABE-puro plasmid. Then the retroviruses carry-
ing the transgenes were generated from HEK293 cells, and
were used to infect TOP3B-KOI HCT116 cells for 2 days.
Subsequently, the cells were selected by culturing in medium
containing 1 pg/ml puromycin for 7 days. The puromycin-
resistant cells were collected. Western blot was used to de-
tect the expression of TOP3B or TOP3B-Y336F protein.
For cell starvation, HCT116 cells were seeded at a concen-
tration that will enable them to reach 60%-80% confluency
in 12-16 h. Cell culture medium was removed. Then warm
(37°C) Phosphate-Buffered Saline (PBS, pH 7.4, 10010023,
Gibco™) was used to wash the cells once. Warm (37°C)
Earle’s Balanced Salt Solution (EBSS, CaCl, 0.20 g/l,
KC1 0.40 g/1, MgSO4 0.097 g/1, NaCl 6.80 g/1, NaHCO;
2.20 g/1, NaH,PO4~H,0 0.14 g/1, Glucose 1.00 g/1, Phe-
nol Red 0.01g/1) (24010043, Gibco™) was added, and the
cells were incubated at 37°C CO, cell culture incubator for
6 h before collection.

RNA extraction and RT-qPCR

HCT116 cells were cultured in 24-well plates for 12—
16 h. Then different treatments were performed as de-
scribed above or in the main text. RNA was extracted by
TRIzol (Invitrogen, 15596026) following the instruction.
The cDNA was synthesized from 1 pg RNA using Tag-
man Reverse Transcription Reagents (Applied Biosystems,
N8080234). After 5-10-fold dilution, the cDNA was used as
a template to perform qPCR with SYBR Green PCR Mas-
ter Mix (Applied Biosystems, 4309155). The PCR primer
sequences are shown in Supplementary Table S10.

LysoTracker staining

WT and TOP3B-KO HCT116 cells were treated with EBSS
for 3 or 6 h. Then 1uM LysoTracker (Invitrogen, L7528)
was added into the medium for 15-20 min before fix-
ing and then images were captured under confocal micro-
scope. LysoTracker staining density was measured by Im-
agel. Drosophila stocks were maintained as previously de-
scribed (14). The wandering third instar larvae were trans-
ferred to a 6 cm petri dish with two layers of filter papers
that were coated with yeast paste (no treatment) or water
(starved). The larvae were kept at 25°C for 6 h, followed by
a brief rinsing with PBS. The treated larvae were immedi-
ately dissected to isolate the fat bodies. The fat bodies were
incubated with Lysotracker Red (1:5000) for 10 min at room
temperature, followed by washing twice with PBS (5 min
each). Then the samples were fixated in 4% paraformalde-
hyde (PFA) for 20 min and washed 3 times. The samples
were mounted in the ProLong Gold Antifade Reagent with
DAPI (Invitrogen). The samples were imaged with Zeiss
LSM-880 confocal laser scanning microscopy. For quantifi-
cation of the Lysotracker positive signals, respective chan-
nels were separated. The intensity and particle number per
area/cell was measured using Imagel.

Western blot

For the western blot of LC3 protein, HCT116 cells were cul-
tured for 16-20 h, then starved by replacing medium with
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EBSS for 2-6 h. Cells were washed twice in ice-cold PBS
with protease and phosphatase inhibitors before harvesting
by scraping with a plastic cell remover. Cells were pelleted
by centrifugation at 4000 x g for 3 min at 4°C and then
lysed for 15 min on ice (vortexed every 5 min) in two vol-
umes of RIPA buffer. Total 60 ng of protein were separated
on a 4-15% SDS-PAGE gel. After electrophoresis, proteins
were transferred to a 0.45-pm nitrocellulose membrane.
The membrane was cut at 26 kDa to avoid cross-reaction
of the primary antibody with nonspecific bands at higher
molecular weights. The membrane was then blocked for 1
h at room temperature in 5% milk (in PBS). The portion of
the membrane below 26 kDa was probed with a primary an-
tibody against to LC3 (Novus, cat # NB600-1384, 1:2000)
overnight at 4°C. The portion of the membrane above 26
kDa was probed with anti-ACTB antibody as a control for
gel loading. No Tween-20 was added to the primary an-
tibody incubation solution (5% milk in PBS), but 0.05%
Tween-20 was used to wash the membranes (three times)
after the primary and secondary antibody incubations. The
membranes were incubated with anti-rabbit secondary an-
tibody (1:5000) for 2 h at room temperature, then washed
three times with 0.05% Tween-20 in PBS. Detection was per-
formed by enhanced chemiluminescence. For Western blot
of TOP3B protein, an anti-TOP3B antibody (Sigma, cat#
WHO0008940M1-100UG, 1:1000) was used. Tween-20 was
added to the primary antibody incubation solution. Other
steps were similar with those above.

RNA-seq

The mRNAs were purified from 10 g total RNA using
oligo dT beads (61012, Invitrogen). The purified mRNAs
were used for RNA-seq library preparation by following a
published protocol (6).

ChIP-seq

ChIP-seq was performed as previously described (6,9). One
15 cm plate of HCT116 cells cultured in 20 ml DMEM
containing 10% FBS was crosslinked with 0.54 ml of 37%
formaldehyde (final concentration is 1%) at 37°C for 15 min.
For starvation groups, DMEM was removed, and the cells
were washed one time using 5 ml PBS. Then the cells were
incubated in 20 ml EBSS medium for 6 h before crosslink-
ing. The crosslinking reaction was terminated by removing
the medium. The cells were washed once with 10 ml of 1x
PBS, and then the buffer was removed leaving 0.5 ml in the
plate. Cells were harvested by scrapping and concentrated
by centrifugation at 3000 rpm at 4°C for 2 min. The cell pel-
let was resuspended in 5 volumes of RIPA buffer (150 mM
NacCl, 20 mM Tris pH 7.5, 2 mM EDTA, 1% NP40, 0.5%
Na-Deoxycholate acid, 0.1% SDS) containing ImM PMSF
and 1x protease inhibitor cocktail. The resuspended cells
were sonicated in ice-cold water bath with the Diagenode
Bioruptor Sonication System to break chromatin to about
0.3-1 kb. The setting of the Bioruptor is for 4 x 5 min with
15 s ON and 15 seconds OFF cycles at high power setting.
After sonication, the cells were centrifuged in a 4°C mi-
crofuge at 14 000 rpm for 10 min. The supernatant contain-
ing soluble chromatin fraction is saved for ChIP.
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The above chromatin fraction was precleared by incuba-
tion with 100 pl of protein A beads for 1 h at room temper-
ature. The ChIP mixture contains 500 pl of the precleared
chromatin fraction, 2.5 wl of 20 mg/ml BSA, 30 wl of the
protein A beads, and the indicated amounts of antibodies.
The antibodies include: 2 pg of anti-RNA polymerase 11
CTD CL8WGI6 (Sigma, Cat#: 05-952-1), RNAPII-ser2p
antibody (abcam, ab5095), 5 pg of TDRD3 (D302G) an-
tibody (Cell Signaling Technology, Cat#: 5942). The mix-
ture was incubated at 4°C overnight with rotation. The
beads were collected by centrifugation using a microfuge
for 1 min at 3000 rpm at 4°C. They were washed twice with
RIPA buffer supplemented with 0.3M NaCl, twice with
RIPA buffer supplemented with 0.15 M NaCl, twice with
LiCl buffer (1x TE, 0.25M LiCl, 0.5% NP-40, 0.5% Na-
Deoxycholate), and twice with 1 x TE buffer (Tris—-HCI, pH
8.0, 10 mM; EDTA, 1 mM). The beads were resuspended
in 100 wl of Ix TE buffer. 2.5 pl of 10% SDS, 5 pl of
10 mg/ml Proteinase K were then added and incubated at
65°C overnight to release DNA from the bound proteins
and beads. About 100 wl of chromatin fraction was saved
as the ‘input’ which was also treated with SDS and pro-
teinase K. The supernatant was collected by centrifugation.
The remaining beads were eluted one more time with 100
wl of 1x TE. The eluted supernatants were combined and
extracted twice with 1 volume of Phenol/Chloroform to re-
move proteins. The DNA from aqueous fraction contain-
ing was precipitated with 1 pl of 20 mg/ml glycoblue, 20
ul of 3M NaOAc (pH 5.2) and 500 wl of 100% ethanol fol-
lowed by incubation for 10 min on dry ice. The precipitated
DNA was collected by centrifugation for 20 min at 4°C in
a microfuge. The DNA pellet was washed once with 75%
ethanol, air dried, and resuspended in 40 pl of 1x TE. The
DNA was then used for library preparation and sequencing.
Library preparation was described in a previous publication

(6).

Bioinformatics analysis

RNA-seq data analysis was as described (9). Briefly, the
reads of RNA-seq were mapped to human genome (hg38)
with HISAT2 (23). The raw read counts were generated
by HTSeq-Count (24). The genes with total counts (un-
treated and treated groups) less than 10 were removed.
Differentially expressed genes (DEGs) in RNA-seq were
identified by DESeq2 (25). The DEGs between no treat-
ment group and starvation group were identified by im-
plementing a threshold of fold change >2.0, adjusted P-
value <0.05. The threshold of fold change >1.5 and ad-
justed P-value <0.1 was used for the DEGs of TOP3B-KO,
TDRD3-KO and Y336F-KI cells. Heatmaps of RNA-seq
were drawn by pheatmap (RRID:SCR_016418) using row-
normalized z-scores or by Excel using fold changes. The
volcano plots were draw in Excel using fold changes and
adjusted P-values generated by DESeq2. The randomly se-
lected control genes used in Figure 1G, Figure 2E, Supple-
mentary Figure S3, Figure S4C, Figure S4F and Figure S5
were both gene number and expression level matched. To
match the expression level of the DEGs, first, we divided
the expressed genes into three groups based on their RNA
levels in no treatment WT cells: high (top 33%), medium
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Figure 1. TOP3B-TDRD3 and its topoisomerase activity promote starvation-activated transcription. (A) A schematic diagram showing the experimental
design procedure. (B) Two volcano plots showing the genes differentially expressed (fold change > 2 and adjusted P-value < 0.05) in WT (left) or TOP3B-
KO (right) cells starved for 6 h (starve) compared with no treatment (NT) cells were identified using DESeq?2. The numbers of the genes significantly up- or
down-regulated in starved cells are indicated. SAGs, starvation-activated genes; SRGs, starvation-repressed genes. (C) Expression level changes of SAGs
between TOP3B-KO and WT cells under no treatment (left) or starvation condition (right). The significantly reduced or increased genes (fold change > 1.5
and adjusted P-value < 0.1) were marked in blue or red color separately. (D) The bar graph showing the expression level changes of the SAGs vs WT in
TOP3B-KO cells under nontreatment condition, or in TOP3B-KO, TDRD3-KO, TOP3B- Y336 F-KI cells under starvation condition. The percentages were
calculated by dividing the number of total SAGs (n=730). (E) Expression level changes of SAGs between TDRD3-KO and WT cells (left) or Y336F-KI
and WT cells (right) under starvation condition. (F) Three heatmaps showing the expression level changes of the TOP3B-dependent, TDRD3-dependent,
TOP3B-Y336 dependent SAGs between WT and TOP3B-KO, WT and TDRD3-KO, WT and TOP3B-Y336F-KI cells under starvation condition. Blue
color represents decreased genes and red color represents increased genes in the mutant cells. The table below shows the percentages of genes altered in the
same directions in different mutant cells. (G) Bar graphs showing the percentages of overlapping genes altered in the same or opposite directions between
the TOP3B-dependent, TDRD3-dependent and TOP3B-Y336-dependent SAGs (orange). The percentages of overlapping genes between the three mutant
dependent SAGs and the randomly selected genes separately (expression levels and gene numbers matched to the three mutant dependent SAGs) were
shown as controls (grey). Blue arrows represent reduced, whereas red arrows represent increased DEGs. (H) Venn diagram showing the overlapped gene
numbers between the reduced SAGs in three different mutant cells. The RNA-seq data used to analyze were from three different biological replicates.
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Figure 2. TOP3B-TDRD3 and its topoisomerase activity suppress starvation-repressed transcription. (A) Expression level changes of the starvation-
repressed genes (SRGs) between TOP3B-KO and WT cells under no treatment (left) or starvation condition (right). The significantly reduced or increased
genes (fold change > 1.5 and adjusted P-value < 0.1) are marked in blue or red color separately. (B) The bar graph showing the expression level changes of
the SRGs vs WT in TOP3B-KO cells under nontreatment condition, or in TOP3B-KO, TDRD3-KO, TOP3B-Y336F-KI cells under starvation condition.
The percentages were calculated by dividing the number of total SRGs (n=512). (C) Expression level changes of the SRGs between TDRD3-KO and WT
cells (left) or Y336 F-KIand WT cells (right) under starvation condition. (D) Three heatmaps showing the expression level changes of the TOP3B-dependent,
TDRD3-dependent, TOP3B-Y336 dependent SRGs between WT and TOP3B-KO, WT and TDRD3-KO, WT and TOP3B- Y336 F-KI cells under starvation
condition. Blue color represents decreased genes and red color represents increased genes in the mutant cells. The table below shows the percentages of
SRGs increased in different mutant cells. (E) Bar graphs showing the percentages of overlapping genes altered in the same or opposite directions between
the TOP3B-dependent, TDRD3-dependent and TOP3B-Y336-dependent SRGs (blue). The percentages of overlapping genes between the three mutants
dependent SRGs and the randomly selected genes separately (expression levels and gene numbers matched to the three mutants dependent SRGs) were
shown as controls (grey). Blue arrows represent reduced, whereas red arrows represent increased DEGs. (F) Venn diagram showing the overlapped gene
numbers between the increased SRGs in three different mutant cells. The RNA-seq data used to analyze were from three different biological replicates.
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(middle 33%) and low (bottom 33%). Then, we identified
the number distributions of the DEGs in the three groups.
Finally, randomly selected the same number control genes
from the three groups using R function were used to com-
pare. The randomly selected genes used in expression level
comparison (Supplementary Figure S4E) were gene number
matched. ChIP-seq reads were mapped to human genome
(hg38) with Bowtie2 allowing maximum of two mismatches
(26). BAM format files were generated from SAM format
files using Samtools (27). The bigwig format files, heatmaps,
profile plots were generated by deepTools (28). For RNAPII
and RNAPII-ser2p ChIP-seq normalized read counts near
transcription start site (TSS) regions (-500 to +500 bp)
and transcription end site (TES) regions (0 to —2000 bp)
were generated by BEDTools (29). For TDRD3 binding
peak analysis, we called peaks by MACS2 (30) using in-
put as a control (fold change > 1.5, g-value < 0.05). Only
the peaks identified by both replicates (W7 groups) were
used to extract reads counts by BEDTools. The normal-
ized read counts from peak regions were used to calculate
the fold changes in Excel. The enriched peaks (Fold change
(WT/KO) > 1.5 in both replicates) were selected and anno-
tated using HOMER (31).

Statistical analysis

For RNA-seq and ChIP-seq analysis, adjusted p-values
were generated by DESeq2. The differentially expressed
genes (DEGs) caused by starvation were identified by DE-
Seq?2 using the threshold (adjusted p-value < 0.05 and fold
change > 2.0). The DEGs between WT and mutant cells
were identified by the threshold (adjusted p-value < 0.1
and fold change > 1.5). For the bar graphs generated us-
ing normalized read counts of RNA-seq, P-values gener-
ated from DESeq2 were used to label the significance. For
the RNAPII-ser2p level differences of TOP3B-dependent
SAGs or SRGs, the averages of RNAPII-ser2p normalized
read counts at TES region were used to generate the bar
graphs. Student t-test was used to show the significant dif-
ferences between two groups. For the RT-qPCR results,
western blot gel density, LysoTracker density differences,
student t-test was used to calculate the significant differ-
ences between two groups. For RNA-seq and RNAPII-
ser2p/RNAPII ChlIP-seq, three biological replicates were
performed. For TDRD3 ChIP-seq, two biological replicates
were performed. For RT-qPCR, western blot and Lyso-
Tracker staining results, three biological replicates were per-
formed. All the bar graphs were generated by Excel or
GraphPad Prism.

For experiments of more than two groups, we also used
ANOVA test (Prism 8) to calculate the significant differ-
ences between samples, and showed the results in Supple-
mentary Figure S8.

RESULTS

TOP3B enhances transcriptional activation of a subset of
genes in response to starvation

We used the isogenic HCT116 cell lines of TOP3 B-knockout
(KO), TDRD3-KO and a TOP3B-Y336F-knockin (Y336F-
KI) mutant to examine the roles of TOP3B-TDRD?3 in

genome-wide transcription by employing a strategy used
previously to demonstrate the importance of the complex in
neuronal activity-dependent transcription (Figure 1A) (6).
Specifically, we performed RNA-seq and RNAPII ChIP-
seq to identify transcriptome changes in the mutant vs. WT
cells; and then used TDRD3 ChIP-seq to identify the genes
that are directly bound by the complex. We also focused on
studying whether TOP3B-TDRD3 is important for tran-
scription when cells are under stress, based on our ear-
lier findings that Top3b regulates fewer genes under basal
than neuronal activity-activated condition (6). After test-
ing several stresses (starvation, arsenic stress, proinflamma-
tory cytokine treatment, and DNA damage), we found that
starvation-activated transcription has the strongest depen-
dence on TOP3B-TDRD3 and will describe our findings
below.

We cultured the cells under starvation of both serum
and nutrients, by growing them in EBSS (Earle’s Balanced
Salt Solution), which is free of serum and a key nutrient:
amino acids. This starvation method has been widely used
to starve cells and induce autophagy (20). Our RNA-seq
analysis revealed that starvation of W7 HCT116 cells in-
creased the RNA levels of 730 genes (named as SAGs for
Starvation-Activated Genes), whereas repressed those of
512 genes (named SRGs for Starvation-Repressed Genes)
(fold change > 2 and adjusted P-value < 0.05) (Figure 1B,
left and Supplementary Table S1). Subsequent elongating
RNAPII (RNAPII-ser2p) ChIP-seq analysis showed that
these RNA level changes elicited by either starvation or
TOP3B inactivation mainly occur at the transcriptional lev-
els (Supplemental Results, Figure S2A-B). KEGG pathway
analysis revealed that autophagy is among the top pathways
enriched in the SAGs (Supplementary Figure S2C), whereas
metabolism is among top pathways in SRGs (Supplemen-
tary Figure S2D). These data are largely consistent with pre-
vious findings that starvation can induce gene expression at
the transcription level (20). Interestingly, the numbers of to-
tal SAGs and SRGs identified by RNA-seq in starvation-
treated TOP3B-KO cells (abbreviated as TOP3B-KO-ST)
(577 and 304, respectively; Supplementary Table S2) were
about 40% and 21%, respectively, fewer than those in W7T-
ST (starvation-treated) cells (Figure 1B, right versus left),
implying that TOP3B is needed to promote both transcrip-
tional activation and repression in response to starvation.

Volcano plot analysis of the 730 SAGs revealed that non-
treated (grow cells in normal medium) 7O P3 B-KO cells (ab-
breviated as TOP3 B-KO-NT) displayed significantly altered
RNA-seq levels of only 37 SAGs (fold change > 1.5, ad-
justed P-value < 0.1), with the numbers of decreased and
increased genes similar to each other (17 versus 20; <1.5-
fold difference) (Figure 1C, left and Figure 1D). Under star-
vation, TOP3B-KO cells showed about 4 times more signif-
icantly altered SAGs than under nontreated condition (135
versus 37) (Figure 1C, Figure 1D and Supplementary Ta-
ble S3), consistent with our earlier data (6) that TOP3B is
more important for activated than basal transcription. The
number of reduced SAGs (110 or 15% of total SAGs) in
TOP3B-KO-ST cells is about 4.6 times more than those of
the increased (25 or 3%) (Figure 1C and D). Moreover, the
SAGs decreased in TOP3B-KO-ST cells under starvation
(n=110) were about 6 times more those under nontreatment
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conditions (n=17), whereas the SAGs increased in the KO-
ST cells were not drastically altered vs. those of KO-NT
cells (Figure 1C and D). These data suggest that TOP3B
enhances transcription of SAGs mainly under starvation.

We noted that fewer than 20% of total SAGs are sig-
nificantly altered (fold change > 1.5 and adjusted P-
value < 0.1) in TOP3B-KO-ST cells, and named these genes
as TOP3B-dependent SAGs (Figure 1D). In contrast, the
majority (80%) of SAGs remain unaltered (Figure 1D). The
data indicate that TOP3B regulates only a small fraction of
SAGs, and other topoisomerases may regulate the remain-
ing SAGS (Su et al., manuscript in preparation).

TDRD3 and TOP3B-topoisomerase activity preferentially
enhance starvation-activated transcription

We then analyzed TDRD3-KO and TOP3B-Y336F-KI
HCT116 cells by RNA-seq to study whether the entire
TOP3B-TDRD3 complex and its topoisomerase activity
can coordinately regulate starvation-induced transcription.
RNA-seq data showed that both TDRD3-KO and TOP3B-
Y336 F-KI cells have similar numbers or percentages of dif-
ferentially expressed SAGs (109 and 107, respectively) (Fig-
ure 1D-E, and Supplementary Tables S4-S6) when com-
pared to TOP3B-KO cells (135) (Figure 1C, right). In ad-
dition, the numbers or percentages of decreased SAGs in
TDRD3-KO and TOP3B-Y336F-KI cells are 2-4-fold more
than those of increased SAGs (Figure 1D, E), which re-
semble the difference in TOP3B-KO cells (~4-fold in the
same comparison). Furthermore, the observed percentages
of decreased SAGs among different mutant cells occurred at
much higher frequency than those of the same numbers of
randomly selected and expression level-matched genes (ran-
dom controls) (Supplemental Results; Figure S3A). These
data suggest that the entire TOP3B-TDRD3 complex and
its topoisomerase activity preferentially enhance transcrip-
tion of SAGs.

To further compare the effects of the three mutant cells on
SAGs, we made 3 separate heatmaps to assess whether the
SAGs that are significantly decreased or increases in each
mutant cell line exhibit the same patterns of alteration in
the other two mutant lines (Figure 1F). The patterns of the
three heatmaps were strikingly similar. For example, all mu-
tant lines showed more decreased than increased SAGs (2—
S-fold) (Figure 1F, more blue than red colors). Moreover,
the SAGs significantly decreased in one mutant line had a
strong preference to be decreased in the other two lines (Fig-
ure 1F, see co-clustering of blue color), whereas the SAGs
increased in one mutant line also had a tendency to be in-
creased in other two mutants (Figure 1F, see co-clustering
of red color). The data suggest that TOP3B, TDRD3 and
the TOP3B topoisomerase activity have strong preference
to act coordinately in regulating transcription of SAGs.

We specifically calculated whether the SAGs that are sig-
nificantly decreased in one mutant cell line preferentially
exhibit the same direction of alteration (decrease) in the
other two mutant lines. For the 110 SAGs that show sig-
nificant decrease in TOP3B-KO-ST cells, 38% and 34% of
them showed the same direction of alteration in TDRD3-
KO-ST and TOP3B-Y336F-ST cells, respectively; whereas
merely 3% and 2% of them displayed the opposite direc-
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tion of alteration (increase), respectively (Figure 1G, left
and middle, lane 1 versus 3). Similarly, For the 87 SAGs
that show significant decrease in TDRD3-KO-ST cells, 37%
showed the same direction of alteration, whereas merely 3%
exhibited the opposite direction of alteration, in TOP3B-
Y336 F-ST cells (Figure 1G, right, lane 1 versus 3). Thus, in
each pair of mutant lines, the percentages of SAGs altered
in the same directions are 12-20-fold higher than those al-
tered in the opposite directions, suggesting that the entire
TOP3B-TDRD3 complex and its topoisomerase activity
coordinately enhance transcription of SAGs.

We assessed if the observed SAGs showing the same or
opposite directions of alterations between each pair of mu-
tant cell lines could happen by chance. We found that for
SAGs showing significant decrease in 7TOP3B-KO-ST or
TDRD3-KO-ST cells, the observed percentages of genes
showing the same direction of alteration in other mutant
cells were more than 2-6-fold higher than those of random
controls (Figure 1G, lanes 1 versus 2, in each graph). In con-
trast, the observed percentages of SAGs showing the oppo-
site directions of alteration were similar or lower than those
of random controls (Figure 1G, lanes 3 versus 4). The analy-
sis supports the notion that TOP3B-TDRD?3 and the topoi-
somerase activity coordinately stimulates transcription.

Venn diagram analysis identified 22 SAGs decreased in
all three mutant lines (Figure 1H). This number is larger
than those decreased in two but not three mutant cells
(n=20,n=15,n=10). This difference was also observed for
SRGs that are increased in all three mutant lines (see Fig-
ure 2F). The data support the notion the entire TOP3B-
TDRD3 complex and their topoisomerase activity prefer-
entially work together to regulate starvation-induced tran-
scription.

Venn diagram also identified 53 SAGs decreased in only
TOP3B-KO, but not TDRD3-KO and TOP3B-Y336F-KI
mutant cells (Figure 1H), suggesting that TOP3B can reg-
ulate transcription of some genes independent of TDRD3
or its topoisomerase activity (Figure 1H). It also identified
35 SAGs that are only decreased in TDRD3-KO, but not in
other two mutant cells, suggesting that TDRD3 may reg-
ulate transcription of some genes independent of TOP3B.
Moreover, it identified 25 SAGs that are decreased in only
TOP3B-Y336F-KI cells, but not TOP3B-KO or TDRD3-
KO cells. It is possible that the last group of decreased SAGs
are caused by gain-of-function activity of TOP3B-Y336F-
KI mutant (9).

TOP3B-TDRD3 and its topoisomerase activity promote
starvation-repressed transcription

We next studied whether TOP3B-TDRD3 and its topoi-
somerase activity can coordinately promote starvation-
repressed transcription, by analyzing the decreased or in-
creased SRGs in the same three mutant cells by the same
methods as above. The volcano plots and heatmaps ob-
tained for SRGs were similar to those of SAGs (Figure 2
versus Figure 1), except that the main effect of TOP3B-
TDRD3 inactivation on SRGs is to increase their transcrip-
tion, which is opposite of its effect on SAGs.

First, plots made in parallel to those of Figure 1C-H
revealed that only 32 of 512 SRGs (6%) were significantly
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altered in TOP3B-KO-NT cells, and the numbers of the de-
creased and increased genes were comparable (13 versus
19; <1.5-fold difference) (Figure 2A, left and Figure 2B).
In contrast, about 2.5-fold more SRGs (76 or 15%) were
significantly altered in TOP3B-KO-ST cells, and the num-
bers of the increased versus decreased SRGs are 72 versus
4, an 18-fold difference (Figure 2A, right and Figure 2B).
Moreover, the number of increased SRGs under starvation
(n=72) was about 4 times more than that without treat-
ment (n=19), whereas the number of the decreased SRGs
was about 3 times fewer (4 versus 13) (Figure 2A, right ver-
sus left; Figure 2B). These results resemble those of the al-
tered SAGs in TOP3B-KO-ST cells (Figure 1C-E), and sug-
gest that while TOP3B has a small effect on either SAGs or
SRGs under nontreatment condition, it has a strong effect
under starvation—enhancing both repression of SRGs and
activation of SAGs.

Second, the plots made in parallel to those in Figure 1D
and 1E revealed that the numbers or percentages of the in-
creased SRGs in TDRD3-KO and TOP3B- Y336 F cells were
about 5-times more than those of the decreased SRGs (Fig-
ure 2B, C), which mimics the 18-fold difference in TOP3B-
KO cells. Moreover, the observed percentages of increased
SRGs among different mutant cells occurred at much higher
frequency than those of random controls (Supplemental
Results; Figure S3B). These data suggest that the entire
complex and its topoisomerase activity preferentially pro-
mote transcriptional repression of SRGs under starvation.

Third, the heatmaps made to compare the effects of the
three mutant cells on SRGs (Figure 2D) displayed patterns
very similar to their corresponding heatmaps for SAGs
(Figure 1F). For example, all mutant lines showed more in-
creased than decreased SRGs (5-18-fold) (Figure 2D, more
red than blue colors). Moreover, the SRGs significantly in-
creased in one mutant line had a strong preference to be in-
creased in the other two lines (Figure 2D, see co-clustering
of red color). In contrast, the SRGs decreased in one mutant
line showed weaker tendency to be decreased in other two
mutants (Figure 2D, see poor co-clustering of blue color).
The data suggest that TOP3B, TDRD3 and the TOP3B
topoisomerase activity have strong preference to coordi-
nately repress transcription of SRGs.

Fourth, we performed calculations as described for SAGs
in Figure 1G, and found that the SRGs that are signifi-
cantly increased in one mutant cell line also preferentially
exhibit the same direction of alteration (increase) in the
two other mutant lines (Figure 2E). Specifically, for the 72
SRGs that show increased RNA-seq signals in 7TOP3B-KO
cells, 46% and 39% of them exhibited the same direction of
alteration in TDRD3-KO and TOP3B-Y336F-KI cells, re-
spectively (Figure 2E); which are more than 10 folds higher
than those showing the opposite direction of alteration (de-
crease) (4% and 1%, respectively) (Figure 2E). Similarly, for
the 60 increased SRGs in TDRD3-KO cells, 55% of them
exhibited the increase in TOP3B-Y336F-KI cells, whereas
fewer than 1% showed decrease (Figure 2E, right). More-
over, the observed percentages of SRGs showing the same
direction of alteration between each pair of mutant cell lines
were 3—4-fold higher than those of random controls (Figure
2E, columns 1 versus 2). In contrast, the observed percent-
ages of SRGs showing the opposite directions of alteration

were similar or lower than those of random controls (Fig-
ure 2E, columns 3-4). Together, these data suggest a strong
preference for the TOP3B-TDRD3 complex and its topoi-
somerase activity to act coordinately—to promote not only
transcriptional activation of SAGs, but also transcriptional
repression of SRGs under starvation.

A Venn diagram made for the significantly increased
SRGs (Figure 2F) resembles that for significantly decreases
SAGs in the three mutant cells (Figure 1H), so that the con-
clusions drawn for SAGs can also be applied for SRGs. The
number of SRGs increased in all three mutant cells (n=24) is
similar to that of SAGs decreased in all mutant cells (n=22),
suggesting that TOP3B-TDRD3 and its topoisomerase ac-
tivity may use a mechanism that simultaneously enhance
and repress transcription of similar numbers of genes. This
suggestion is supported by findings that the percentages of
SRGs that are significantly increased in each mutant cell
line (12-14%) (Figure 2B) are similar to the percentages of
SAGs that are decrease in the same mutant cell lines (10—
15%) (Figure 1D).

TOP3B-TDRD3 regulates both basal and starvation-
induced transcription

Analysis of several representative genes confirmed that
starvation significantly increased RNA-seq signals of four
SAGs (3-7 folds, P < 0.05) (EGRI, FOS, JUN and AREG)
(Figure 3A, B, left), while decreased those of three SRGs
(KRT19, KCNN4 and ADM) (2-5-fold, P < 0.05) (Fig-
ure 3A, B, right). GAPDH gene was included as a control,
whose RNA-seq level was not significantly altered (Figure
3A, right). Notably, the levels of 3 SAGs (EGRI, FOS, JUN,
but not 4 REG) were significantly reduced (P < 0.05, 0.3-5-
fold), whereas those of three SRGs were increased (P < 0.05,
0.3-2-fold) in starvation-treated TOP3B-KO, TDRD3-KO
and TOP3B- Y336 F-KI cells versus WT-ST cells (Figure 3A,
B), consistent with the notion that TOP3B-TDRD3 and
its topoisomerase activity can facilitate both transcriptional
activation of the SAGs, and repression of the SRGs under
starvation. For a subset of these genes (EGRI and AREG
for SAGs; and KRT19, KCCN4 for SRGs), their RNA lev-
els were also significantly altered (P < 0.05, 0.3-5-fold) in
nontreated 7OP3B-KO cells in the same direction as those
treated with starvation, suggesting that TOP3B also pro-
motes basal transcription of these genes. The reduction of
mRNA levels for the 4 representative SAG genes (EGRI,
FOS, AREG and DDIT4) were subsequently confirmed by
RT-gPCR (Figure 3C, D). As a control, the mRNA lev-
els of the four SAGs were either unchanged or slightly in-
creased in FMRI knockout cells, indicating that the effect
of TOP3B-TDRD3 on SAGs is specific (Figure 3D).

To exclude the possibility that the findings from TOP3 B-
KO and TDRD3-KO (Figure 1-3) are due to off-target ef-
fects by CRISPR-Cas9 or clonal variation, we analyzed
3 representative SAGs in two new KO clones produced
by different sgRNAs, TOP3B-KO2 and TDRD3-KO2; and
obtained largely consistent results (Supplemental Results;
Figure SIA-C). Together, we observed a stimulatory ef-
fect of TOP3B-TDRD3 on starvation-activated transcrip-
tion in two independent TOP3B-KO, 2 TDRD3-KO, and
one TOP3B-Y336F-KI, but not in one FMRI-KO cell
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lines. These data strongly suggest that the positive effect
of TOP3B-TDRD3 on starvation-activated transcription is
specific.

TOP3B can act in topoisomerase activity dependent and in-
dependent manners in transcription

Our heatmap and Venn diagram analysis revealed that a
large fraction of SAGs or SRGs altered in TOP3B-KO
cells do not show concomitant alteration in TOP3B-Y336F
cells (-60%) (Figure 1H and Figure 2F), implying that
TOP3B may regulate these genes in topoisomerase activity-
independent manners. This notion is further supported by
analyzing the total DEGs between the two cells (Supple-
mental Results and Figure S4). Examination of RNA-seq
data revealed that 3 of the 4 representative SAGs that show
reduced RNA levels in TOP3B-KO cells (EGRI, FOS and
DDIT4) also exhibit reduction in TOP3B-Y336F cells, sug-
gesting that these genes depend on its topoisomerase ac-
tivity of TOP3B for transcription. One exception is AREG
gene, whose RNA-seq levels were drastically reduced in
TOP3B-KO-ST and TDRD3-KO-ST (by 80%), but only
modestly reduced in TOP3B-Y336F-ST cells (by <20%)
(Figure 3A, B). RT-qPCR (Figure 3D) showed that the re-
duction of AREG mRNA level is statistically significant
in TOP3B-KO, TDRD3-KO, but not in TOP3B-Y336F-KI
cells. The ChIP-seq data below show that TOP3B-TDRD3
can directly bind AREG gene, and TOP3B-inactivation re-
duces RNAPII-ser2p level in this gene (Figure 6A), in-
dicating that AREG is directly bound and regulated by
TOP3B-TDRD3 in a topoisomerase-independent manner.
Together, these data suggest that TOP3B-TDRD3 depends
on its topoisomerase activity to regulate some but not all its
target genes.

To further study whether TOP3B depends on its
topoisomerase activity to promote transcription, we
ectopically-expressed TOP3B-WT or TOP3B-Y336F
mutant in TOP3B-KO HCTI116 cells (Figure 3E). We
found that the mRNA levels of three representative SAGs
(EGRI, AREG and FOS) are induced by starvation in
both cells (Figure 3F), which mimics the findings in WT
and TOP3B-KO cells (Figure 3C). Notably, the mRNA
levels in KO cells ectopically expressing WT protein
were significantly higher than those of cells expressing
TOP3B-Y336F mutant or no TOP3B protein (P < 0.05;
2-3-fold) (Figure 3F), supporting the conclusion from
TOP3B-KO and Y336F-KI cells that TOP3B depends on
its topoisomerase activity to enhance transcription. One
discrepancy was observed for AREG, which exhibited
TOP3B topoisomerase activity-independence in Y336 F-KI
cells (Figure 3C, D), but dependence using the ectopic
system (Figure 3F). Detailed explanation of these results
and the discrepancy are in Supplemental Results.

TOP3B promotes starvation-induced redistribution of elon-
gating RNAPII

To determine whether the observed mRNA level changes in-
duced by either starvation or TOP3B inactivation occur at
the transcription step, we performed ChIP-seq in W7 and
TOP3B-KO cells using one antibody against total RNAPII
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(Supplemental Results and Figure S6), and another one
against the elongating form of RNAPII, RNAPII-ser2p
(Figure 4 and Supplementary Table S9). Our previous stud-
ies showed that Top3b-KO has stronger effects on RNAPII-
ser2p than RNAPII-serSp (the initiation form) (6), so that
we will focus on the former below.

We found that RNAPII-ser2p signals were enriched with
a large peak at the transcription end site (TES) and a small
peak at transcription start site (TSS) (Figure 4A, B), which
resemble with the published RNAPII-ser2p data (32), in-
dicating validity of our assays. Heatmaps and metaplots
showed that for the TOP3B-dependent SAGs, the over-
all levels of RNAPII-ser2p in WT-ST cells were higher
than those of WT-NT cells (the largest peak was 100%
higher) (Figure 4A, left; Figure 4B, top). In contrast, for the
TOP3B-dependent SRGs, starvation reduced (more than
50%) the overall levels of RNAPII-ser2p (Figure 4A, right;
Figure 4B, bottom). Notably, the level of RNAPII-ser2p for
TOP3B-dependent SAGs in TOP3B-KO-ST cells was lower
(about 50%) than those of WT-ST cells (Figure 4A, left;
Figure 4B, top). In contrast, the levels of RNAPII-ser2p
for TOP3B-dependent SRGs in TOP3B-KO-ST cells was
higher (about 1.5-fold) (Figure 4A, right; Figure 4B, bot-
tom). These data reveal a reciprocal pattern of RNAPII-
ser2p alteration between SAGs and SRGs (Figure 4A, left
versus right; Figure 4B, up vs. down): those of SAGs were
increased in WT-ST but reduced in TOP3B-KO-ST cells;
whereas those for SRGs were reduced in WT-ST but in-
creased in TOP3B-KO-ST cell. This pattern is also con-
firmed by scatter plots containing data points from both
SAGs and SRGs (Figure 4C, orange and blue, respectively),
which clearly show patterns of reciprocal alterations in W7-
ST vs. WT-NT cells, or in TOP3B-KO-ST versus WT-ST
cells (data points of one color above whereas those of the
other color below equal line). These data suggest that star-
vation and TOP3B may simultaneously enhance SAGs and
suppress SRGs by facilitating redistribution of the elongat-
ing RNAPII-increasing it for SAGs and decreasing it for
SRGs.

In support of this conclusion, the average RNAPII-ser2p
signal changes at TES are statistically significant and exhibit
the same reciprocal pattern of alteration for both SAGs and
SRGs in WT-ST versus WT-NT cells, and in TOP3B-KO-
ST versus WT-ST cells (Figure 4D). Together, our data sug-
gest that the main effect of starvation and TOP3B-TDRD3
is on elongation of transcription.

TOP3B-TDRD3 preferentially binds TES regions of SAGs
to enhance their transcription

To study whether TOP3B-TDRD?3 directly acts on the
SAGs or SRGs which they regulate, we performed ChIP-seq
in WT-NT and WT-ST cells using antibodies against either
TOP3B or TDRD3. Our attempt of using anti-TOP3B an-
tibodies failed to produce any specific signals above those
of a negative control-TOP3B-KO cells (data not shown).
This result is consistent with our previous studies in mouse
brains in which only anti-TDRD3 but not anti-TOP3B an-
tibodies produced specific ChIP-signals (6). Because most
if not all TOP3B and TDRD3 in cells are present in a stoi-
chiometric complex (2), we used TDRD3 ChIP to identify
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Figure 3. The representative SAGs and SRGs regulated by the TOP3B-TDRD?3 complex. (A, B) The mRNA levels of four SAGs and three SRGs were
detected by RNA-seq. GAPDH was a negative control here. The results were from three independent replicates. The p-values were calculated by DESeq?2.
(C, D) RT-qPCR verified the RNA levels of the representative SAGs and ACTB gene (a control). The data from FMRI-KO cells were shown here as negative
controls. The starvation-induced transcription of these four genes was not dependent on FMRP. (E) Western blot detecting the protein levels of TOP3B
and ACTB in different cell lines. TOP3B-KO + WT, TOP3B-KO + Vector, TOP3B-KO + Y336F were three cell lines generated with a retrovirus vector
system based on TOP3B-KO HCT116 cells. WT, ectopically-expressed wild type TOP3B; Vector, pPBABE-puro vector only without transgene; Y336F,
ectopically-expressed TOP3B-Y336F. The numbers in the middle are the relative protein levels measured by Imagel. (F) RT-qPCR measuring the mRNA
levels of three representative genes in the cell lines (E) with or without starvation. ***P < 0.001; **P < 0.01; * P < 0.05; n.s., not significant (n = 3, two-tailed
Student’s z-test). Graphs generated using P-values by ANOVA test are shown in Supplementary Figure S8.
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Figure 4. TOP3B promotes starvation-induced redistribution of elongating RNAPII. (A) Average ChIP-seq signal profiles (top) and heatmaps (bottom)
and depicting the RNAPII-ser2p ChIP-seq signals on TOP3B-dependent SAGs (left) and SRGs (right). Blue arrows represent reduced, whereas red arrows
represent increased RNAPII-ser2p signals. (B) Average ChIP-seq signal profiles depicting the RNAPII-ser2p levels on TOP3B-dependent SAGs (up) and
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RNAPII-ser2p ChIP-seq normalized read counts at TES regions of TOP3B-dependent SAGs or SRGs from three independent experiments were used to
calculate. ***P < 0.001; **P < 0.01; *P < 0.05; n.s., not significant (n = 3, two-tailed Student’s z-test). Graphs generated using p-values by ANOVA test

are shown in Figure S8.

the targets of the TOP3B-TDRD3 complex. We included a
critical negative control: mock ChIP-seq from TDRD3-KO
cells under the same conditions, to exclude non-specific sig-
nals due to antibody cross-reactivity. Heatmaps and meta-
plots revealed a sharp peak of TDRD3 signals at TSS of all
genes in WT-NT and the negative control cells (Figure SA
left), suggesting that this peak should be largely non-specific
due to the artifactual ‘hotspots’ (33). In WT-ST cells, the
largest TDRD3 peak was present in the TSS, whereas a
smaller peak at a region immediately downstream of the
TES (Figure 5A, right). Because both peaks are higher than
those in the negative controls (about 2 folds), they should
contain signals derived from TOP3B-TDRD3. We selected
TDRD3 peaks in WT cells that are 1.5-fold higher than
those of negative controls in two independent experiments
as potential TOP3B-TDRD3-binding sites, and identified
about 70 TDRD3 peaks in WT-NT cells, and about 10-fold

more (700) peaks in WT-ST cells (Figure 5B and Supple-
mentary Table S7). These peaks are localized at TSS (50%)
and TES (6%) (Figure 5B). The findings that there are 10-
fold more TDRD3 peaks in ST than NT cells suggest that
TOP3B-TDRD3 regulates more genes in activated than
basal transcription, consistent with our early finding (6).
Based on earlier data that TOP3B-TDRD3 exhibits in-
creased binding to their target genes in response to neu-
ronal activity (6), we hypothesize that the complex that
regulates starvation-induced transcription may also show
starvation-enhanced binding to its targets. We therefore se-
lected TDRD3 peaks that show increased levels in W7-ST
versus WT-NT cells (>1.5-fold), and identified about 111
TDRD3 peaks localized in 67 protein-coding genes (Figure
5C and Supplementary Table S7), at TSS, TES and other
regions. Metaplots revealed that the TDRD3 peaks at TSS
and TES of these genes have higher signal-to-background
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Figure 5. Cell starvation increases TDRD3 binding mainly to TES regions of the TOP3B-dependent SAGs. (A) Average of TDRD3 occupancy on protein
coding genes (19 933) in WT and TDRD3-KO cells under no treatment (NT) or starvation (Starved) condition. S/N, TDRD3 ChIP Signals / Noise ratio.
The red arrows marked TDRD3 peaks. (B) The annotation of TDRD?3 binding peaks under no treatment or starvation condition by MACS2 and HOMER.
(C) Average of TDRD3 occupancy on the starvation-induced TDRD3 binding genes (67) (normalized by RPKM). Two major peaks were identified (one
was at TSS, the other was at TES). (D) The fold changes of mRNA and RNAPII-ser2p levels on the starvation-induced TDRD3 binding genes between W7T'
and different mutant cells. The reduced genes were in blue color and the increased gene in red color. The percentages of the DEGs (fold change > 1.5) were
marked below. The blue arrow represents reduction. The red arrow (left) represents increase. The red arrow on the right marks the genes bound by TDRD3
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TOP3B-dependent SRGs were higher in W7 cells than TDRD3-KO cells under starvation. However, there was no obvious peaks found for SRGs. These
results can be observed in two different biological replicates.
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Figure 6. The TOP3B-TDRD3 complex co-localizes with elongating RNAPII and promotes starvation-induced RNAPII redistribution. (A) Genome
browser representations of ChIP-seq normalized reads for RNAPII-ser2p and TDRD3 at the EGRI, FOS, AREG and DDIT4 gene loci in WT and
TOP3B-KO cells nontreated (NT) or treated with starvation (Starved). The black arrows below marked transcriptional direction. The green and orange
arrows above marked TSS and TES regions separately. The red and blue arrows in the middle marked the increased and decreased ChIP-seq signals
separately. (B) Genome browser representations of ChIP-seq normalized reads for RNAPII, RNAPII-ser2p and TDRD3 at the KRT19, ADM, KCNN4
and ACTB gene loci in WT and TOP3B-KO cells. These data can be observed at least in two replicates. One of the representative results were shown here.
For individual gene and one type of ChIP-seq data, the min and max values of Y-axis are the same.

difference in WT-ST than WT-NT cells (Figure 5C, com-
pare two plots), confirming that TDRD3 binding is en-
hanced by starvation. Comparing to the transcriptional
data derived from RNAPII ChIP-seq and RNA-seq showed
that among these 67 genes, those with TDRD?3 binding at
TSS or TES (but not introns or intergenic regions) display
an overall reduced transcription by RNA-seq and RNAPII-
ser2p ChIP-seq assays of TOP3B-KO, TDRD3-KO and
Y336 F-KI cells (Figure 5D, heatmap, more blue color than
red). In addition, they contained more significantly de-
creased (5-7%) than increased DEGs (0-2%) from TOP3 B-
KO cells. In particular, the genes with TDRD3 binding
at the TES region showed consistently reduced transcrip-
tion signals in all three mutant cells (Figure 5D marked by
red arrow), suggesting that TOP3B-TDRD3 can bind TES
of these genes and promote their transcription in topoiso-
merase activity-dependent manner.

We then investigated whether TOP3B-dependent SAGs
and SRGs are enriched with TDRD3-binding genes. Meta-
plots failed to detect TDRD3 peaks that are significantly
higher than the negative control (>1.5-fold) for TOP3B-
dependent SAGs or SRGs under basal conditions (Fig-
ure SE, F, left). Notably, under starvation, metaplots de-
tected a sharp TDRD3 peak at TES and a small peak at
TSS region of TOP3B-dependent SAGs (Figure 5E right).
And both peaks are higher than those signals from nega-

tive control group (5-fold) (Figure 5E right), which mimics
the findings from analysis of starvation-induced TDRD3
binding genes (Figure 5C, right), suggesting that starvation-
induced TOP3B-TDRD3 binding at TES regions can pref-
erentially enhance transcriptional activation of TOP3B-
dependent SAGs, and this effect is likely direct. Conversely,
for TOP3B-dependent SRGs, the TDRD3 were randomly
distributed from —3 kb upstream of TSS to 3kb downstream
of TES; and not enriched at TSS or TES (Figure 5F). These
data imply that TOP3B-TDRD3 may indirectly affect tran-
scription of TOP3B-dependent SRGs.

TOP3B-TDRD3 co-localizes with and regulates redistribu-
tion of elongating RNAPII

We examined several representative SAGs (Figure 3A) to
determine whether TOP3B-TDRD3 displays starvation-
induced binding, and whether its binding sites colocalize
with those of RNAPII-ser2p, as predicted by the Meta-
plot (Figure SE). For three of the four TOP3B-dependent
SAGs (EGRI, AREG and DDITH4), we observed starvation-
induced TDRD3 binding peaks near TES regions; and
these peaks co-localized with those of RNAPII-ser2p (Fig-
ure 6A, WT-ST versus WT-NT cells). For FOS gene, the
TDRD3 was detected at TSS, which also overlaps with
RNAPII-ser2p (Figure 6A). For the 3 TOP3B-dependent
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SRGs, we did not detect specific TDRD3 binding peaks
(Figure 6B), which is consistent with the metaplot above
(Figure SF).

UCSC browser plots of the four representative TOP3B-
dependent SAGs and three SRGs also confirmed the ef-
fect of TOP3B inactivation on distribution of RNAPII-
ser2p (Figure 6A, B). For three of the four SAGs (EGRI,
AREG and DDIT4), the RNAPII-ser2p peaks at the TSS
region, gene bodies, and/or TES, were all enhanced by star-
vation, and suppressed in 7OP3B-KO cells. The single ex-
ception is FOS gene, whose RNAPII-ser2p level was only
increased by starvation and reduced by TOP3B-KO at TSS
but not TES, suggesting that this gene could be regulated by
a different mechanism, possibly at the initiation step. For
the 3 SRGs (KRT19, KCNN4 and ADM), their RNAPII-
ser2p signals were consistently reduced by starvation and
increased by TOP3B-KO cells. The RNAPII-ser2p level
changes regulated by TOP3B could be observed in three
replicates (Supplementary Figure S2E, F). We also analyzed
RNAPII ChIP-seq data for the same representative SAGs
and SRGs, and the results (Supplemental Results; Figure
S6A, B) are largely consistent with those of RNAPII-ser2p
(Figure 6A, B), thus supporting our model. Together, these
data support a model that TOP3B-TDRD3 may interact
with and regulates distribution of elongating RNAPII in
starvation-induced transcription (see Discussion below).

TOP3B knockout alters transcription of autophagy-
associated genes and reduces autophagy

Our data above demonstrated that two transcriptional regu-
lators of autophagy genes, EGRI (20) and FOS (34), exhibit
reduced transcription in TOP3B-KO-ST cells (Figures 3A,
Cand 6A). This led us to determine whether any autophagy
genes are also regulated by TOP3B (20). We found that 10
and 5 autophagy genes were significantly decreased and in-
creased, respectively, in TOP3B-KO-ST cells (vs. WT-ST
cells) (Supplementary Table S8). Analysis of three represen-
tative autophagy-associated genes (MAPILC3B, DDIT3
and PPPIRI5A) showed that their RNA-seq levels were
increased in WT-ST versus WT-NT cells, and reduced in
TOP3B-KO-ST versus WT-ST cells (Figure 7A, B). More-
over, their RNAPII-ser2p levels were also increased WT-
ST versus WT-NT cells, and the decreased in TOP3B-KO-
ST versus WT-ST cells (Figure 7C, D). TDRD3 ChIP-seq
detected a peak at TSS of MAPILC3B gene in one repli-
cate (Figure 7C), but failed to detect any peaks above back-
ground in the other two genes, indicating that TOP3B may
regulate these autophagy-associated genes indirectly.

We performed immunoblotting of MAP1LC3B, and ob-
served that one of its two isoforms (LC3B-I) exhibited sig-
nificantly reduced levels in TOP3B-KO-ST cells at 4 and 6
h post-starvation (Figure 7E; Figure 7F, left). The other
isoform (LC3B-II) exhibited a strong trend of reduction
(P = 0.08) at 6 h post starvation, although the difference
does not reach statistical significance (Figure 7E; Figure 7F,
right). Together, these data support that notion that TOP3B
is required for normal transcription of a fraction of au-
tophagy genes.

We studied whether TOP3B-KO cells have reduced au-
tophagy by LysoTracker staining, a common method for

autophagy detection (35). LysoTracker signals in WT-ST
and TOP3B-KO-ST HCT116 cells were significantly higher
at 3 and 6 h post-starvation than those in their correspond-
ing non-treated cells (Figure 8A, B), consistent with the pre-
vious reports that starvation can induce autophagy (20,36).
Interestingly, the LysoTracker signals in 7TOP3B-KO-ST
cells were significantly lower than those of WT-ST cells at
6 h post-starvation, suggesting that 7O P3 B inactivation re-
duces starvation-induced autophagy (Figure 8A, B).

We also performed LysoTracker staining in the fat body
of Top3b mutant Drosophila, which has been previously
used to dissect the autophagy pathways (35). Consistent
with earlier reports, the LysoTracker signals were signifi-
cantly higher in WT Drosophila fat body treated with star-
vation than those without the treatment, indicating nor-
mal activation of autophagy by starvation (Figure 8C, D).
Importantly, the Lysotrakcer signals in fat body of Top3b
knockout (7Top3b~/~) flies were significantly lower than
those of WT files under starvation; and were indistinguish-
able to those of non-starved flies (Figure 8C, D), indicating
reduced autophagy induction in 7op3b mutant cells.

DISCUSSION

TOP3B-TDRD3 and its topoisomerase activity act coordi-
nately in transcription

We have recently shown that TOP3B and TDRD3 work
coordinately to regulate translation and turnover for spe-
cific mRNAs in HCT116 cells (9). Here, we demonstrate
that they also coordinately regulate starvation-induced
transcription. The data thus imply that the entire TOP3B-
TDRD3 complex facilitates a wide range of cellular process
on both DNA and mRNAs in cells.

We have previously found that TOP3B-TDRD3 can act
in either topoisomerase-activity dependent or independent
manners when regulating mRNA translation and turnover
(9). Here we report evidence that the complex can function
in both manners when regulating transcription (see repre-
sentative genes in Figure 3C, D and Figure 6A). Action in
a topoisomerase-activity independent manner was not to-
tally unexpected, because TOP1 has been reported to reg-
ulate transcription in topoisomerase activity-independent
pathways (37,38). TOP3B not only possesses topoisomerase
activity, but also a binding activity to sSRNA and ssDNA
through its RGG-domain and Zn-finger domain (2,13,39).
In addition, TDRD3 has been reported to interact with
RNAPII and its mediator complex (15,40). It is therefore
possible that TOP3B-TDRD3 can regulate transcription
through these other interactions.

Our analysis of total DEGs in TOP3B-KO, TDRD3-
KO and TOP3B-Y336F-KI cells (Supplemental Results
and Figure S4) showed that TOP3B-TDRD3 and its cat-
alytic activity preferentially enhance highly expressed genes,
which are consistent with previous findings in mouse brains
(6). This feature is shared by TOP1 and TOP2 (1,41). More-
over, TOP3B preferentially enhances transcription of long
genes (Supplemental Results and Figure S4). This feature
also resembles those of TOP1 and TOP2 (42). The data im-
ply that long and highly expressed genes tend to have com-
plex topological problems whose resolution may require
combined actions by all three families of topoisomerases.
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Figure 7. TOP3B knockout alters the transcription of autophagy-associated genes. (A) Genome browser representations of RNA-seq normalized reads
at the three gene loci (MAPILC3B, DDIT3 and PPPIRI54). The induction of these three autophagy-associated genes were dependent on TOP3B. Red
and blue arrows in the middle represent increased and decreased mRNA levels separately. (B) Bar graphs generated using normalized read counts of
RNA-seq (three independent replicates) show the RNA levels of the representative genes. ***P < 0.001. The P-values were calculated by DESeq2. (C)
Genome browser representations of ChIP-seq (RNAPII-ser2p and TDRD3) normalized reads at the three gene loci (MAPI1LC3B, DDIT3 and PPPIRI5A).
Starvation increased and 7O P3 B-KO reduced the binding of RNAPII-ser2p on these three gene loci, suggesting that the transcription of these three genes
was promoted by TOP3B. TDRD3 binding peaks were observed at TSS and TES regions of MAPILC3B gene in one replicate. No TDRD?3 binding peak
was found at DDIT3 and PPPIRI5A gene loci. (D) Bar graphs generated using normalized read counts of RNAPII-ser2p ChIP-seq (three independent
replicates) show the RNAPII-ser2p levels of the representative genes at TES regions. ***P < 0.001. The p-values were calculated by DESeq?2. (E) Western
blotting shows the protein levels of LC3B-I/1I and ACTB in WT and TOP3B-KO cells under no treatment (NT) and starved for 2, 4, 6 h conditions. (F)
Western blotting band densities of three independent experiments were measured by Imagel. ***P < 0.001; **P < 0.01; *P < 0.05; n.s., not significant
(n = 3, two-tailed Student’s 7-test). Graphs generated using P-values by ANOVA test are shown in Supplementary Figure S8.

TOP3B-TDRD3 promotes transcription induced by environ-
mental stimuli

While we have previously shown that TOP3B-TDRD3 can
promote neuronal activity-activated transcription in mouse
brains (6), its roles in transcription within non-neuronal
cells had remained unestablished. Here we demonstrate
that TOP3B-TDRD3 can directly bind a fraction of SAGs
and enhance their transcription in a non-neuronal cell line,
HCT116, suggesting that this topoisomerase may promote
transcription in a broad range of cells and tissues as do
other topoisomerases (1,43). This is consistent with studies

of Top3b-KO mice that show several phenotypes unrelated
to neurons, including autoimmunity and shortened lifespan
(21,44).

Similar to our previous findings in mouse brains, we
found that in HCT116 cells, TOP3B-TDRD3 regulates
fewer genes in basal compared to stimulated conditions,
suggesting that TOP3B-TDRD3 mainly promotes tran-
scriptional activation induced by environmental stimuli.
This ability resembles that of TOP1 and TOP2(A or
B) (45-49). It seems likely that stimuli-induced tran-
scription may cause a rapid rise of different types of
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Figure 8. TOP3B knockout reduces starvation-induced autophagy. (A, B) WT and TOP3B-KO HCT116 cells without treatment (NT) or treated with
EBSS for 3 or 6 h were incubated with 1 wM LysoTracker for 20 min, followed by fixation. The images were captured using confocal microscope (A).
The density of LysoTracker was measured by ImageJ (B). (C, D) WT and Top3h~/~ flies were fed with normal nutrient or starved for 6 h. The fat bodies
were stained with LysoTracker or DAPI followed by fixation. The images were captured using confocal microscope (C). The density of LysoTracker was
measured by ImageJ (D). ***P < 0.001; **P < 0.01; *P < 0.05; n.s., not significant (n = 3, two-tailed Student’s #-test). Graphs generated using P-values
by ANOVA test are shown in Supplementary Figure S8. (E) A cartoon showing that TOP3B-TDRD?3 was recruited to SAGs under starvation to enhance
their transcription and RNAPII levels. TOP3B-KO reduced RNAPII level on SAGs but passively increased RNAPII level on SRGs. (F) A model shows the
function of TOP3B in starvation-induced autophagy. Under starvation, TOP3B-TDRD3 is recruited to autophagy regulators (such as EGRI and FOS)
gene loci to enhance their transcription. These autophagy regulators further activate expression of autophagy-associated genes (such as, MAPILC3B,
DDIT3). The activation of the autophagy-associated genes further facilitates autophagy process. TOP3B may facilitate normal life span and stress survival

of animals by enhancing autophagy.
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topological stress that may be resolved by different
topoisomerases.

TOP3B-TDRD3 can enhance or suppress transcription by
regulating elongating RNAPII distribution

We discovered that the effect of TOP3B-TDRD3 on tran-
scription can be either positive or negative—it can en-
hance transcription of SAGs while suppressing transcrip-
tion of SRGs. The findings that TOP3B can enhance
starvation-activated transcription mimics our earlier results
that TOP3B can stimulate neuronal activity-activated tran-
scription (6); and are also in accord with the prevailing idea
that topoisomerases typically enhance transcription by re-
laxing supercoils produced by RNA polymerases (1). How-
ever, suppression of transcription at some sites by TOP3B
has not been observed before. Our findings that TOP3B can
repress transcription resemble several previous studies for
TOP1 and TOP2, which revealed similar suppressive effects
on transcription (37,50-52). The data thus suggest that all
three family of topoisomerases can regulate transcription in
both positive and negative manners.

Mechanistic studies revealed a striking similarity between
TOP3B-TDRD3 and elongating RNAPII in their binding
to SAGs. Both of them display strongly increased bind-
ing in response to starvation (Figures 4A, B, 5C, 6A), and
their binding sites overlap at the TES regions of SAGs. To
our knowledge, this is the first report of a topoisomerase
that binds TES sequences. In support of this inference, we
reanalyzed our data from mouse brains (6) and detected
TOP3B-TDRD3 binding at TES as well (in addition to
TSS) (Supplementary Figure S7). Thus, TOP3B-TDRD3
may directly interact with elongation RNAPII to increase
its levels at SAGs, which is in agreement with the reports
that TDRD3 can directly interact with RNAPII (15,40). In
addition, our preliminary data suggest that TOP1 can also
bind TES regions under starvation (Su et al., manuscript
in preparation). Since both TOP3B and TOP1 have been
reported to interact with RNAPII (15,43), and elongating
RNAPII (RNAPII-ser2p) is enriched at TES regions, our
data suggest that TOP3B and TOPI can associate with elon-
gating RNAPII to promote transcriptional elongation un-
der starvation.

As for TOP3B-dependent SRGs, we did not observe spe-
cific peaks of TOP3B-TDRD3 at either TSS or TES (Figure
SF and Figure 6B), suggesting that TOP3B-TDRD3 may
indirectly regulate their RNAPII-ser2p levels (Figure 8E).
We propose a model that TOP3B-TDRD3 may simultane-
ously enhance and suppress starvation-induced transcrip-
tion for SAGs and SRGs, respectively, by altering the dis-
tribution of elongating RNAPII (Figure 8E). In response
to starvation, RNAPII-ser2p or other transcription factors
may become redistributed—removed from SRGs and associ-
ated with SAGs, leading to simultaneous repression of the
former and activation of the latter genes. TOP3B-TDRD3
may facilitate this process by direct binding and traveling
with elongation RNAPII in SAGs to relax supercoils gen-
erated in transcriptional elongation. The relaxing of super-
coils may then stabilize the association between RNAPII
and templates, so that the levels of RNAPII-ser2p are in-
creased at SAGs. When TOP3B-TDRD3 topoisomerase
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activity is inactivated, the accumulation of supercoils in
SAGs may lead to RNAPII dissociation from SAGs, which
may become associated with SRGs, leading to reduced tran-
scription for the former and increased transcription for the
latter.

TOP3B-TDRD3 promotes transcription of IEGs and au-
tophagy

We found that the SAGs dependent on TOP3B-TDRD?3 ac-
tion include several critical IEGs (immediate early genes,
EGRI, FOS and JUN), and stress response genes (AREG
and DDIT4). These IEGs have also been shown to depend
on TOP3B and TOP2B for neuronal activity-activated tran-
scription in mouse brain (6,53). The reduced transcription
of IEGs and stress response genes in TOP3B-TDRD3 mu-
tant cells and mice suggest that TOP3B-TDRD3 could be
important for organisms to adapt to different environmen-
tal cues and to stress. Consistent with this notion, we found
that starvation-retreated TOP3B-KO HCT116 cells exhibit
decreased transcription of several autophagy genes (Fig-
ure 7A—F). Moreover, both TOP3B-KO HCT116 cells and
Drosophila fat body show reduced autophagy (Figure 8A—
D). Our ChIP-seq data (Figure 7C) revealed that TOP3B-
TDRD3 shows no reproducible binding to the autophagy
genes that it regulates, suggesting that its stimulation of
transcription of autophagy genes is likely indirect. In this
regard, we noted that the two IEGs directly bound and reg-
ulated by TOP3B-TDRD3, EGRI and FOS, encode tran-
scription factors that can enhance expression of autophagy
genes (20,34). We therefore propose that TOP3B-TDRD3
may facilitate autophagy through a signaling cascade (Fig-
ure 8F): in response to starvation, TOP3B-TDRD3 may
directly enhance transcription of EGRI and FOS genes
whose gene products subsequently promote transcription
of downstream autophagy genes, leading to increased au-
tophagy. Because autophagy is required for normal life span
and stress survival (18,22,54), its reduction may contribute
to the shortened lifespan of Top3b-KO mice (21).
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