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Abstract

Ribosomal frameshifting refers to the process that ribosomes slip into +1 or —1 reading frame, thus produce chimeric trans-frame proteins.
In viruses and bacteria, programmed ribosomal frameshifting can produce essential trans-frame proteins for viral replication or regulation of
other biological processes. In humans, however, functional trans-frame protein derived from ribosomal frameshifting is scarcely documented.
Combining multiple assays, we show that short codon repeats could act as cis-acting elements that stimulate ribosomal frameshifting in humans,
abbreviated as CRFS hereafter. Using proteomic analyses, we identified many putative CRFS events from 32 normal human tissues supported
by trans-frame peptides positioned at codon repeats. Finally, we show a CRFS-derived trans-frame protein (HDAC1-FS) functions by antagonizing
the activities of HDAC1, thus affecting cell migration and apoptosis. These data suggest a novel type of translational recoding associated with

codon repeats, which may expand the coding capacity of mRNA and diversify the regulation in human.
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Introduction

Canonical protein translation is a strictly regulated process,
which guarantees that ribosomes initiate protein synthesis at
a defined start codon, iteratively decode triplet codons during
elongation, and terminate the synthesis at stop codons within
the designated open reading frame (ORF) on mRNAs (1).
However, in unconventional cases, translation elongation may
breach this law, thus allowing ribosomes to produce multiple
functional chimeric proteins from a given OREF. This process
is termed translation recoding (2,3). Translational recoding
consists of three types: translational readthrough (4,5), trans-
lational bypassing (6) and programmed ribosomal frameshift-
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ing (PRF) (7-9). PRF was first identified in Rous sarcoma virus
and has been reported in all three domains of life, but detailed
information comes mostly from studies on RNA viruses and
a number of prokaryotic genes (9).

Ribosomal frameshifting refers to a process when ribo-
somes switch from the original reading frame (0 frame) into
the +1 or —1 frame during the translation elongation. +1 ri-
bosomal frameshifting (+1FS) refers to the slippage of the
ribosome one nucleotide towards the 3’ end of the mRNA,
while —1FS refers to the slippage of one nucleotide toward
the 5" end. The translational machinery is sophistically regu-
lated to guarantee the ribosomes located in the correct read-
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ing frame. Studies on prokaryotic translation revealed that
elongation factors play critical roles in maintaining the read-
ing frame at ‘slippery sequences’ during the tRNA-mRNA
translocation of ribosomes (10-12). Moreover, tRNA modifi-
cations, such as m*G37, have also been found to help stabilize
certain codon-anticodon pairs during translocation (12-14).
With these measures, spontaneous ribosomal frameshifting is
maintained at a very low rate (10™° per codon) (15,16). In
contrast, PRF is a strictly controlled process, which occurs at
a specific location with high efficiency varying between 1%
and 80% (9,17). Viral and bacterial —1PRF is the best stud-
ied type, and it consists of two elements: a slippery site and a
stimulator (18). The slippery site is a cis-element on mRNA
characterized with a sequence motif, X XXY YYZ (X = A,
U,C,G; Y = A or U; and Z # G), which allows anticodons
of tRNAs to pair with codons of the mRNA in an alternative
frame (19-22). The stimulator is typically an RNA secondary
structure, such as a stem loop (23) or pseudoknot (24,25), lo-
cated immediately downstream of the slippery site. In some
cases, proteins and miRNAs were also reported to participate
in PRF regulation (26-28).

Recent biochemical and structural studies have shed light
on the detailed mechanism of how frameshifting occurs inside
the ribosome. For viral and bacterial —1PRE when ribosomes
are hindered by the downstream stimulator, the slippery site
could allow anticodons of tRNAs to rematch codons in an
alternative frame within the ribosome decoding center, thus
leading to PRF (25,29-34). The bacteria Salmonella also fea-
tures a special mechanism to induce +1FS by utilizing tRNAs
with quadruplet anticodons, which could potentially expand
the coding capacity of the genome (35). For example, SufB2, a
tRNA with an extra nucleotide in its anticodon loop, initially
pairs mRNA in the 0-frame with 3 bases but rematches the +1
frame with 3 or 4 bases at the late stage of the tRNA-mRNA
translocation (36,37). In addition, environmental factors, such
as amino acid starvation resulting in ‘hungry’ codons could
also act as stimulator for PRF (34,38,39). The product of PRE,
termed trans-frame proteins, usually have critical biological
functions. In RNA viruses, frans-frame proteins are essential
for viral replication (40,41). In prokaryotes, trans-frame pro-
teins have also been well documented to participate in various
biological processes, such as DNA replication (42), translation
termination factor production (43) and copper transport (44).

In higher organisms, including humans, whether PRF
widely exists in endogenous genes is under debate. Although
viral-like —1PRF has been reported in the paternally expressed
gene PEG10 derived from retrotransposons (45), one well-
recognized case in eukaryotic genes is the +1PRF in ornithine
decarboxylase antizyme 1 (OAZ1), which is highly conserved
in eukaryotes from yeast to human (46,47). A typical OAZ1
mRNA contains two ORFs, ORF1 and ORF2 (47). When
the ribosome translates to the stop codon of ORF1, +1PRF
causes the ribosome to slip into ORF2 that is located in the
+1 frame in regard to the ORF1(48). The occurrence and effi-
ciency of +1PRF depends on the polyamine concentration and
the OAZ nascent peptides (48,49), which produces a trans-
frame protein essential for cell proliferation and development
(50,51). In addition, computational analyses predicted that
~10% of eukaryotic genes harbor viral-like —1PRF (52,53).
The best evidence for this comes from human immunodefi-
ciency virus-1 (HIV-1) co-receptor C-C chemokine receptor
type 5 (CCRS), which harbors a —1PRF that can regulate the
stability of CCRS mRNA by miRNAs (26). However, the ex-
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istence of viral-like —1PRF in eukaryotic genes remains con-
troversial due to recent studies with a modified dual luciferase
assay (54,55).

Other than PRE, recent evidence showed that in humans,
under abnormal cellular conditions, ribosomal frameshifting
could efficiently occur at select regions to produce aberrant
trans-frame proteins. For example, in cancer cells, ‘sloppy” ri-
bosomal frameshifting could also occur at UGG codons upon
tryptophan starvation, resulting in aberrant ¢rans-frame pep-
tides that are present on the cell surface (56,57). In addition,
CAG and CGG codon repeat expansion, which has been no-
ticed in a large category of neurodegenerative diseases (58),
were reported to stimulate ribosomal frameshifting, thus pro-
ducing aberrant #rans-frame proteins that trigger protein ag-
gregates (59-61). These studies raise an intriguing question
whether in normal cells codon repeats could be the cis-acting
elements that stimulate ribosomal frameshifting to produce
beneficial trans-frame proteins.

Codon repeats refer to a string of identical codons, which
widely represented in the human genes (Supplementary Figure
S1). In this study, we combined various assays to show
that normal codon repeats alone could trigger ribosomal
frameshifting. Using proteome data from 32 normal human
tissues, we could identify many putative ribosomal frameshift-
ing events that occur on account of normal codon repeats.
Through combining multiple assays, we show that the (UAC)3
codon repeat in the histone deacetylase 1 (HDAC1) mRNA
is an important site for ribosomal frameshifting, which pro-
duces a small trans-frame protein (HDAC1-FS) that can affect
cell migration and apoptosis.

Materials and methods

Human cell cultures and cell transfection

HEK293T, A549 and HelLa cells were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS, Ex-
cellBio), 1 x penicillin-streptomycin (HyClone), at 37°C in a
humidified incubator with 5% COs.

HEK293T (1.7 x 10°) cells were seeded in a 12-well plate
at 70-80% coverage. After 16-h culturing, constructs were
transiently transfected into cells using a calcium phosphate
cell transfection kit (Beyotime, China). In brief, 1.5 pg plas-
mids were mixed with 40 ul CaCl, solution. After 5 min
incubation at room temperature, the DNA-CaCl, mixture
was added to 40 pl 2-[N,N-bis(N,N-bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid (BES) buffer (known as BBS). After
10 min incubation at room temperature, the DNA-CaCl,-
BBS mixture was added gently into the cell culture. The
medium was changed after 8 h transfection at 37°C in a hu-
midified incubator with 5% CO,. The HEK293T transfected
cell line was selected with 50 mg/l hygromycin B (Amresco,
K547). A549 and HeLa cells were transfected by Lipofec-
tamine 2000 (Invitrogen). Briefly, 1.5 pug plasmids were mixed
with 250 ul Opti-MEM medium. 3 ul of Lipofectamine 2000
were diluted with an additional 250 pul Opti-MEM medium
for 5 min standing at room temperature. The diluted plasmids
were mixed with diluted Lipofectamine 2000 and incubated
for 20 min at room temperature. The DNA-lipid complex was
then added to the cells. After 5 h transfection at 37°C in a hu-
midified incubator with 5% CO;, the medium was refreshed
with new DMEM including 10% FBS. Proteins were extracted
26 h after transfection.
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Lentivirus generation and transduction

HEK293T cells were seeded onto 6-well plates for virus gener-
ation. The transfection was performed at 16 h after seeding at
70-80% confluency. 1 pg pMD2.G, 1.4 ug psPAX2, and 1.6
ng pcDNA3.1-HDACT-FES (EV was used as a negative control)
were mixed and diluted with 250 ul Opti-MEM medium. 8 ul
of Lipofectamine 2000 (Invitrogen) was diluted into 250 pl
Opti-MEM medium. After 5 min incubation at room temper-
ature, the diluted plasmids were then added into the diluted
Lipofectamine 2000 and the DNA-lipid complex was added
into cells after 20 min incubation. Viruses were collected at
24,48, 72 h and mixed. Viruses mixture were stored at —80°C
after filtering through 0.45 uM syringe filters.

A549 cell lines were seeded onto 6-well plates at 80-90%
coverage for viral transduction. The medium was evacuated
after 16 h and replaced with 2 ml collected viruses. After 24
h, 300 mg/l hygromycin B was added for selection of stable
cell lines.

Plasmid construction

Two dual-luciferase systems were used to detect the
frameshifting ratio. First, using pcDNA3.1 as backbone, Re-
nilla luciferase (RLuc) and firefly luciferase (FLuc) genes, sep-
arated by the P2A peptide sequence, were driven by the cy-
tomegalovirus (CMV) promoter. This is termed the P2A sys-
tem (sequence available in Supplementary Table S1). In this
system, test sequences were inserted between P2A and FLuc
(Figure 1A). Secondly, the F2A system was used as docu-
mented (55). In this system, RLuc and FLuc are driven by
the CMV promoter and separated by two F2A peptides af-
ter translation. Here the test sequences were inserted between
the two F2A peptides (Figure 1F).

The frameshifting ratio of 61 types of codon repeats were
detected using the P2A system. Codon repeats were inserted in
front of the FLuc coding sequence (without AUG start codon)
(Figure 2A). If the inserted codon sequence ended with U
(NNU), a GGC sequence was added behind the codon repeats
to avoid UGA stop codon in the —1 frame. One G/C was in-
serted for creating the +1 frame FLuc, while a G (the first base
of the FLuc ORF) was deleted to create the —1 frame FLuc.
The corresponding original plasmid (FLuc in O-frame) was set
as a normalization standard, that is, its firefly and Renilla lu-
ciferase activity were defined as 100%.

The gene fragment insertions were defined as a region in-
cluding the CRFS locus (excluding the stop codon) and 30 bp
of upstream sequence (Figure 2C). Thus, the length of the in-
serted fragments will be (37 +1) bp or (37 — 1) bp, which set
the FLuc ORF in —1 or +1 frame. A single nucleotide insertion
or deletion was introduced to the 5’ end of the FLuc coding
sequence (without AUG codon) so as to place the FLuc ORF
in the 0-frame, which was used to normalize the frameshifting
ratio of the inserted fragment. Primers used in this study are
listed in Supplementary Table S1.

Luciferase activity measurement

Cell lysate production and luciferase activity measurements
were done using the Dual-Luciferase® Reporter Assay System
(Promega, E1960) according to the manufacture’s protocol.
Briefly, after transfection cells were cultured for 26 h and were
lysed with 100 ul 1 x passive lysis buffer for 15 min at room
temperature. The cell lysate was collected and centrifuged for
2 min at 4°C at 20 000 x g. Firefly and Renilla luciferase
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activity were individually measured with a Promega GloMax
20/20 Luminometer.

For a given inserted sequence, the +1 or —1 frameshifting
ratio was calculated with following formula.

Insertion (test) sequence frameshifting ratio (%):

FLucins(—1/41)
RLUCs(~1/+1

Rins—1/+1) = FLucomo) L %100

RLuc;s(0)
Here, FLucing(—1/+1) and RLucins(—1/+1) refers to the firefly or
Renilla luciferase activities from the constructs with FLuc in
alternative frames, whereas FLucis(0) and RLuciyg(0) refer to
firefly or Renilla luciferase activities from the construct with
FLuc in the 0 frame.

Accordingly, the frameshifting ratio of the empty vector
(no insertion), which is used to evaluate the background
frameshifting level of the reporter system, is calculated with
formula below:

FLuchig(~1/41)
RLuCprg(—1/41

)
Rbkg(—1/+1) = FLuq,kgm) X 100

RLucbkg(o)

Wound healing assay and transwell assay

A549 cells were seeded to be 80% confluent with viral infec-
tion in a 6-well plate. To determine the function of HDAC1-
FS, cells were infected with the collected viruses. 24 h after
transfection the cells were scratched with 200 pl pipet tips and
washed twice with PBS. The cells were maintained in DMEM
supplemented with 1% FBS at 37°C in a humidified incuba-
tor with 5% CO;. Cell migration was photomicrographed
(MF53, MSHOT) at 0, 24, 48 and 72 h after scratching.
Wound width was measured for each transfection using Im-
ageJ and used to calculate the wound closure rate. For HDAC1
knockdown, 113 pmol HDAC1-siRNA (synthesized by San-
gon Biotech, sil: 5-GAGAAAGACCCAGAGGAGAAG-3,
si2: 5-UAGUAGUAACAGACUUUCCUC-3’) was transfected
into A549 using 3 ul Lipofectamine RNAiMax (transfection
procedure is the same as described above). Cells were collected
and counted 24 h after transfection. 4 x 10° cells were seeded
in 12-well plate for wound healing assay. The rest of the cells
were resuspended in TRIzol reagent for reverse transcription
quantitative PCR (RT-qPCR). Three biological replicates were
performed for each experiment.

Transfected A549 cells (4 x 10%) were resuspended in a
transwell chamber (8 pm, PC membranes) in 200 ul DMEM.
600 ul DMEM containing 10% FBS was added outside of
the transwell chamber. Cells were incubated for 12 h (siRNA
transfected cells were incubated for 18 h) at 37°C in a hu-
midified incubator with 5% CO,. The cells were swabbed
on the top of the PC membranes and the membranes were
stained with 0.2% crystal violet for 20 min and washed twice
with PBS. The cells on the bottom of the PC membranes
were photomicrographed (MF53, MSHOT) and counted. The
cell number of the control group was set as 100% migra-
tion rate. Three biological replicates were performed for each
experiment.

Protein extraction

HEK293T cells were washed with cold PBS and lysed with
NP-40 lysis buffer (50 mM Tris-HCI [pH7.5], 150 mM NaCl,
0.5% NP-40, 1 mM DTT, 1 pg/ml pepstain A, 1 pg/ml leu-
peptin, 1 mM PMSF) for 15 min at 4°C with gently shaking.
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Figure 1. UUU codon repeats could trigger robust ribosomal frameshifting. (A) Schematic diagram of the P2A dual luciferase system (RLuc, Renilla
luciferase; FLuc, firefly luciferase). OF +1F or —1F FLuc indicate the FLuc sequence is placed in the 0, +1 or —1 frame, respectively. 0, +1 and —1 UAA
mean that a UAA stop codon was added in the 0, +1 or —1 frame, respectively. (B) Bar plot showing frameshifting ratio of HIV —1 PRF sequence in
HEK293T cells by luciferase assays. SSm, slippery site mutation (JWWUUUUA to CUUCUUA). SSd, slippery site deletion. (C) Bar plot showing Renilla
luciferase (left) and firefly luciferase (right) activity of OAZ7 sequences. +1F and OF means construct with FLuc in the +1 or O frame, as shown in (A) The
cartoon on top showed the reporter structure. (D) Detection of ribosomal frameshifting induced by different number of UUU codon repeats with dual
luciferase systems (top panel) and western blots (bottom panel). EV, empty vector. (E) Frameshifting ratio induced by (UUU)4 or (UUU)5 insertion (INS)
with different vectors shown in (A). +1FLuc and —1FLuc means construct with FLuc in the +1 or —1 frame. (F) Schematic diagram of Stop-Go (SG)
system. SG1 and SG2 indicate two F2A sequence. (G) Frameshifting ratios (top) and western blot results (bottom) from SG system with different
number of UUU repeat insertion in HEK293T cells. EV, empty vector. (H) Schematic diagram of constructs (mC-E system) with OAZ1 (top) and (UUU)5
(bottom) insertion. 0, +1 and —1 mean the position of first stop codon in the corresponding frame after mCherry coding sequence. (I) Western blot
analysis for the frameshifting proteins induced by OAZ7 sequence. NV, transfection without vector. (J) Western blot analysis the frameshifting induced
by (UUU)5 codon in HEK293T cells. In this figure, FS stands for ribosomal frameshifting, EV for empty vector, error bars for standard deviation of three
biological replicates. (¥*) P < 0.05, (**) P < 0.01 (Student's t-test for 2 data sets and one-way ANOVA for >2 data sets).
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Figure 2. Codon repeat-induced ribosomal frameshifting may widely occur in humans. (A) Frameshifting ratio determined by the P2A dual luciferase
system from different types of codon repeat (5-time repeats) in HEK293T cells. Error bars, standard deviation of 3 biological repeats. (B) Detection of
ribosomal frameshifting of (UGG)5 in the SPIDR gene. Diagram (top) shown the structure of the construct, with the dark green box indicating the
position of (UGG)5 repeats. Middle and bottom panel showing the western blot result and luciferase activity assay. Three biological replicates were
analyzed for each experiment. Error bars, standard deviation. (**) P < 0.01 (Student’s t-test). (C) Diagram illustrating the definition of CRFS locus,
trans-frame peptide and out-of-frame peptide in the trans-frame protein. Red and black asterisk mean the position of first stop codon in the +1 and 0
frame, respectively. (D) Pie chart showing the distribution of peptides detected in human tissue proteomes. Trans-frame or out-of-frame were defined in
(C). Annotated protein means peptide sequences match unexpressed annotated proteins. Small peptide means sequences match the smProt database.
Splice site means trans-frame peptides positioned at splicing junctions. (E) Venn diagram showing the number of CRFS loci supported by trans-frame,
out-of-frame peptides or both. (F) Venn diagram showing the number of CRFS loci supported by trans-frame peptides detected in proteomic data of each
biological repeats. (G) Diagram showing the number of CRFS loci supported by unique trans-frame and/or out-of-frame peptides from proteomic data of
32 human tissues. (H) Unique trans-frame peptides detected in two biological repeats and represented in > 16 human tissues. Red sequences are
encoded by +1 frame, blue by —1 frame, and black by 0 frame.
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Cell lysates were collected and centrifuged for 10 min at 4°C
at 20 000 x g. Supernatant was transferred to a new tube for
further use or storage at —80°C.

Western blotting

Protein concentration was measured by Bradford assay
(Pierce, 23246) and proteins were separated by 10% SDS
PAGE in running buffer (3 g/l Tris, 14.4 g/l Glycine, and 1
g/1 SDS), and then electro-transferred to a polyvinylidene flu-
oride (PVDF) membrane in transfer buffer (384 mM glycine,
50 mM Tris, 20% methanol). The PVDF membrane was im-
mersed in 100% methanol for 1 min, air dried for 15 min,
then incubated with 1 x PBS including 0.5% nonfat milk,
0.3% Tween-20 and corresponding antibodies for 2 h at room
temperature or overnight at 4°C. After washing three times
with PBS-Tween-20 (10 min each), the PVDF membrane was
incubated with an HRP-linked secondary antibody. The pro-
tein bands were detected using ECL detection reagent (32106,
Pierce) with a Tanon 4600SF Chemiluminescent Imaging sys-
tem. Protein levels were quantified using Image ] software.
Three biological replicates were analyzed for each experiment.

Antibody information

Antibodies specific for H3K9ac (ab10812), Remnilla lu-
ciferase (ab187338), and mCherry (ab183628) were pur-
chased from Abcam. Anti-GAPDH (SC-32233) and anti-
HDACT (sc-81598) were purchased from Santa Cruz. Anti-
HA (SLAB0202) were purchased from Smart-Lifesciences.
Anti-firefly luciferase (A18259), anti-Flag (AE024), HRP goat
anti-rabbit (AS014) and HRP goat anti-mouse (AS003) were
purchased from ABclonal. Anti-Flag M2 beads (M8823) were
purchased from Sigma.

Apoptosis induction

Transfected HEK293T cells were changed with new medium
containing DMSO (as control), 5 uM thapsigargin (TG), or
1 pg/ml tunicamycin (TM). For ChIP-qPCR and RT-qPCR
assays, the cells were seeded in a 15-cm dish and treated for
4 h. For frameshifting ratio calculation, the cells were seeded
in 12-well plates and treated for 8 h. For the apoptosis cell
detection, the cells were seeded in 12-well plates and treated
for 24 h. Three biological replicates were analyzed for each
experiment.

Apoptosis cell detection

The annexin V/propidium iodide (PI) double staining assay
were performed according to the manufacture’s protocol (Pro-
teintech, PFO0005). Briefly, cells induced by DMSO or TG
were digested with trypsin and washed with PBS twice. Then,
cells were resuspended in 100 pl 1 x binding buffer. 5 ul an-
nexin V and 5 pl PI were add into each tube and incubated at
room temperature for 15 min in the dark. Next, 400 ul PBS
was added to each tube and the stained cells were analyzed on
a flow cytometer (FACS Aria SORP, BD). Annexin V was ex-
cited using a 488 nm laser and detected by the FITC channel.
PI was detected using the PE-A channel. Data were analyzed
using FlowJo 7.6.1. Cells with both Annexin V and Annexin
V- PI positive were counted as apoptotic cells. Groups treated
by DMSO were used for normalization. Relative apoptosis
level was calculated by normalizing the apoptotic cell num-
ber from TG treatment with that from DMSO treatment. The
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relative apoptosis rate of cells transfected with EV were set
as 0. Positive value of relative apoptosis rate indicates pro-
mote cell apoptosis compare to EV, negative value indicates
suppress cell apoptosis to EV. Three biological replicates were
analyzed for each experiment.

Chromatin immunoprecipitation assay (ChlP)

2 x 107 cells were cross-linked with 1% formaldehyde
(Sigma-Aldrich, F8775) for 10 min at room temperature with
gentle shaking. Glycine was then added to a final concentra-
tion of 0.125 M to stop the reaction. The cells were then
washed with cold PBS twice, harvested in PBS, and centrifuged
at 1300 rpm for 5 min at 4°C. The pellet was resuspended with
1 ml cold ChIP lysis buffer (20 mM Tris-HCI [pH 7.5], 50 mM
NacCl, 0.1% SDS, 0.5% Triton X-100, 1 mM EDTA, 1 ug/ml
pepstain A, 1 pg/ml leupeptin, 1 mM PMSE, 1 pg/ml Apro-
tinin, 1 mM DTT) for 20 min on ice, and then sonicated for
40 min in a Covaris M220 with the following settings: 10%
duty factor, 75 W peak incident power, 200 cycles per burst.
DNA fragments of 200-500 bp were produced. The sonicated
sample was centrifuged at 20 000 x g for 10 min at 4°C and
400 ml supernatant (200 pl as Input) was transferred to a
new tube and diluted to a final concentration of 0.1% SDS
with ChIP lysis buffer. The chromatin immunoprecipitation
(IP) was carried out with an antibody against H3K9ac at 4°C
for 1 h followed by incubating with 30 ul Dynabead M-280
sheep anti-rabbit IgG (Invitrogen, 11203D) at 4°C overnight.
The beads were washed twice with 1 ml cold Mixed Micelle
Buffer (20 mM Tris—-HCI [pH 8], 150 mM NaCl, 1% Triton
X-100, 0.2% SDS, 5 mM EDTA, 65% sucrose), 1 ml cold
Buffer 500 (25 mM HEPES, 500 mM NaCl, 1% Triton X-
100, 0.1% Na deoxycholate, 10 mM Tris=HCI [pH 7.8], 1
mM EDTA), 1 ml cold LiCl/detergent wash (10 mM Tris-HCI
[pH 8], 250 mM LiCl, 0.5% Na deoxycholate, 0.5% NP-40,
1 mM EDTA), and 1 ml cold TE buffer, respectively. Then,
IP samples were eluted twice with 100 ul TE buffer set to a
final concentration of 1% SDS at 65°C for 10 min at 1200
rpm. 200 pl IP sample was incubated at 65°C overnight for
reverse cross-link. The IP sample was treated with RNase A
at 37°C for 2 h, then 5 ul Proteinase K (Takara, #9034) was
added into the IP sample for another 3 h at 55°C. DNA (IP
DNA or input DNA) was precipitated with isopropyl alcohol
and resuspended in 30 ul TE buffer. ChIP-seq libraries were
produced using the VAHTS Universal DNA library prep kit
for MGI (VAHTS, NDM607) according to the manufacture’s
protocol. Libraries were sequenced using the MGI seq2000
platform.

RNA isolation and quantitative PCR

For RT-qPCR analysis, apoptosis induced cells (in a 6-well
plate) were collected in 600 pl TRIzol reagent, and transferred
to a 1.5 ml tube. 200 ul chloroform was then added to each
tube. All tubes were vortexed for 10 s, and incubated at room
temperature for 15 min and then centrifuged at 15000 x g for
15 min at 4°C. The upper aqueous phase was removed (about
300 pl) and precipitated with 500 pl isopropyl alcohol at
room temperature for 15 min. Samples were then centrifuged
20 000 x g for 15 min at 4°C. Pellets (RNA) were washed
twice with 1 ml 80% cold ethanol, and air-dried at room tem-
perature for 5 min. RNA pellets were resuspended in 200 ul
of nuclease-free water. 500 ng RNA template were used for
genome DNA wiping and cDNA synthesis using HiScript® 11
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Reverse Transcriptase (R223-01, Vazyme). Each cDNA sam-
ple was diluted 1:10 in H,O and 2 ul of each diluted sample
were used for each PCR. PCR (10 ul each) was performed
in 384-well thermocycler plate using QuantStudio5 (Applied
Biosystems). All PCR assays were performed in triplicate and
were repeated using total RNA extracted from three indepen-
dent samples. The primers used for RT-qPCR are listed in
Supplementary Table S1.

For RT-PCR analysis in Supplementary Figures S2C, D and
S4B, total RNA was isolated from corresponding transfected
HEK293T cells. 500 ng RNA template was used for genome
DNA wiping and ¢cDNA synthesis using HiScript® II Re-
verse Transcriptase (R223-01, Vazyme). Nested PCR was per-
formed, and primers used for PCR are listed in Supplementary
Table S1. All PCR assays were performed in triplicate and
were repeated using total RNA extracted from three indepen-
dent samples.

For mRNA-seq, mRNA was isolated from 10 pg total RNA
using NEBNext® Poly(A) mRNA Magnetic Isolation Mod-
ule (E7490S) and dissolved in 30 pl nuclease-free water. 8 ul
mRNA was pooled for library preparation using the VAHTS
Universal V8 RNA-seq Library Prep Kit for MGI (VAHTS,
NDM6035) according to the manufacture’s protocol. Libraries
were sequenced using the MGI seq2000 platform.

For ChIP-qPCR analysis, HEK293T cells were seeded at
70% confluency prior to calcium phosphate-based transfec-
tion (described previously) in 15-cm plates. Cells were treated
with DMSO or TG (described previously) at 24 h post trans-
fection for 4 h. Next, chromatin was immunoprecipitated as
described above. The immunoprecipitated DNA was dissolved
in 30 ul H,O, the input DNA was dissolved in 100 ul H,O.
0.5 ul IP DNA was used for each PCR well. Input DNA was
diluted 25-fold, and 1 ul was used for each PCR well. Three
biological replicates were analyzed for each experiment.

Co-immunoprecipitation

Protein extracts (0.5 mg each sample) from transfected
HEK293T cells (1 x 10°) were diluted with 2 volumes cold
TBS buffer (50 mM Tris-HCI, 150 mM NaCl, pH7.4). Anti-
Flag M2 beads (20 pl each) were washed 3 times using TBS
buffer before being added to the protein sample. All samples
were gently rolled at 4°C for 4 h. The beads were then twice
washed with cold TBS buffer. 30 ul TBS buffer and SDS PAGE
loading buffer (50 mM Tris—-HCI [pH6.8], 1 mM DTT, 20 g/I
SDS, 0.1 g/l bromophenol blue, 50% glycerol) was added to
beads and boiled for 10 min at 100°C. Samples were loaded
and ran on a 10% SDS PAGE gel for 15 min at 100 V. All
protein bands were cut out for mass spectrometry analysis.
Mass spectrometry of the HDAC1 frameshifted peptide was
performed without boiling and gel separation after IP.

Statistical analysis

Data from at least three biological replicates were used in the
statistical analysis. The SPSS software was employed to com-
pute the 95% (P < 0.05) or 99% (P < 0.01) confidence in-
tervals of individual datasets and determine the statistically
significant differences. Throughout the study, the comparison
of 2 data sets was carried out with Student’s ¢-tests, whereas
the comparison of multiple data sets (>2) were carried out
with one-way ANOVA.
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Proteomic analyses
Genome-wide frameshifting peptide screening

Data description: The data contains the proteomes of 32 nor-
mal tissues from 14 normal individual humans (GTEx project
with tandem mass tag (TMT) 10 plex/MS3 mass spectrome-
try strategy. Data resource: PXD016999). Specifically, the data
contains two biological repeats. For each repeat, 28 MS runs
were carried out to assess the proteomes of 32 organ samples,
each of which contains organ samples from 8 individuals and
mixture of the 8 samples (mega reference).

Reference making: We assume that CRFS events can only
be detected from genes whose products can be identified by
canonical translation. In the first-round searching, all anno-
tated proteins (Uniport UP000005640) were set as reference
for searching the expressed protein in different tissues. In the
second-round searching, the reference contains all identified
proteins of a given tissue (from first-round searching), as well
as its corresponding +1 or —1 frameshifted protein, which
are putatively frameshifted at all codon repeats (repeat num-
ber > 3) of the expressed genes (Supplementary Table S2). The
detected proteins from first-round searching was added as the
background.

Searching method: All protein/trans-frame peptide identi-
fication were performed using MaxQuant (version 1.6.5.0)
with settings (peptide false discovery rate (FDR) < 1%
and minimum peptide length > 7) as previously described
(28), except that different proteome references were used
(Supplementary Table S2). Raw files from 12 fractions of each
sample were combined into a single searching. The search-
ing criteria includes cysteine carbamidomethylation as a fixed
modification. Peptide N-terminal and lysine TMT 10 plex
modification, protein N-terminal acetylation and methion-
ine oxidation were set as variable modifications. Up to two
missed cleavages were allowed for trypsin digestion. Iden-
tified trans-frame or out-of-frame peptides were subject to
whole annotate proteome (including unidentified proteins by
first-round searching) to guarantee the sequence uniqueness.
For a given biological repeat, which contains 28 MS runs
with each run consisting of 8 samples and 2 mega refer-
ences, if a trans-frame or out-of-frame peptide were detected
in a given sample, it would be counted as 1 frameshifting
event.

Frameshifting events were excluded in the following four
conditions: (i) The detected frameshifting peptide is the same
as the annotated protein (Uniport UP000005640). (ii) The
intensity of trams-frame or out-of-frame peptides in tissue
is lower than the average intensity of the two mega ref-
erences. (iii) The trans-frame or out-of-frame peptides ex-
isted in the small peptide libraries (SmProt_MSdata, Sm-
Prot2_human_Ribo, and SmProt2_KnownDatabase). (iv) the
frameshifting site (or codon repeat) of trans-frame peptide is
on putative alternative splicing sites.

HDACT1 frameshifting peptide screening

Raw mass spectrometry files have been deposited to the
ProteomeXchange Consortium, repository with the dataset
identifier PXD043734. The reference proteomic databases
contain HDAC1 in-frame proteins and #rans-frame pro-
tein that is produced by +1FS at every codon of HDACI1
(Supplementary Table S3). Search analyses used MaxQuant
(v2.2.0.0) (62) with built-in default parameters.
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ChIP-seq data analysis

The raw reads (FASTQ) were mapped to the Homo Sapiens
(GCRh38/hg38) genome using Bowtie2 (v2.3.5.1). Mapped
reads were normalized by RPGC provided by command bam-
Coverage from deepTools (v3.5.1).

RNA-seq data analysis

The raw reads (FASTQ) were subjected to trim galore (version
0.6.7) and Bowtie2 (v2.3.5.1) for removing adaptors and ri-
bosomal RNAs, respectively. The rest reads were mapped to
Homo sapiens (GCRh38/hg38) reference genome using STAR
(v2.7.9a). Read count extraction and normalization were per-
formed using featureCounts (v2.0.1) to obtain gene expres-
sion levels.

Results

UUU codon repeats alone could trigger ribosomal
frameshifting

To strictly evaluate ribosomal frameshifting events, we de-
vised a dual luciferase reporter system with a self-cleaving
peptide sequence P2A located in between the Renilla Ilu-
ciferase (RLuc) and the firefly luciferase (FLuc) gene (abbre-
viated as P2A system). Immediately in front of the test se-
quence we added 2 stop codons in the +1 and —1 frame, re-
spectively, to cancel possible non-canonical translation occur-
ring before the test sequence (Figure 1A). For each test se-
quence, to strictly normalize the luciferase signals so as to
achieve accurate ribosomal frameshifting (FS) ratios, the con-
trol vector also harbors the same test sequence, except that
the FLuc is placed in O frame (Supplementary Figure S2A). In
HEK293T cells, the background FS ratios of this P2A system
are 0.08% and 0.12% in the +1 and —1 frame, respectively
(Supplementary Figure S2B). We next evaluated this system in
HEK293T cells with the —1PRF site in HIV (40,63). As ex-
pected, robust —1FS ratio (9.64%) could be observed in the
wild-type HIV sequence insertion, whereas either mutating
the slippery site (SSm: UUUUUUA to CUUCUUA) or delet-
ing the slippery site (55d) abolished the —1FS (0.20% and
0.18%) (Figure 1B). For the human OAZ1 +1PRF site inser-
tion (48,64), robust RLuc signals could be observed in both
the control (OF, i.e. FLuc is in 0 frame) or the test construct
(+1F, i.e. FLuc is in +1 frame) (Figure 1C, left). As expected,
robust FLuc signal could only be detected from the test con-
struct but not the control, since the +1PRF site harbors a 0-
frame stop codon (UGA), which terminate the 0-frame trans-
lation before the FLuc (Figure 1C, right). Together, these data
suggest that our P2A system is reliable to evaluate ribosomal
frameshifting.

Given that pathological codon repeat expansion can cause
random ribosomal frameshifting (59,60), we asked if short
codon repeats, which are widely localized in human genome
(Supplementary Figure S1), could also induce ribosomal
frameshifting. We first tested the effect of UUU codon repeats
in HEK293T cells, which have characteristics of a slippery
site but lack of the downstream stimulator sequence. Surpris-
ingly, (UUU)3 insertion showed modest but significant +1FS
and —1FS (0.85% and 1.47%, P < 0.05) compared with the
empty insertion, and the FS rate increased dramatically along
with the increased number of UUU repeats (Figure 1D). Con-
sistently, the frameshift product, FLuc, could also be robustly
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detected by western analyses in (UUU)4 and (UUU)3 insertion
(Figure 1D).

To eliminate the possibility that the frameshifting signal was
induced by uncanonical internal initiation or cryptic splicing
events after UUU sequence insertion, a 0-frame stop codon
(premature termination) was added in front of (UUU)4 or
(UUU)3 insertion. We observed a substantial decrease of FS
ratios in both insertions, indicating that there was no signifi-
cant aberrant translational initiation in our P2A system (Fig-
ure 1E). Meanwhile, inserting a stop codon in the +1 frame
or —1 frame after the insertions in the corresponding +1 or
—1 frame also lead to substantial decrease of FS ratios, sug-
gesting that detected FLuc signals should not be derived from
cryptic splicing as previously described (54) (Figure 1E). Con-
sistently, RT-PCR results with nested primers did not mani-
fest cryptic splicing events in (UUU)4 and (UUU)S constructs
(Supplementary Figure S2C, D). Together, these data suggest
that UUU codon repeats, as short as 3, might intrinsically trig-
ger ribosomal frameshifting.

UUU repeats-induced ribosomal frameshifting
could be recapitulated by different assays

As an important method to study ribosomal frameshifting,
the fused dual luciferase reporter system has recently been
questioned due to potential disturbances from cryptic splic-
ing and/or altered luciferase activity (54,55). To rule out
the possibility that fusion of inserted polyphenylalanine with
FLuc might affect the luciferase activity and thus distort
the frameshifting rate, we introduced UUU repeats into the
dual StopGo (SG) reporter system as recently documented
(55) (Figure 1F), which guarantee that both reporter proteins
(RLuc and FLuc) are independent of the test sequence at the
post-translational stage. As expected, the dual SG reporter sys-
tem also showed robust ribosomal frameshifting as our P2A
system (Figure 1G).

To rule out the possibility that the frameshifting is an arti-
fact caused by the flanking luciferase gene sequences, we cre-
ated another reporter system where the test sequence is in-
serted in between mCherry and EGFP, all of which are in 0
frame (Figure 1H). Since it is hard to evaluate the frameshift-
ing ratio with the fluorescence intensity of GFP and mCherry,
we turned to western analyses with mCherry antibody. For the
control construct containing the +1PRF site of OAZ1 as the
test sequence, canonical in a 30kD protein. If the +1PRF oc-
curs, ribosomes will bypass the 0-frame stop codon, entering
+1 frame (ORF2) and stop at the first +1-frame stop codon at
the upstream EGFP, resulting in a 35 kDa protein (Figure 1H).
Indeed, both the 30 kDa and 35 kDa bands were observed,
with estimated frameshifting rate at ~30% by normalizing the
signals of 35 kDa (+1PRF) to 30 kDa bands (normal transla-
tion) (Figure 1I and Supplementary Figure S2E). Consistently,
we did not detect the putative 45 kDa band that presumably
derived from —1FS (Figure 11), indicating that this assay could
also accurately evaluate ribosomal frameshifting.

Using this assay, we tested the (UUU)S insertion and ob-
served 3 bands with expected sizes (Figure 1]). The 53 kDa
band representing normal translation products (black arrow),
as well as the 30 kDa (red arrow) and the 40 kDa (blue arrow)
band representing +1FS and —1FS products, respectively (Fig-
ure 1H, J). Furthermore, to evaluate the FS ratios obtained
from different reporter systems, we performed western anal-
ysis to evaluate the +1FS or —1FS ratios produced by the
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(UUU)S insertion in the P2A system. After normalizing the
level of RLuc and FLuc from the control (Fluc in 0 frame),
the +1FS and —1FS ratio are 8.86% and 23%, respectively
(Supplementary Figure S2F, G). Importantly, for both the +1FS
and —1FS induced by the (UUU)S insertion, all three differ-
ent systems yield high FS ratios (Supplementary Figure S2G).
Together, these data indicated that UUU codon repeats alone
could trigger ribosomal frameshifting.

Short codon repeats might be slippery sites for
ribosomal frameshifting in vivo

Compared with (UUU)S repeats, the synonymous (UUC)S re-
peats that feature no canonical slippery sequence also trigger
significant +1FS (2.43%) and —1FS (2.91%) in the P2A sys-
tem, respectively (Supplementary Figure S2]). We thus asked if
other codon repeats might also trigger ribosomal frameshift-
ing. Given that (UUU)S manifests robust FS ratios in three
different assays (Supplementary Figure S2G) and 5x codon
repeats are common in the human genome (1402 sites in 707
genes) (Supplementary Figure S1), we preliminarily evaluated
the frameshifting effects of all 61 codon types (excluding stop
codons) by setting 5x repeat (GGG and CCC are 4x due
to the limitation of primer syntheses) with our P2A dual lu-
ciferase assay. To our surprise, 46 types of codon repeats could
significantly result in +1FS and/or —1FS (Supplementary
Figure S2H, I and Supplementary Table S4). Among them,
13 types could induce robust +1 and/or —1 CRFS (>1%)
(Figure 2A).

We next asked whether endogenous genes harboring codon
repeats could also result in ribosomal frameshifting. Inspired
by a recent finding that tryptophan starvation could induce ri-
bosomal frameshifting in cancer cells at UGG codons (57), we
choose the SPIDR gene, which harbors (UGG)S repeats imme-
diately before the stop codon (NM_001282919.1). If (UGG)S
could induce —1FS, translation will continue to stop at the —1
stop codon (stop codon located in —1 frame) which is 110 nt
from the (UGG)S repeats. To mimic the endogenous condi-
tion, a 149 nt fragment, consisting of (UGG)S3 repeats as well
as 24 nt upstream and 110 nt downstream sequence (to the
nearest —1 stop codon), were inserted into the P2A luciferase
reporter (Figure 2B, upper panel). As expected, we could ob-
serve the FLuc band by western analyses, suggesting that —1FS
occurs. In contrast, deleting the (UGG)3 repeats from the 149
nt test sequence nearly abolished the FLuc signal (Figure 2B,
lower panel). Analyses of the frameshifting ratios based on lu-
ciferase activities revealed a ~2.5-fold higher (P < 0.01) level
of FLuc in the wild-type (WT) SPIDR sequence, compared
with that of the A(UGG)5 mutant sequence (Figure 2B). To-
gether, these data suggest that codon repeats might serve as
a mark to induce ribosomal frameshifting, hereafter termed
codon repeat-induced ribosomal frameshifting or CRFS.

Codon repeats are commonly spread in the annotated hu-
man genome (GCRh38/hg38, Supplementary Figure S1). To
quickly survey which genes might harbor CRFS, we assumed
that translating ribosomes will shift at codon repeats, enter
+1 and/or —1 frame and continue the translation until hit-
ting the first stop codon in that frame, a region termed +1
or —1CREFS locus (Figure 2C). Consequently, this process will
produce a chimeric protein, termed trans-frame protein, with
a C-terminal sequence encoded by the +1 or —1 frame se-
quence. In proteomic analyses, trans-frame proteins were sub-
ject to trypsin digestion, resulting in two types of protein
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fragments bearing the information of ribosomal frameshift-
ing. The trans-frame peptides are protein fragments with
the N-terminus encoded by the 0 frame and C-terminus by
the +1/—1 frame, whereas out-of-frame peptides are fully
encoded by +1/—1 frame (Figure 2C). If these trans-frame
proteins are relatively stable and abundant, the trans-frame
and/or out-of-frame peptides should be detected from pro-
teome data.

We first used the entire human proteome (UniPort
UP000005640) to scan the public available tissue proteome
data containing 32 normal human tissues collected from 14
individuals (65), which identified 12 690 annotated proteins
when combining results of both biological repeats. We next
created a frans-frame protein database based on the 26 749
codon repeats (>3x) in the 12 690 proteins by assuming
that frameshifting occurs at all positions of codon repeats,
which resulted in a database containing 163 067 putative
trans-frame proteins (Supplementary Table S2). We integrated
this database with the expressed human proteome (12690 an-
notated proteins), then rescanned the proteome data. Collec-
tively, 1890 #rans-frame or out-of-frame peptides were ob-
tained from the proteome of 32 human tissues, which in
total belong to 706 unique frameshifted peptide sequences
(Supplementary Table S5). To strictly evaluate these peptides,
we carefully analyzed the sequences and excluded those se-
quences matching unexpressed annotated proteins (3%) or
microproteins (smProt) (66) (17%). We also excluded those
trans-frame peptide sequences matching the splicing junction
sites (2%) (Figure 2D). Finally, we obtained 405 unique trans-
frame peptides and 192 unique out-of-frame peptides.

These peptide sequences revealed 454 putative CRFS loci,
of which 313 loci are directly supported by 405 trans-frame
peptide sequences (Figure 2E). Twenty CREFES loci are sup-
ported by both trans-frame peptides and out-of-frame pep-
tides (Figure 2E). Moreover, 91 CRFS loci could be supported
by both biological repeats of proteome data, and CRFS-
derived trans-frame peptides could be detected in all 32 tissues
(Figure 2F, G and Supplementary Figure S3). Within them, 13
CREFS sites are supported by trans-frame peptides from more
than half of the tissues (Figure 2H). Together, these data sug-
gest that codon repeats, at least in some genes, might act as a
cis-acting element that stimulates ribosomal frameshifting to
produce stable trans-frame proteins.

Ribosomal frameshifting occurs in the upstream of
HDAC1 mRNA

Within 13 identified CRFS candidates (Figure 2H), we noticed
the +1CRFS in HDACI, since its parental gene encodes the
HDACT1, which is the first identified mammalian HDAC highly
homologous to the yeast transcriptional regulator Rpd3 (67).
In the past decades, the functional role of HDAC1 has been
well-established in development and human diseases includ-
ing cancers (68). Given that the putative trans-frame protein
(termed HDAC1-FS, 29 a.a.) identified by mass spectrome-
try in HDACT is too small to detect by western analysis, we
first designed a construct by fusing mCherry with full-length
HDACIT (1449 bp) and transfected HEK293T cells (Figure
3A). Western blot results reveal a major 82 kD band rep-
resenting mCherry-HDAC1, as well as a small 30kD band
whose size agrees with the putative +1CRFS product as identi-
fied in HDAC1 by mass spectrometry (26.73 kDa N-terminal
mCherry +3.34 kDa HDACI1-FS) (Figure 3B). The AU43 of
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Figure 3. Ribosomal frameshifting efficiently occurs at the (UAC)3 repeat of HDACT. (A) Cartoon showing constructs for mCherry-HDAC1 (mC-HDAC1)
fusion protein. 4-88 nt mean 33 nt plus (UAC)3 repeat and 43 nt downstream of the (UAC)3 repeat. (*), in-frame stop codon. (B) Western blot detecting
putative trans-frame proteins. The full length and trans-frame protein were marked by black and red arrows, respectively. (C) Frameshifting ratio of
HDACT gene was detected by luciferase activity. INS, inserted HDACT fragment. 5" ter and 3’ ter, premature stop at 5" or 3’ of HDACT fragment, details
in Figure S4A. (D) Diagrams of the truncated HDAC1 fusion constructs. BGH (Bovine growth hormone), transcription termination sequence. +1 and 0
stop codon mean the end of +1CRFS locus and end of protein, respectively. (E) Western blot detecting the HDAC1-FS trans-frame protein with
constructs showed in this Figure (A and D) and Figure S4C. Protein produced by normal translation or +1 frameshifting were marked by black and red
arrow, respectively. (F) Schematic diagram of dual fluorescent protein system with HDAC1 insert sequence and two stop codons in the +1 and —1
frame. (G) Flow cytometry analysis of HEK293T cells stably transformed with construct shown in (F). FITC-A and PE-Texas Red-A represent the
fluorescence intensity of GFP and mCherry, respectively. (H) Diagram showing the construct for IP-MS and the experimental flow. (I) Table showing
detected peptides related to CRFS. Relative positions shown in (H). (J) Diagram showing the frameshifting events at N-terminal 50 codons of HDAC1
from proteomic analyses. Pink and blue triangles represent +1 and —1 frameshifting positions, with number indicating the frequency of detected
trans-frame peptides in all 32 tissues. The putative HDAC1-FS sequence resulted from +1CRFS, with representative mass spectrogram of trans-frame
peptides is shown in bottom. (K) Heatmap showing the numbers of detected HDAC1 trans-frame peptides in proteomes of each 32 human tissues.
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the HDAC1 plasmid was used as a positive control (Figure
3A, B). These data suggest that +1CRFS in HDAC1 mRNA
might occur in the overexpression system.

To verify the existence of +1CRFS in HDAC1, we cloned
the 4-88 nt HDACT sequence consisting of a 33 nt upstream
sequence (excluding the start codon) and 52 nt +1CREFS lo-
cus (from (UAC)3 repeats to the nearest stop codon in the
+1 frame) (Figure 3A). We inserted this sequence into the
P2A dual luciferase system and transfected this construct into
HEK293T cells, which revealed a 16.9% frameshifting ratio
based on luciferase activity (Figure 3C). Consistently, adding
a premature stop codon before the insert sequence (5’ ter) or
adding a +1 stop codon at the 3’ end of the CRFS locus (3’ ter)
resulted in a sharp decrease of frameshifting ratios (Figure 3C
and Supplementary Figure S4A). Meanwhile, no noticeable
signals were detected other than the target band in RT-PCR
results (Supplementary Figure S4B). These data suggest that
the most detected FLuc signals should be derived from +1FS
rather than aberrant translation initiation or cryptic splicing.

To further confirm this frameshifting event, we introduced
a different system by using the CMV promoter to drive the
expression of truncated HDACT fused with mCherry at the
N-terminus. Here, the full-length fusion protein is 40.22 kDa,
whereas +1 CRFS, if it occurs, will result in a 29.92 kDa
protein (Figure 3D and Supplementary Figure S4C). As ex-
pected, we observed two bands in the western blots, with
a frameshifting ratio estimated to be ~30% (Figure 3E and
Supplementary Figure S4D). Moreover, similar results could
also be achieved from the same construct except using a weak
human thymidine kinase (TK) promoter (Supplementary
Figure S4E, F) (69). To rule out the possibility that such a ri-
bosomal frameshifting might be an artifact from transient ex-
pression, the HDACIT fragment (4-88nt, exclude start codon,
Figure 3A) was inserted downstream of the P2A sequence
in a HEK293T cell line that stably expresses a dual fluores-
cent reporter (EGFP in O frame and an mCherry (no start
codon) in the +1 frame, Figure 3F). In this system, two stop
codons individually at the +1 and —1 frame were inserted be-
fore the HDACI sequence to guarantee that the downstream
mCherry reporter is only produced by +1FS (Figure 3F). By
using fluorescence-activated cell sorting (FACS), our results
showed that most of cells (97.5%, 82.6% and 69.9%, re-
spectively) from three independently transformed cell lines
have positive mCherry signals compared with the empty vec-
tor control (Figure 3G and Supplementary Figure S4G). To-
gether, these data suggest that ribosomal frameshifting could
efficiently occur within the inserted sequence of HDACT.

(UAC)3 repeats are the dominant site for +1
ribosomal frameshifting in HDAC1

To pinpoint the cis-acting elements that stimulate ribosomal
frameshifting in vivo, we designed another construct by intro-
ducing two stop codons individually in the +1 and —1 frame
immediately after the start codon of HDACI, and placed a
Flag tag in the +1 frame after the HDAC1 (Figure 3H). There-
fore, the Flag tag can only be expressed upon the occurrence
of +1FS. After transfecting this construct into HEK293T cells,
we performed immunoprecipitation with Flag antibodies and
analyzed pulldown proteins with mass spectrometry (IP-MS)
(Figure 3H). We identified three peptides resulting from +1FS
with strong intensity, including one trans-frame peptide at
(UAC)3 repeats (Figure 3I).
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Limited by the depth of our mass spectrometry data, to fur-
ther confirm if (UAC)3 codon repeats are the major site for
+1FS, we specifically analyzed the first 50 codons of HDAC1
by building a database containing all putative #rans-frame
peptides resulting from +1FS and —1FS at every codon. We
integrated this database with the entire expressed human pro-
teome as described above and scanned the published proteome
data containing normal human tissues (65). Indeed, 65% (97
out of 150) detected +1 trans-frame peptides are within or
adjacent to (UAC)3 repeats in 25 out of 32 human tissues
(Figure 3],K). Consistently, deleting or mutating (UAC)3 re-
peats resulted in a significant drop of frameshifting ratios
(Supplementary Figure S4H). Together, these results suggest
that the (UAC)3 repeat should be a major site for +1FS in the
HDACT mRNA.

HDAC1-FS protein might stably exist in the nucleus
and cytoplasm

To further determine the existence of +1CRFS in HDACI
and understand the subcellular localization of the HDACI1-
FS trans-frame protein, we created a construct by fusing Flag
tag and the N-terminus of HDAC1 (1-88nt) in the O frame
with an AUG-free mCherry in the +1 frame (HDAC1-S-mC),
thus allow the trans-frame protein to be visible upon the oc-
currence of +1CRFS (Figure 4A). To eliminate the possibility
that the mCherry might be produced by alternative translation
initiation from the +1 frame in front of the HDACI, we in-
serted two +1 frame UAA stop codons in front of the HDAC1
fragment. As a control, we tagged the full-length HDAC1 with
EGFP (HDAC1-EGEP) (Figure 4A).

We transfected these constructs into Hela cells and ob-
served mCherry signals in both nuclei and cytoplasm (Fig-
ure 4B). To better understand the subcellular localization, we
co-transfected the HDAC1-EGFP plasmid with the HDAC1-S-
mC plasmid. As expected, HDAC1-EGFP was shown to local-
ize in the nucleus as previously described, due to the nuclear
localization signal (NLS) sequence (Figure 4A) (70). However,
for both constructs, no significant change of HDAC1-FS local-
ization was observed (Figure 4B). In line with these observa-
tions, HDAC1-FS harbors no NLS sequence but could pas-
sively diffuse through the nuclear pore due to its small size
(3.34 kDa) (71,72).

The strong HDAC1-FS-mCherry signals indicate that
HDACT1-FS might be relatively stable in cells (Figure 4B). To
further interrogate the stability of HDAC1-FS, we replaced
the mCherry with a Hemagglutinin (HA) tag (9 a.a.) and
transfected into HEK293T cells. As expected, with the treat-
ment of cycloheximide (CHX), a protein synthesis inhibitor
in eukaryotes, the decay rate of HDAC1-FS-HA is similar
to that of a well-known reference protein, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Supplementary Figure
S41, J). Together, these data suggest that the trans-frame pro-
tein HDAC1-FS could stably exist in both the nucleus and
cytoplasm.

HDAC1-FS might act as an HDAC1 inhibitor

Given that a proportion of HDAC1-FS #rans-frame proteins
exist in the nucleus, to understand if HDACI1-FS protein
might interact with HDACT in the nucleus, we overexpressed
Flag-HDAC1-FS (AU43) in HEK293T cells and performed
IP-MS assay with Flag antibodies, which identified 39
unique proteins (Supplementary Table S6). Among them, we
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Figure 4. HDACI1-FS affects histone acetylation, cell migration and apoptosis. (A) Schematic diagrams of mCherry or EGFP constructs used to detect
the protein localization. (B) Confocal microscopy showing subcellular localization of the HDAC1-FS and HDAC1 protein in Hela cells with constructs
shown in (A). (C) Metagene analyses of H3K9ac ChlP-seq with ectopic expression of 3x Flag-tagged HDAC1-FS, HDAC1 or empty vector (EV). (D)
Wound closure assay showing the migration of A549 cells with ectopic expression of Flag-HDAC1-FS (left) and siRNA against HDACT (right). EV, empty
vector. Error bars, standard deviation of three biological repeats. (**) P < 0.01 (one-way ANOVA). (E) Transwell assay showing the migration of A549
cells with ectopic expression of Flag-HDAC1-FS (left) and with siRNA against HDACT (right). EV, empty vector. Error bars, standard deviation of 3
biological repeats. (**) P < 0.01 (Student's t-test for 2 data sets and one-way ANOVA for >2 data sets). (F) Bar plot showing the changes of ribosomal
frameshifting (FS) with thapsigargin (TG) or DMSO treatment of in HEK293T cells. The frameshifting ratios determined by P2A luciferase system. Error
bars, standard deviation of 3 biological repeats. (**) P < 0.01(Student'’s t-test). (G) Apoptosis level measured by Annexin V-FITC/PI assay in thapsigargin
(TG) treatment HEK293T cells. Three biological replicates were analyzed for each experiment in HEK293T cells. Error bars represent standard deviation.
(**) P < 0.01(Student’s t-test). (H) Schematic diagram showing the experimental design for evaluating the effect of HDAC1-FS in cell apoptosis. (I)
Representative western blot result detects HDAC1 protein after transformed with different constructs in wild-type (WT) HEK293T or HDACT KO
HEK293T cells. EV, empty vector. NV, no transfection. (J) Flow cytometry analyses to TG-induced apoptosis in HEK293T cells transformed HDAC1 (wt)
and HDAC1(sm). Results are normalized with empty vector (EV). Error bars, standard deviation of three biological repeats. (**) P < 0.01 (Student’s t-test).
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noticed multiple HDAC-interacting proteins, especially
HDACT-interacting proteins (Supplementary Figure S5A, B),
suggesting that HDAC1-FS might play a role in regulating
deacetylation. However, the HDAC activity assay showed
no noticeable difference between the mock (Flag) and syn-
thesized HDAC1-FS peptides (Supplementary Figure S6A,
B). We therefore hypothesized that HDAC1-FS might have
more specific functions to regulate HDACs. Given that the
HDACT1 has strong deacetylase activity against histone 3
lysine 9 acetylation (H3K%ac) (73), we ectopically expressed
HDACI1-FS proteins in HEK293T cells and performed mRNA
sequencing (RNA-seq) and chromatin immunoprecipitation
sequencing (ChIP-seq) against H3K9ac. As expected, we
observed a global increase of H3K9ac level (Figure 4C and
Supplementary Figure S6C-E), as well as the increase of
corresponding mRNA levels (Supplementary Figure S6F).
These data suggest that at the molecular level, HDAC1-FS
might act as an inhibitor against the histone deacetylation of
HDACI.

We next asked whether the inhibitory function of HDAC1-
FS against HDAC1 could be observed at physiological level.
The profound effect of HDAC1 on the regulation of gene
transcription and many processes related to cell growth and
apoptosis has been well-established in various cancers (74—
77). Specifically, knockdown of HDAC1 could inhibit inva-
sion and induces apoptosis in lung cancer cells (78). We se-
lected A549 cells, an epithelial cell line derived from human
lung cancer, and performed wound healing and transwell as-
says, two common approaches to investigate the cell migra-
tion in vitro. Specifically, the wound healing assay mimics cell
migration during wound healing at 2D level (79), whereas
the transwell assay mimics the process of cancer invasion
by utilizing the chemotaxis of cells through a porous mem-
brane (80). In line with previous results (78), knockdown of
HDAC1 with siRNAs significantly inhibited cell migration
in both assays (Supplementary Figure S7A, B and D). Sur-
prisingly, cells overexpressing Flag-HDAC1-FS also resulted
in significant suppressions of the cell migration, compared
with the control (overexpressing Flag) (Figure 4D, E, and
Supplementary Figure S7). In addition, similar inhibitory ef-
fect on cell migration could also be observed by using a
weak TK promoter to drive the expression of Flag-HDAC1-FS
(Supplementary Figure S8), further supporting the inhibitory
role of HDAC-FS against HDACT1 in the cell migration.

We next interrogated the role of HDACI-FS in the cell
death. Gene ontology analyses also show that HDAC1-
FS overexpression in HEK293T cells resulted in increased
H3K9ac levels on apoptotic genes (Supplementary Figure
S9A). We thus evaluated the frameshifting rate of the +1CRFS
under a lethal concentration of thapsigargin (TG) treat-
ment, known to trigger endoplasmic reticulum (ER) stress-
induced apoptosis (81). As expected, both western analyses
and the dual luciferase assay result manifested a significant
increase of frameshifting under TG treatment (Figure 4F and
Supplementary Figure S9B, C), indicating that HDAC1-FS
level is increased under the stress conditions. In line with these
results, compared with the control (EV), upon overexpressing
HDACI1-FS we observed strong increases of apoptosis level in
HEK293T cells (Figure 4G), as well as increased H3K9ac and
mRNA levels in apoptotic genes (Supplementary Figure S9D,
E). Together, these gain-of-function (overexpression) exper-
iments suggest that HDAC1-FS likely acts as an inhibitor
against the HDACT.
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To further confirms the function of HDAC1-FS in ER stress-
induced apoptosis, we performed a loss-of-function experi-
ment. We created a construct by introducing a synonymous
mutation V19V (GUU to GUA) in the CRFS locus to generate
a stop codon at the +1 frame. As such, the +1CRFS of HDAC1
here can only produce a truncated HDAC1-FS (18 a.a.), com-
pared with full-length HDAC1-FS (29 a.a.) (Figure 4H). To
best mimic the endogenous situation, we first knocked out
the HDACI gene (HDAC1 KO) in HEK293T cell line by the
CRISPR-Cas9 system. Then we selected the CMV promoter to
drive the expression level of wild-type HDACT, as well as that
of a synonymous mutant HDAC1 (HDAC1sm), so as to keep
the HDACT levels similar to that of wild type HEK293T cells
(Figure 4H, I). We next tested the apoptosis level with flow
cytometry. As expected, under TG treatment, compared with
EV, we observed a 3-fold increase of apoptotic cells by ectopic
expression of wild-type HDACT. In contrast, compared with
EV, we observed a 1.19-fold decrease of apoptotic cells upon
ectopic expression of the mutant HDAC1sm (Figure 4]). To-
gether, these data imply that HDAC1-FS may serve as a natural
repressor to inhibit the function of HDACI.

Discussion

Programmed ribosomal frameshifting has been well docu-
mented in viruses and bacteria, which produces trans-frame
proteins essential for various biological processes (9). How-
ever, intriguingly in humans, except for retrotransposon-
derived genes (45,82), only one case with strong evidence
has been documented, i.e. +1PRF in OAZ1, which produces
functional OAZ1 to down-regulate polyamine levels (47). Ex-
cept for classic PRE efficient ribosomal frameshifting could
also occur within pathologically expanded codon repeats,
which instead generate aberrant proteins (59-61). In this
study, we unexpectedly found that normal codon repeats
(>3), widely existing in the human genome (Supplementary
Figure S1), could trigger ribosomal frameshifting. We named
this process as CRFS: codon repeats induced ribosomal
frameshifting. Through multiple strictly controlled assays and
using proteome data from normal human tissues, we un-
covered many putative CRFS loci where codon repeats may
serve as the frameshifting sites to produce trans-frame pro-
teins. It implies that CRFS might represent a novel type of
translational recoding and that it widely exists in human
genes.

The dual luciferase assay has long stood as the cornerstone
to quantify the efficiency of ribosomal frameshifting. How-
ever, recent studies with a modified structure (SG system, Fig-
ure 1F) generated controversial results (54,55). To investigate
CRFS, we introduced dual luciferase reporters (the P2A and
SG system) and dual fluorescent protein reporters (mC-E) to
evaluate the frameshifting efficiency (Figure 1). Although 3
different assays manifest robust ribosomal frameshifting rates,
the results are not equivalent (Supplementary Figure S2G). For
example, for (UUU)S, the +1FS rate shown by the SG sys-
tem is not only higher than the P2A system, but also ~2-
fold higher than quantifications of western blots. This dis-
crepancy is likely derived from the background signals (no
insertion), as the SG system appears to have a higher back-
ground than the P2A system in this case (Figure 1D, G,
and Supplementary Figure S2B). In addition, different 2A se-
quences have different ‘cleavage’ activities (83), which might
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also contribute to the variation of frameshifting rates. In sum,
these data suggest that for a given case, multiple methods
should be applied to confirm the ribosomal frameshifting.

Different from viral-like —1PRF in humans (52), most of
the identified codon repeats feature no canonical slippery se-
quence (Supplementary Table S5). In the —1CREFS locus of
SPIDR, deleting the (UGG)S codon repeat robustly reduces
frameshifting efficiency (Figure 2B). Moreover, our IP-MS re-
sult also revealed that ribosomal frameshifting occurs at the
(UAC)3 repeat in HDACI (Figure 3H, I). These data indicate
that codon repeats might mark a new type of the cis-acting el-
ement that stimulates ribosomal frameshifting in human cells.
Indeed, recent studies in yeasts revealed that certain codon
combinations and poly(A) tracts could inhibit protein output
by triggering ribosome stalling (84,85). Given that ribosome
stalling is usually a prerequisite for ribosomal frameshifting
(18,86), codon repeats might intrinsically cause stalling and
hence induce frameshifting. However, since deletion or mu-
tation of codon repeats does not totally abolish ribosomal
frameshifting (Figure 2B and Supplementary Figure S4H), the
mechanism of how CRFS is triggered warrants further inves-
tigation.

In this study, a large number of trans-frame peptides were
identified from proteomes of normal human tissues, imply-
ing that at least some trans-frame proteins might be sta-
ble in tissues. In the case of HDACI, #rans-frame protein
HDACT1-FS was identified in many tissues (Figure 3K). Con-
sidering that HDAC1-FS sequence is conserved in mammals
(Supplementary Figure SOF), we further investigated the func-
tion of HDAC1-FS, which might serve as a natural repressor
to inhibit the deacetylation function of HDAC1 at H3K9%ac,
thus suppressing cell migration and promoting apoptosis of
lung cancer cells (Figure 4 and Supplementary Figures S6-S9).
Given that many trans-frame proteins were identified from
normal human tissues by mass spectrometry, it indicates that
CRFS might play a role in many biological processes via pro-
ducing trans-frame proteins with regulatory function.

Recently advances in sequencing technologies revealed that
eukaryotic mRNAs could also be polycistronic, with one
mRNA harboring multiple ORFs (87-91). Along with the
main ORF, small open reading frames (smORFs) could be lo-
cated upstream, downstream, and/or overlap with the anno-
tated main ORFs. These alternative products were shown to
positively or negatively regulate the activity of other proteins
(92). Our results suggest that CRFS and its products might
function as a new layer of translation regulation. Indeed, re-
cent studies showed that synonymous mutations are non-
neutral and associated with various human disease (93,94).
Since the C-terminus of trans-frame protein is encoded by the
+1 or —1 frame, synonymous mutation may result in silencing
or nonsense mutation of frans-frame protein, and thus have
profound effects during human development and diseases.

Data availability

All sequencing data generated in this study were deposited
in NCBI GEO as accession number of GSE220678. Pub-
lished proteomic data are available from ProteomeXchange
Consortium PXD016999. Mass spectrometry data gener-
ated in this study have been deposited at ProteomeX-
change Consortium (PXD043734). All customized codes and
pipelines for bioinformatic analyses are available in GitHub
(https://github.com/lu-1023). Data is also available in Zen-
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odo: ChIP-seq (doi.org/10.5281/zenodo.10467767); RNA-
seq (doi.org/10.5281/zenodo.10467769); and Mass spec-
trometry (doi.org/10.5281/zenodo.10464160).

Supplementary data
Supplementary Data are available at NAR Online.
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