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RNA polymerase III (pol III) products play fundamental
roles in a variety of cellular processes, including protein syn-
thesis and cancer cell proliferation. In addition, dysregulation
of pol III-directed transcription closely correlates with
tumorigenesis. It is therefore of interest to identify novel
pathways or factors governing pol III-directed transcription.
Here, we show that transcription factor (TF) GATA binding
protein 4 (GATA4) expression in SaOS2 cells was stimulated by
the silencing of filamin A (FLNA), a repressor of pol III-
directed transcription, suggesting that GATA4 is potentially
associated with the regulation of pol III-directed transcription.
Indeed, we show that GATA4 expression positively correlates
with pol III-mediated transcription and tumor cell prolifera-
tion. Mechanistically, we found that GATA4 depletion inhibits
the occupancies of the pol III transcription machinery factors
at the loci of pol III target genes by reducing expression of both
TFIIIB subunit TFIIB-related factor 1 and TFIIIC subunit
general transcription factor 3C subunit 2 (GTF3C2). GATA4
has been shown to activate specificity factor 1 (Sp1) gene
transcription by binding to the Sp1 gene promoter, and Sp1 has
been confirmed to activate pol III gene transcription by directly
binding to both Brf1 and Gtf3c2 gene promoters. Thus, the
findings from this study suggest that GATA4 links FLNA and
Sp1 signaling to form an FLNA/GATA4/Sp1 axis to modulate
pol III-directed transcription and transformed cell prolifera-
tion. Taken together, these results provide novel insights into
the regulatory mechanism of pol III-directed transcription.

Human RNA polymerase III (pol III) is responsible for the
synthesis of relatively small noncoding RNAs, including tRNA,
5S rRNA, U6 snRNA, seven SL RNA, and other noncoding
RNAs. These RNA molecules play crucial roles in molecular
and cellular processes, including ribosomal assembly, protein
synthesis, RNA processing, and protein transportation (1–3).
Dysregulation of pol III products is associated with a range of
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human disorders, such as leukodystrophy, autoimmune rheu-
matic disease, neurodegeneration, and cancers (4–9). Abnor-
mally high expression of pol III products was often observed in
various cancer cell types (10–12). It is well established that
high levels of pol III products in cancer are ascribed to the
release of tumor repressors, activation of oncogenic factors,
and increased expression of pol III transcription factors (10).
Recent studies have confirmed that the dysregulation of TFIIB-
related factor 1 (BRF1) or pol III gene transcription is linked to
liver cancer development. BRF1 has been observed to be
overexpressed in both hepatocellular carcinoma and endo-
plasmic reticulum–positive breast cancer (13, 14).

Pol III transcription was tightly controlled by nutrient, stress
signal pathways, and chromatin modification (15, 16). Dereg-
ulation of tRNAs, a major category of pol III products, can
cause genome instability, cell heterogeneity, and cancer drug
resistance (17). It has been shown that tRNA-derived frag-
ments can inhibit breast cancer development by controlling
mRNA-binding protein YBX1 (18). Conversely, the inhibition
of pol III products represses tumor cell growth (19, 20). A
recent study has shown that a cancer-related RNA polymerase
III subunit C7 alpha isoform can bind to the pol III clamp,
which potentially interferes with the inhibition of pol III-
directed transcription caused by tumor suppressor MRG15-
associated factor 1. This finding explains why RNA polymerase
III subunit C7 alpha overexpression can promote tumor
transformation (21). Despite numerous studies on the role of
pol III-directed transcription in cancer development, the
pathways and regulatory mechanisms underlying this event
remains to be elucidated.

GATA4 is a member of the GATA family that can bind the
DNA element A/TGATAA/G (22) and plays pivotal roles in
cardiac development, adult heart hypertrophy, and heart
fibrosis (23–26). GATA4 controls cardiac development by
regulating the cardiac-specific factor fibroblast growth factor
16 (26, 27). In addition to its roles in heart development and
diseases, GATA4 acts as an important regulator in the devel-
opment of the respiratory system, reproductive system, and
gastrointestinal system (25, 28–31). GATA4 activity can be
regulated by post-translational modifications such as
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GATA4 and pol III-directed transcription
phosphorylation and lysine modification as well as by the
expression level of itself (32–34). GATA4 interacts with nu-
clear factor of activated T cells, HAND2, Nkx2.5, myocyte
enhancer factor 2, friend of GATA-2, P300, and other factors
to regulate a range of cellular processes (25, 35).

GATA4 regulates cell survival as an antiapoptosis factor.
Downregulation of GATA4 causes cardiomyocyte apoptosis
and heart failure and is also associated with ovarian cell
apoptosis (36, 37). GATA4 has been confirmed to promote
hepatocyte epithelial differentiation (38) and intestine epithe-
lial cell proliferation (31). It has been shown that GATA4 is
involved in cancer development. For instance, GATA4 en-
hances hepatoblastoma cell proliferation by controlling dick-
kopf -related protein 3 and miR125b expression (39), and
abnormally high expression of GATA4 has been observed in
most hepatoblastomas. However, GATA4 has a weak expres-
sion in normal hepatocytes, but it is required for HuH6 cell
migration (40). It has been reported that GATA4 can inhibit
cell proliferation, migration, and invasion for colorectal can-
cers and breast cancers (41, 42). Recently, GATA4 upregula-
tion has been confirmed to cause lung cancer cell senescence
(43). The conflicting observations described previously suggest
that the role of GATA4 in cancer activity remains elusive.

FLNA is a cytoskeletal protein that binds over 90 diversely
functional proteins and regulates numerous cellular processes,
including 3-dimensional cytoskeleton maintenance, cell
signaling, transcription, cancer development, and others (44,
45). FLNA can play dual roles in cancer cell proliferation and
migration (45). It has been shown that FLNA inhibits tumor
cell proliferation by repressing transcription directed by RNA
polymerase I (46). In our previous study, we have confirmed
that FLNA downregulation can stimulate the expression of pol
III target genes in transformed cell lines (47). A further study
has shown that specificity factor 1 (Sp1) activates this process
by directly controlling BRF1 and GTFC2 expression (48).
However, how FLNA regulates pol III-directed transcription is
not fully understood. Using the mRNA-Seq technique and
SaOS2 cell lines, we here found that expression of GATA4 and
Sp1 was stimulated by FLNA silencing in SaOS2. GATA4 has
been found to interact with Sp1, and the interaction between
them regulates several cellular processes (49, 50), suggesting
that GATA4 is maybe involved in the regulation of pol III
transcription. In this study, we investigated the role of GATA4
in pol III-directed transcription and tumor cell proliferation
and dissected the mechanism by which GATA4 regulates these
processes.
Results

RNA-Seq identified a large number of differential expression
genes in FLNA-depleted SaOS2 cells

It has been shown that FLNA depletion can enhance SaOS2
cell proliferation and transcription for most of pol III target
genes (46, 47). However, how FLNA modulates this process
remains to be elucidated. To dissect the mechanism by which
FLNA modulates pol III-mediated transcription, we generated
human osteosarcoma (SaOS2) cell lines stably expressing
2 J. Biol. Chem. (2022) 298(3) 101581
FLNA shRNA or control shRNA using lentiviral particles.
Figure 1A shows that FLNA protein expression was inhibited
by the transduction of FLNA shRNA expressing lentiviral
particles when compared with control samples. The total RNA
was extracted from these two cell lines and used for genome-
wide mRNA-Seq. Pair-end clean data (submission ID:
SUB9541028; https://www.ncbi.nlm.nih.gov/Traces/study/?
acc=PRJNA726417) were used to estimate the expression
level of genes or gene isoforms using a HTSeq platform
(version 0.6.1, EMBL). Hierarchical cluster analysis was per-
formed using the reads per kilobase of transcript per million
mapped read values obtained from the mRNA-Seq. Data
showed that the gene expression profiles remained high con-
sistency within control shRNA groups or FLNA shRNA
groups. FLNA knockdown in SaOS2 cells caused a significant
change in the mRNA expression profile compared with the
control cell line, and many clusters of genes showed expression
upregulation and downregulation (Figs. 1B and S1A). Analysis
of differential expression genes (DEGs) was performed using
the DESeq Bioconductor package as described previously (51)
in which the expression fold changes less than two between
controls and treatments were neglected. We found that FLNA
depletion elicited expression upregulation of 5130 genes and
expression downregulation of 4986 genes (Figs. S1A and 1C).
Among these genes, FLNA mRNA showed a significant
reduction in the cell line expressing FLNA shRNA when
compared with the control cell line (Fig. 1D). FLNA has been
found to interact with over 90 functional proteins (44, 45).
Thus, it is possible that FLNA depletion can affect expression
of a large number of genes. Many of them, perhaps, are indi-
rectly regulated by the FLNA-binding proteins. Based on the
data of DEGs, Kyoto Encyclopedia of Genes and Genomes
pathway analysis was performed. Data showed that many of
FLNA functions identified in previous studies (52) have been
found in the top 30 pathways, including cytoskeletal regula-
tion, signal transduction, pathways in cancer, neuronal func-
tion, and others (Fig. S1B), suggesting that FLNA is a very
important factor and can play diverse roles in SaOS2 cells.
GATA4 expression was stimulated by FLNA depletion in
transformed cell lines

As mentioned previously, FLNA silencing can activate the
expression of pol III target genes in transformed cell lines (47),
and how FLNA regulates this process is not fully understood.
Thus, we examined whether any of the DEGs is directly related
to pol III-directed transcription by analyzing the DEGs ob-
tained from the mRNA-Seq. Unexpectedly, the expression of
the pol III transcription–related genes either was not signifi-
cantly changed or slightly reduced after FLNA silencing when
expression of these genes was independently analyzed based
on the total mRNA-Seq data (Fig. S2, A and B). These data
suggest that FLNA does not regulate pol III-dependent tran-
scription by directly affecting RNA expression of pol III sub-
units and pol III general transcription factors. Perhaps, FLNA
regulates this process by affecting expression of pol III
transcription–related factors at the protein level. Alternatively,
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Figure 1. Effect of FLNA knockdown on the expression of genome-wide mRNA in SaOS2 cells. A, immunoblotting analysis for FLNA expression in
SaOS2 cell samples used for mRNA-Seq. B, a heatmap showing the hierarchical cluster analysis for gene expression profile in the SaOS2 cells stably
expressing control shRNA or FLNA shRNA. The color intensity from blue to red reflects the level of expression change from downregulation to upregulation.
Each column in the heatmap represents the result of mRNA-Seq analysis from an independent sample. C, a volcano plot showing the numbers of upre-
gulated (red spots) and downregulated (blue spots) differential expression genes (DEGs). The upregulated DEGs contain GATA4 and Sp1 genes, which are
indicated in the plot. D, the expression analysis of FLNA mRNA using the RPKMs obtained from the mRNA-Seq. E, the expression analysis of GATA4 mRNA
using the RPKMs obtained from the mRNA-Seq. ***p ≤ 0.001. FLNA, filamin A; RPKM, reads per kilobase of transcript per million mapped reads.

GATA4 and pol III-directed transcription
FLNA modulates pol III-mediated transcription by affecting
the access of pol III transcription–related factors to the loci of
pol III target genes or by an indirect pathway. Surprisingly, we
found that GATA4 mRNA expression in SaOS2 cells was
significantly enhanced by FLNA depletion, and it reached over
450-fold (Fig. 1, C and E). To validate this finding, we exam-
ined GATA4 expression at both mRNA and protein levels
using the SaOS2 cell lines stably expressing FLNA shRNA or
control shRNA. Figure 2, A–C shows that FLNA knockdown
significantly stimulated expression of GATA4 mRNA and
protein in SaOS2 cells. However, GATA4 expression in the
SaOS2 control cell line showed quite weak (Fig. 3C). To
determine whether this molecular event can be observed in
other cell types, we generated 293T and HeLa cell lines stably
expressing FLNA shRNA or control shRNA using a lentiviral
infection system. Western blot confirmed that these cell lines
were achieved by the lentiviral system (Fig. 2, D and G). Next,
GATA4 mRNA and protein levels in these cell lines were
detected by RT–quantitative PCR (qPCR) and Western blot,
respectively. As expected, FLNA knockdown enhanced
GATA4 mRNA and protein expression in both 293T and
HeLa cells (Fig. 2, E, F, H, and I). Taken together, these data
confirm that GATA4 expression can be activated by FLNA
downregulation in SaOS2, 293T, and HeLa cells.
J. Biol. Chem. (2022) 298(3) 101581 3



Figure 2. FLNA knockdown enhanced GATA4 expression. A, FLNA expression was analyzed by Western blot using the SaOS2 cell line expressing FLNA
shRNA and its control cell line as well as the antibody against FLNA. B and C, FLNA knockdown increased GATA4 expression in SaOS2 cells. The SaOS2 cell
line stably expressing FLNA shRNA and its control cell line were used for the analysis of GATA4 expression by RT–qPCR (B) and Western blot (C). D, FLNA
expression was detected by Western blot using the 293T cell lines expressing FLNA shRNA or control shRNA. E and F, FLNA downregulation enhanced
GATA4 expression in 293T cells. The 293T cell lines stably expressing FLNA shRNA or control shRNA were generated and used to monitor GATA4 expression
by RT–qPCR (E) and Western blot (F). G, FLNA expression was detected by Western blot using the HeLa cell lines expressing FLNA shRNA or control shRNA.
H and I, FLNA depletion by shRNA augmented GATA4 expression in HeLa cells. The HeLa cell lines stably expressing FLNA shRNA or control shRNA were
generated and used for the analysis of GATA4 expression by RT–qPCR (H) and Western blot (I). Each column in B, E, and H represents the mean ± SD of three
independent experiments. **p ≤ 0.01. p Values were obtained by one-way ANOVA. FLNA, filamin A; GATA4, GATA-binding protein 4; qPCR, quantitative PCR.

GATA4 and pol III-directed transcription
GATA4 positively modulates transcription for most of pol III
target genes tested in the assays

We have shown that FLNA knockdown activated both
GATA4 protein expression (Figs. 1E and 2) and pol
III-directed transcription (47). Besides, Sp1 has been
confirmed to activate pol III-mediated transcription by binding
to the promoters of BRF1 and GTF3C2 genes (48). Sp1 has
been reported to interact with GATA4 to regulate several
cellular processes (49, 50, 53). According to these findings, we
supposed that GATA4 might be involved in the regulation of
pol III-directed gene transcription. To confirm this supposi-
tion, we analyzed the effect of GATA4 expression change on
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pol III-directed transcription using the 293T cells transfected
with GATA4 siRNA. As illustrated in Figure 3, A and B,
GATA4 expression was inhibited by GATA4 siRNA trans-
fection. RT–qPCR data confirmed that GATA4 down-
regulation significantly inhibited the expression of pol III
target genes, including 5S rRNA, 7SL RNA, U6 RNA, and
tRNA-Met genes (Fig. 3C). A consistent result was obtained
when GATA4 siRNAs were transfected into HeLa cells (Fig. 3,
D–F), indicating that GATA4 is required for pol III-directed
gene transcription. To verify this observation further, we
generated 293T, HeLa, and HT29 cell lines that stably express
GATA4 shRNA or control shRNA using a lentiviral system.



Figure 3. GATA4 knockdown inhibited pol III–directed gene transcription. A–C, GATA4 knockdown reduced pol III-directed transcription in 293T cells.
293T cells were cultured in 12-well plates and transfected with GATA4 siRNA or control siRNA. At 48 h post-transfection, GATA4 expression was detected by
RT–qPCR (A) and Western blot (B). Pol III products were analyzed by RT–qPCR (C). D–F, GATA4 downregulation decreased the transcription directed by pol III
in HeLa cells. HeLa cells were transfected as done for 293T cells. GATA4 expression was detected by RT–qPCR (D) and Western blot (E). Pol III products were
monitored by RT–qPCR (F). G–I, GATA4 shRNA stable expression inhibited pol III-directed transcription in 293T cells. The 293T cell lines stably expressing
GATA4 shRNA or control shRNA were generated using the lentiviral transduction system. GATA4 expression was detected by RT–qPCR (G) and Western blot
(H). Pol III products were analyzed by RT–qPCR. Each column in A, C, D, F, G, and I represents the mean ± SD of three independent experiments. *p ≤ 0.05; **p
≤ 0.01. p Values were obtained by one-way ANOVA. GATA4, GATA-binding protein 4; pol III, RNA polymerase III; qPCR, quantitative PCR.

GATA4 and pol III-directed transcription
Both RT–qPCR and Western blot confirmed that the cell lines
stably expressing GATA4 shRNA had been established (Figs. 3,
G and H and S3, A, B, D, and E). Analysis of gene expression
revealed that GATA4 knockdown repressed the expression of
pol III target genes tested in the assays although differential
expression of the genes tested was observed in different cell
types (Figs. 3I and S3, C and F). These data suggest that
GATA4 may play a positive role in pol III-directed
transcription.

To substantiate the positive role of GATA4 in the pol III-
directed transcription, we generated 293T, HeLa, and
HT29 cell lines that stably express hemagglutinin (HA)-
GATA4 using a lentiviral infection system. Western blot data
confirmed that the cell lines expressing HA-GATA4 were
successfully achieved (Fig. 4, A, C, and E). In specific cell types,
GATA4 functions by interacting with its protein partners,
including dHAND, myocyte enhancer factor 2, Nkx2.5,
GATA6, p300, and serum response factor (SRF) (25, 35).
Whether HA-tagged GATA4 affects the protein-binding ac-
tivity of itself was unclear. To solve this problem, we per-
formed immunoprecipitation assays using anti-GATA4 and
anti-HA antibodies and 293T cell lysate. GATA4 and HA-
GATA4 binding activity with p300 and SRF proteins was
analyzed. The result showed that HA-GATA4 had comparable
protein-binding activity to GATA4 (Fig. S4, A and B), sug-
gesting that HA-tagged GATA4 has similar functions to
J. Biol. Chem. (2022) 298(3) 101581 5



Figure 4. GATA4 overexpression activated pol III-directed gene transcription. A and B, GATA4 overexpression increased pol III-directed transcription in
293T cells. The 293T cell line stably expressing HA-GATA4 and its control cell line were generated using the lentiviral transduction system. HA-GATA4
expression and pol III products in these cell lines were monitored by Western blot (A) and RT–qPCR (B), respectively. C and D, GATA4 overexpression
enhanced pol III-directed transcription in HeLa cells. The HeLa cell line expressing HA-GATA4 and its control cell line were generated as done for 293T cell
lines. HA-GATA4 expression (C) and pol III products (D) were analyzed as for (A) and (B). E and F, GATA4 overexpression activated pol III-directed transcription
in HT29 cells. The HT29 cell line expressing HA-GATA4 and its control cell line were generated as described for 293T cells. HA-GATA4 expression (E) and pol
III products (F) were examined as done for (A) and (B). G and H, RT–qPCR results showing the effect of GATA4 overexpression on the expression of tRNA
genes. RT–qPCR was performed using the total RNA obtained from 293T (G) or HeLa (H) cell lines expressing GATA4 shRNA or control shRNA. I–K, GATA4
overexpression enhanced pol III-dependent transcription and proliferation activity in a normal cell line HUCEC. The normal cell line expressing HA-GATA4
was generated, and HA-GATA4 expression was examined by Western blot (I). Pol III products (J) and cell proliferation (K) were analyzed by RT–qPCR and
CCK-8, respectively. Each column in B, D, F–H, J, and K represents the mean ± SD of three independent experiments. *p ≤ 0.05; **p ≤ 0.01. p Values were
obtained by one-way ANOVA. CCK-8, Cell Counting Kit-8; GATA4, GATA-binding protein 4; HA, hemagglutinin; HUCEC, human umbilical cord epithelial cell;
pol III, RNA polymerase III; qPCR, quantitative PCR.

GATA4 and pol III-directed transcription
endogenous GATA4. Next, pol III products were analyzed by
RT–qPCR. RT–qPCR data showed that GATA4 over-
expression in 293T, HeLa, and HT29 cell lines increased the
6 J. Biol. Chem. (2022) 298(3) 101581
expression of most pol III target genes tested the assays except
that tRNA-Met expression in HeLa cells was not changed
significantly (Fig. 4, B, D, and F). tRNAs are a major group of



GATA4 and pol III-directed transcription
pol III products, we next analyzed the effect of GATA4
expression alteration on tRNA gene expression, where seven
tRNA genes were randomly selected for the assay. As shown in
Fig. S3, G and H, GATA4 knockdown reduced the expression
of most tRNA genes tested in the experiments. In contrast,
GATA4 overexpression enhanced the expression of most
tRNA genes tested. However, the tRNA genes that had little
response to GATA4 expression change showed a discrepancy
between 293T and HeLa cells (Fig. 4, G and H), suggesting that
GATA4 regulates tRNA gene expression in a gene type–
specific manner.

GATA4 has been confirmed to promote cell proliferation
for hepatocellular carcinoma (39). Thus, it is necessary to
determine the effect of GATA4 expression change on pol III-
directed transcription in liver cancer cells. HepG2 cell lines
expressing GATA4 shRNA or HA-GATA4 were generated
(Fig. S5, A, B, and D) and used to monitor expression of pol III
target genes. Results showed that GATA4 expression posi-
tively correlates with the expression of pol III target genes
tested in the assays (Fig. S5, C and E). This result is consistent
with those obtained with 293T, HeLa, and HT29 cells.

So far, we have demonstrated the effect of GATA4 over-
expression on pol III-mediated transcription in tumor cell
lines, whether this result can be extended in normal cell lines is
unclear. A cervical normal cell line (human cervical epithelial
cell [HUCEC]) was infected with the HA-GATA4-expressing
lentiviral particles. Western blot confirmed that the cell line
had been achieved. RT–qPCR data revealed that over-
expression of GATA4 in normal cell line (HUCEC) activated
transcription of pol III target genes (Fig. 4, I and J). A
consistent result was obtained in the assays using a liver
normal cell line (HL-7702) (Fig. S3, I and J). Taken together,
we confirm that GATA4 acts as a positive factor to regulate
pol III-directed gene transcription in transformed and normal
cell lines.
GATA4 may promote cell proliferation by enhancing
expression of pol III products

Pol III products are involved in the regulation of RNA
processing, protein synthesis, and protein transportation. Pol
III transcription levels closely correlate with cell growth. To
determine whether alteration of pol III transcription caused by
GATA4 expression change affects cell proliferation, we per-
formed cell counting and 3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide (MTT) assays using 293T and
HeLa cell lines that stably express GATA4 shRNA or HA-
GATA4. The data from cell counting and MTT assays
showed that GATA4 downregulation inhibited 293T and HeLa
cell proliferation (Figs. 5, A and B and S6, A and B).
Conversely, GATA4 overexpression enhanced cell prolifera-
tion for these cell lines (Figs. 5, C and D and S6, C and D). For
the normal cell lines such as HUCEC and HL-7702, GATA4
overexpression enhanced cell proliferation (Figs. 4K and S3K).
A consistent result was obtained when HepG2 cell prolifera-
tion was analyzed in the presence or the absence of GATA4
(Fig. S5, F–I). The 5-ethynyl-20-deoxyuridine (EdU) compound
can be incorporated into the DNA during cell cycles, and the
number of EdU-labeled cells reflects the cell proliferation ac-
tivity. Thus, 293T cell lines expressing GATA4 shRNA or HA-
GATA4 and their control cell lines were labeled with the EdU,
and the EdU-incorporated cells were detected by the Beyo-
Click EdU-555 detection kit (Beyotime). As expected, GATA4
knockdown reduced the rate of EdU-positive cells (Fig. 5, E
and F). In contrast, GATA4 overexpression augmented the
rate of EdU-positive cells (Fig. 5, G and H); indicating that
GATA4 can, indeed, promote cell proliferation.

To determine whether to the activation of pol III-directed
transcription caused by GATA4 overexpression contributed
to the increase of cell proliferation, we performed cell prolif-
eration assays in the presence of pol III-specific inhibitor ML-
60218 using a HeLa cell line stably expressing HA-GATA4 and
its control cell line. We show that the presence of ML60218
inhibited cell proliferation and pol III gene transcription in the
HeLa cell line expressing HA-GATA4 when compared with
the same cell line without the involvement of ML60218
(Fig. S6, E and F), suggesting that GATA4 may regulate tumor
cell proliferation by affecting pol III-dependent transcription.
This result is rational because high levels of pol III products
are required for the rapid proliferation of mammalian cells
(1, 3). The inhibitor ML-60218 has been reported to inhibit pol
III-mediated transcription by degrading RNA pol III subunit G
subunit (54). Thus, we next tested the effect of pol III subunit
expression change on the cell proliferation using the same cell
system as done for the assays with inhibitor. We transfected
RNA pol III subunit D siRNA using a HepG2 cell line stably
expressing HA-GATA4 and its control cell line. Cell prolif-
eration and pol III-mediated transcription were analyzed using
the resulting cell lines. The result is consistent with that ob-
tained in the assays with the inhibitor ML-60218 (Fig. 5, I–K).
This result further confirms that the increase of cell prolifer-
ation caused by GATA4 expression closely correlates with the
activation of pol III-mediated transcription.
GATA4 regulates the pol III transcription machinery assembly
at the promoters of pol III target genes by affecting BRF1 and
GTF3C2 gene expression

To understand how GATA4 regulates pol III-directed gene
transcription, we first analyzed the occupancy of the GATA4
at the loci of pol III target genes by performing chromatin
immunoprecipitation (ChIP) assays. The result confirmed that
GATA4 did not bind to the loci of pol III target genes tested in
the assays (Fig. S7). We next examined the occupancies of pol
III transcription machinery factors at the loci of four repre-
sentative genes transcribed by pol III, including 5S rRNA, 7SL
RNA, U6 RNA, and tRNA-Met gene loci or promoters. ChIP
assays were performed using a HeLa cell line expressing
GATA4 shRNA and its control cell line and the antibodies
against TATA box-binding protein (TBP), BRF1, GTF3C2, and
RNA pol III subunit K (POLR3K), respectively. The data from
the CHIP assays showed that GATA4 knockdown significantly
reduced the occupancies of TBP, BRF1, GTF3C2, and POLR3K
at the loci of 5S rRNA, 7SL RNA, and tRNA-Met genes (Fig. 6,
J. Biol. Chem. (2022) 298(3) 101581 7



Figure 5. GATA4 promotes cell proliferation. A and B, GATA4 knockdown inhibited 293T cell proliferation. The 293T cell lines stably expressing GATA4
shRNA or control shRNA were seeded in 12-well plates or 96-well plates. Cell proliferation assays were performed by cell counting (A) and MTT assays (B). C
and D, GATA4 overexpression enhanced 293T cell proliferation. The 293T cell line expressing HA-GATA4 and its control cell line were seeded in 6-well plates
or 96-well plates, and cell proliferation assays were performed with cell counting (C) and MTT assays (D). E and F, the effect of GATA4 depletion on 293T cell
proliferation was analyzed with EdU assays. The EdU assays were performed using the cell lines expressing GATA4 shRNA or control shRNA. The resulting
specimens were observed and imaged under a fluorescence microscope (E), and the numbers of EdU-positive cells and total cells were counted with the
ImageJ software and subjected to statistical analysis (F). G and H, the effect of GATA4 overexpression on 293T cell proliferation was analyzed with EdU
assays. The EdU assays were performed with the cell line expressing HA-GATA4 and its control cell line. The images (G) and the rate of EdU-positive cells (H)

GATA4 and pol III-directed transcription

8 J. Biol. Chem. (2022) 298(3) 101581



GATA4 and pol III-directed transcription
A–D). We show that GATA4 downregulation did not affect
BRF1, GTF3C2, and GTF3C3 binding at the U6 RNA gene
promoter but affected TBP and POLR3K binding to this pro-
moter. These data indicate that GATA4 modulates pol III-
directed transcription by affecting the pol III transcription
machinery assembly at pol III target genes. To understand how
GATA4 regulates the pol III transcription machinery assembly
at these genes, we analyzed the expression of the pol III
transcription factors by Western blot in 293T, HeLa, and
HT29 cell lines in the absence or the presence of GATA4. We
show that GTATA4 knockdown reduced TBP, BRF1, and
GTF3C2 expression at both mRNA and protein levels in 293T,
HeLa, and HT29 cells (Figs. 6, E–G, S8, A–C, and S9, A–C). In
contrast, GATA4 overexpression enhanced expression of these
factors in the same cell types (Fig. S10). A consistent result was
achieved using the HeG2 cell lines that express GATA4
shRNA or HA-GATA4 (Fig. S11). Taken together, these data
indicate that GATA4 can modulate the pol III transcription
machinery assembly at the promoters of pol III target genes by
affecting Brf1 and Gtf3c2 gene expression. Since alteration of
GATA4 expression affected the mRNA expression for Brf1
and Gtf3c2 genes (Figs. S8 and S10, A, D, and G), it suggests
that GATA4 could regulate Brf1 and Gtf3c2 gene expression at
the transcriptional step. We next performed transfection using
the reporter vectors driven by the BRF1P4 or the GTF3C2P
(Fig. S12) and 293T cell lines stably expressing GATA4 shRNA
or HA-GATA4. Luciferase activity was measured, and the
results are presented in Figure 6, H–K. As expected, GATA4
knockdown inhibited the activities of BRF1P4 and GTF3C2P2
(Fig. 6, H and I). Conversely, GATA4 overexpression enhanced
the activities of these promoters (Fig. 6, J and K), indicating
that GATA4 can regulate transcription of Brf1 and Gtf3c2
genes. Collectively, we confirm that GATA4 regulates the as-
sembly of the pol III transcription machinery at the promoters
of pol III target genes by controlling Brf1 and Gtf3c2 gene
transcription.

GATA4 indirectly regulates Brf1 and Gtf3c2 gene expression by
controlling Sp1 gene transcription

Alteration of GATA4 expression affected transcription of
Brf1 and Gtf3c2 genes; however, how this molecular event
occurred was unclear. Promoter sequence analysis showed that
the promoters of Brf1 and Gtf3c2 genes do not contain
GATA4-binding sites. ChIP assays confirmed that GATA4
could not bind to these two promoters (Fig. 6L). These data
suggest that GATA4 might indirectly regulate Brf1 and Gtf3c2
gene transcription. Our recent study has confirmed that Sp1
can directly regulate Brf1 and Gtf3c2 gene expression as well as
pol III-directed transcription by binding to the promoters of
Brf1 and Gtf3c2 genes (48). We show that FLNA down-
regulation enhanced both GATA4 and Sp1 mRNA expression
were obtained as described for the 293T cell line with GATA4 depletion. I–K, P
and cell proliferation. A HepG2 cell line stably expressing HA-GATA4 and its co
examined by Western blot (I). Both cell proliferation (J) and pol III products (K) w
and G represent 200 μm. Each column or point in A–D, F, H, J, and K represent
Values were obtained by one-way ANOVA. EdU, 5-ethynyl-20-deoxyuridine; GAT
2-yl]-2,5 diphenyl tetrazolium bromide; POLR3D, RNA pol III subunit D.
(Figs. 1, C and E, 2, and S13). Based on these findings, we
hypothesized that GATA4 might regulate transcription of
Brf1, Gtf3c2, and pol III target genes by affecting Sp1 expres-
sion. To confirm this hypothesis, we analyzed the effect of
GATA4 expression alteration on Sp1 expression by RT–qPCR
and Western blot. Interestingly, GATA4 downregulation in
293T, HeLa, HT29, and HepG2 cells repressed Sp1 gene
expression (Figs. 7, A–F and S11, E and F). In contrast,
GATA4 upregulation activated Sp1 expression in these cell
types (Figs. S11, G and H and S14); it indicates that GATA4
positively regulates Sp1 gene expression.

Promoter sequence analysis revealed that the Sp1 gene
promoter contains a GATA4-binding site upstream of its
transcription start site (Fig. 7G), suggesting that GATA4 may
bind to the Sp1 gene promoter to regulate Sp1 gene tran-
scription. To confirm this inference, we performed ChIP assays
using the GATA4 antibody and 293T cells. ChIP–qPCR data
showed that GATA4 could occupy the Sp1 gene promoter
(Fig. 7H). Next, the Sp1 gene promoter was cloned into the
reporter vector pGL3-basic; and the resulting vectors were
transfected into the cell lines with GATA4 silencing or over-
expression and their control cell lines. Luciferase assays were
performed using the transfected cells, and the data are pre-
sented in Figure 7, I and J. GATA4 silencing in 293T, HeLa,
and HT29 cells significantly dampened the Sp1 promoter ac-
tivity, whereas GATA4 overexpression in these cell types
activated the Sp1 promoter activity. Further assays showed that
the Sp1 promoter activity was significantly reduced when a
GATA4-binding site within the Sp1 promoter was mutated
(Fig. 7K). These data suggest that GATA4 can regulate Brf1 and
Gtf3c2 gene expression by controlling Sp1 gene transcription.

To determine if the inhibition of pol III-directed tran-
scription caused by GATA4 depletion is mediated by Sp1, we
performed a rescue experiment by generating the HepG2 cell
lines expressing both GATA4 shRNA and mCherry-Sp1 or
GATA4 shRNA only (Fig. 8A). Pol III-directed transcription
and cell proliferation were analyzed using the cell lines
established. As expected, GATA4 knockdown repressed pol
III-directed transcription and Sp1 expression (Figs. 8B and
S11, E and F) compared with the control cell line. However,
mCherry-Sp1 expression in the GATA4-depleted cell line can
reverse the inhibition of pol III-directed transcription (Fig. 8B).
The result from cell proliferation assays was in agreement with
that from transcription analysis (Fig. 8, C and D). These evi-
dences confirm that GATA4 regulates pol III-directed tran-
scription by controlling Sp1 gene expression.

GATA4 is involved in the regulation of pol III-directed
transcription mediated by FLNA

FLNA downregulation can stimulate pol III-directed tran-
scription (47, 48). As demonstrated in Figures 1 and 2, FLNA
OLR3D depletion inhibited the increase of both pol III-directed transcription
ntrol cell line were transfected with POLR3D siRNA. POLR3D expression was
ere analyzed by cell counting and RT–qPCR, respectively. The scale bars in E
s the mean ± SD of three independent experiments. *p ≤ 0.05; **p ≤ 0.01. p
A4, GATA-binding protein 4; HA, hemagglutinin; MTT, 3-[4,5-dimethylthiazol-
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Figure 6. GATA4 regulates the pol III transcription machinery assembly at the promoters of pol III target genes by affecting Brf1 and Gtf3c2 gene
expression. A, ChIP–qPCR results showing the effect of GATA4 knockdown on the occupancy of the pol III transcription machinery at the 5S rRNA promoter.
ChIP assays were performed using the 293T cell lines expressing GATA4 shRNA or control shRNA and the antibodies against the factor as indicated in the
graph. qPCR was performed using 1 μl of the DNA samples (40 μl in total) recovered from the ChIP assay for individual factors. Relative occupancy for each
factor at the promoter was obtained by comparing the relative quantity of 5S rRNA gene promoter from 1 μl of the ChIP DNA sample to that from 0.1 ng
genomic DNA, which is equivalent to 0.01% of input DNA (left panel). Fold change was obtained by comparing the relative quantity of the 5S rRNA gene
promoter from the control shRNA-expressing cells to that from the GATA4 shRNA-expressing cells (right panel). B–D, ChIP–qPCR data showing the effect of
GATA4 knockdown on the occupancies of the pol III transcription machinery at the promoters of U6 RNA (B), 7SL RNA (C), and tRNA-Met (D) genes.

GATA4 and pol III-directed transcription
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knockdown activated GATA4 expression. Whether GATA4 is
involved in the regulation of pol III-directed transcription
mediated by FLNA was unclear. To address this question, we
generated the cell line expressing both FLNA shRNA and
GATA4 shRNA using the FLNA-depleted cell line (Fig. S15A).
Pol III-directed transcription was analyzed by RT–qPCR.
Fig. S15B shows that FLNA depletion activated pol III-directed
transcription. However, GATA4 depletion in the FLNA-
depleted cell line can inhibit the activation of pol III-directed
transcription caused by FLNA depletion. A similar result was
obtained from cell proliferation assays using the cell lines
established (Fig. S15, C and D). These data confirm that
GATA4 participates in the regulation of pol III-directed
transcription mediated by FLNA. Considering that FLNA
depletion augmented GATA4 mRNA expression (Fig. 1E), it
suggests that FLNA could regulate GATA4 expression at the
transcriptional step. To prove this assumption, we performed
luciferase assays by transfecting the GATA4 promoter–driving
reporter vectors into the 293T cell lines stably expressing
FLNA shRNA or control shRNA. Data showed that FLNA
depletion activated the GATA4 promoter activity (Fig. S15E),
indicating that FLNA regulates GATA4 expression at the
transcriptional step.

Taking all data together, we proposed a model by which
GATA4 regulates pol III-directed transcription and cell pro-
liferation. In this model, FLNA silencing stimulates GATA4
gene transcription. GATA4 upregulation subsequently acti-
vates Sp1 gene transcription, which directly enhances tran-
scription of Brf1 and Gtf3c2 genes (48). The increased
expression of BRF1 and GTF3C2 ultimately enhances the re-
cruitments of the pol III transcriptional machinery factors at
the promoters of pol III target genes, which eventually drives
pol III-directed transcription in transformed cell lines (Fig. 8E).
Discussion

Cytoskeletal FLNA plays diverse roles in cellular processes,
including cancer development and transcription (44). Our
previous study has revealed that FLNA can differentially
regulate transcription of pol III target genes (47). However, the
mechanism underlying this event remains to be elucidated. In
this study, we confirm that GATA4 can regulate pol III-
directed transcription in transformed cell lines. GATA4 was
originally found to be a tissue-specific transcription factor that
binds to the promoters of cardiac-expressed genes containing
a GATA element and subsequently controls cardiogenesis
(55–57). We show that GATA4 expression levels positively
ChIP–qPCR was performed using the ChIP samples obtained in A and the prime
from ChIP assays were obtained as described for the 5S rRNA promoter and pre
the expression of TBP, BRF1, and GTF3C2 proteins in 293T, HeLa, and HT29 cells
shRNA were cultured in 6-well plates. At 90% confluence, cells were harvested;
GATA4 knockdown inhibited the activities of BRF1P4 and GTF3C2P2. The pr
expressing GATA4 shRNA or control shRNA cultured in 12-well plates, and lu
(Promega). J and K, GATA4 overexpression enhanced the activities of BRF1P4
the 293T cell lines expressing HA-GATA4 and its control cell line, and luciferase
GATA4 occupancy on the promoters of BRF1P4 and GTF3C2P2. Each column in
experiments. *p ≤ 0.05; **p ≤ 0.01. p Values were obtained by one-way ANOV
assay; GATA4, GATA-binding protein 4; GTF3C2, general transcription factor 3C
qPCR, quantitative PCR.
correlate with pol III-directed transcription activity (Figs. 3, 4
and S5, A–E), suggesting that GATA4 can act as a positive
factor to modulate pol III-directed gene transcription. Thus,
this study identified a novel function of GATA4 in human
cells. We found that alteration of GATA4 expression affected
the expression of different tRNA genes in distinct cell types
(Figs. 4, G and H and S3, G and H), suggesting that GATA4
regulates the expression of tRNA genes in gene-specific and
cell type–specific manners. This result is rational because
alteration of GATA4 expression affected pol III product levels,
which could lead to alteration of ribosomal assembly and
protein synthesis. Alteration of protein synthesis requires the
enrichment of each amino acid type to be changed, which
accordingly elicits variation of expression levels for each type
of tRNA, an amino acid carrier. Our previous work has shown
that alteration of FLNA expression also causes differential
expression for different types of tRNA genes, where 20 types of
tRNA genes have been examined (47). Thus, the result ob-
tained in this study is consistent with that obtained in the
assays with FLNA-depleted cells (47).

GATA4 has been confirmed to be involved in cancer
development, and the roles of GATA4 in this process
depend on cell types (39, 41). In this study, we show
that GATA4 overexpression augmented the proliferation of
293T, HeLa, HT29, and HepG2 cells (Figs. 5, C, D, G, and H
and S5, H and I). Pol III-specific inhibitor can repress the
proliferating enhancement of the HeLa cells with GATA4
overexpression and the activation of pol III-directed tran-
scription when compared with the same cell line in the
absence of the inhibitor (Fig. S6, E and F), indicating GATA4
may promote HeLa cell proliferation by increasing pol III-
directed transcription activity. GATA factors have been
confirmed to coordinate cell proliferation arrest and cell
survival (58, 59). GATA4 has been reported to promote
hepatoblastoma cell proliferation (39). However, GATA4 has
also been confirmed to inhibit cell growth for colorectal
cancers and breast cancers (41, 42). Thus, the result obtained
in this study is consistent with that obtained from hepato-
blastoma cells.

We found that alteration of GATA4 expression affected Brf1
and Gtf3c2 transcription and the pol III transcription ma-
chinery assembly at the promoters of pol III-transcribed genes
(Fig. 6, A–D). Furthermore, the Sp1 gene promoter contains a
GATA4-binding site, and GATA4 can bind to the promoter of
the Sp1 gene to activate Sp1 gene transcription (Fig. 7, G–K).
As demonstrated previously, Sp1 is a direct regulator for
transcription of Brf1 and Gtf3c2 genes and positively regulates
rs used for the detection of their respective promoters as indicated. The data
sented as for A. E–G, Western blot data of the effect of GATA4 knockdown on
. The 293T (or HeLa and HT29) cell lines expressing GATA4 shRNA or control
TBP, BRF1, and GTFC3C2 expression were analyzed by Western blot. H and I,
omoter-driving reporter vectors were transfected into the 293T cell lines
ciferase activity was detected using the Dual-Light Luciferase Detection kit
and GTF3C2P2. The promoter-driving reporter vectors were transfected into
activity was detected as described in H and I. L, ChIP–qPCR data showing the
A–D (left panels) and H–L represents the mean ± SD of three independent

A. BRF1P4, the Brf1 gene promoter 4; ChIP, chromatin immunoprecipitation
subunit 2; GTF3C2P2, the Gtf3c2 gene promoter 2; pol III, RNA polymerase III;
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Figure 7. GATA4 modulates pol III-directed transcription by controlling Sp1 gene transcription. A and B, GATA4 knockdown inhibited Sp1 gene
expression in 293T cells. The 293T cell lines expressing GATA4 shRNA or control shRNA were cultured in 6-well plates. Sp1 expression in these cell lines was
detected by RT–qPCR (A) and Western blot (B). C and D, GATA4 downregulation repressed Sp1 gene expression in HeLa cells. Sp1 expression in the HeLa cell
lines expressing GATA4 shRNA or control shRNA was analyzed by RT–qPCR (C) and Western blot (D). E and F, the effect of GATA4 knockdown on Sp1 gene
expression in HT29 cells. Sp1 expression in the HT29 cell lines expressing GATA4 shRNA or control shRNA was examined by RT–qPCR (E) and Western blot
(F). G, a diagram showing the Sp1 promoter sequences containing a GATA element or a mutated GATA element. The bold red bases represent a GATA
element or its mutant. H, GATA4 binds to the Sp1 gene promoter. ChIP assays were performed using 293T cells and GATA4 antibody. ChIP–qPCR was
performed as described for Figure 6A. Relative occupancy for each factor at the promoter was obtained by calculating the percentage using the Sp1
promoter quantity from 2 ng genomic DNA (0.05% of input) to divide that from 1/40 DNA samples from the Sp1 ChIP assay. I, GATA4 knockdown inhibited
the Sp1 promoter activity in different cell lines. 293T, HeLa, and HT29 cell lines stably expressing GATA4 shRNA or control shRNA were transfected with the
Sp1 promoter–driving reporter vectors, and the luciferase activity was detected using the cell lysate from transient transfection. J, GATA4 overexpression
augmented the Sp1 promoter activity in different cell lines. 293T, HeLa, and HT29 cell lines expressing HA-GATA4 or their control cell lines were transfected
with the Sp1 promoter–driving reporter vectors. Luciferase activity was analyzed as for I. K, mutations of the GATA element repressed the Sp1 promoter
activity. The WT Sp1 promoter and its GATA element mutant were cloned into the reporter vector. The resulting vectors were transfected into 293T, HeLa,
and HT29 cells. Luciferase activity was examined as for (I). Each column in A, C, E, and H–K represents the mean ± SD of three independent experiments. *p ≤
0.05; **p ≤ 0.01. p Values were obtained by one-way ANOVA. ChIP, chromatin immunoprecipitation; GATA4, GATA-binding protein 4; pol III, RNA polymerase
III; qPCR, quantitative PCR; Rel luc act, relative luciferase activity; Sp1, specificity factor 1.

GATA4 and pol III-directed transcription
pol III-directed transcription (48). In addition, FLNA silencing
stimulates transcription directed by pol III (47). In this study,
we found that FLNA silencing stimulated GATA4 expression,
and GATA4 is required for the regulation of pol III-directed
transcription mediated by FLNA (Figs. 8, A–D and S15).
Thus, GATA4 actually links FLNA and Sp1 to form an FLNA–
GATA4–Sp1 pathway, by which GATA4 regulates pol III-
directed transcription (Fig. 8E). However, we cannot exclude
the possibility that other factors and pathways could also
12 J. Biol. Chem. (2022) 298(3) 101581
participate in the inhibition of pol III-directed transcription
mediated by FLNA because expression of many genes has been
significantly changed after FLNA silencing (Fig. 1C). In addi-
tion, the mechanism by which FLNA regulates GATA4 is not
fully understood and remains to be investigated in the future.
Taken together, in this study, we identified a novel role of
GATA4 in pol III-dependent transcription, our findings pro-
vides a novel insight into the regulatory mechanism of pol III-
directed gene transcription.



Figure 8. Sp1 overexpression can reverse the inhibition of pol III-directed transcription caused by GATA4 depletion. A, immunoblotting analysis for
GATA4 and mCherry-Sp1 expression in HepG2 cell lines, respectively, expressing control shRNA, GATA4, shRNA, and both GATA4 shRNA and mCherry-Sp1.
B, analysis of pol III products by RT–qPCR in the cell lines obtained in A. C and D, cell proliferation analysis for the cell lines obtained in A using cell counting
(C) and CCK-8 assays (D). E, a model showing the mechanism by which GATA4 regulates pol III-directed transcription. *p ≤ 0.05. p Values were obtained by
one-way ANOVA. CCK-8, Cell Counting Kit-8; GATA4, GATA-binding protein 4; pol III, RNA polymerase III; qPCR, quantitative PCR; Sp1, specificity factor 1.
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Experimental procedures

Plasmids, cells, and reagents

The pLV-U6-EGFP-Puro lentiviral plasmid was obtained
from Inovogen Tech Co. Three distinct complementary DNA
fragments encoding GATA4 shRNAs were inserted down-
stream of the U6 promoter within the pLV-U6-EGFP-Puro
plasmid. The HA-GATA4 fusion gene was cloned downstream
of the elongation factor 1α promoter within the pLV-EF1α-
EGFP-Puro. The Sp1 gene promoter was amplified from hu-
man genomic DNA and cloned immediately upstream of the
reporter gene within the pGL3-basic (Promega). SaOS2, 293T,
HeLa, HT29, and HepG2 cell lines were purchased from the
American Type Culture Collection and cultured in their
respective media with the supplement of 10% fetal bovine
serum (Biowest Co) and 1 × penicillin/streptomycin (Hyclone
Co). DNA and RNA extraction kits were purchased from
CWBiol Co. Other reagents, including PCR and qPCR master
mix, transfection reagents, and enzymes, were purchased from
Thermo Fisher Scientific Co. Chemical reagents were obtained
from Sigma–Aldrich (Merck).

mRNA-Seq analysis

A SaOS2 cell line expressing FLNA shRNA and its control
cell line were generated with lentiviral particles (Santa Cruz
Biotechnology, Inc) and cultured in 10 cm dishes in triplicates.
At 85% confluence, cells were harvested, and total RNA was
J. Biol. Chem. (2022) 298(3) 101581 13



GATA4 and pol III-directed transcription
extracted with a Qiagen RNeasy kit. The total RNA was
quantified with NanoDrop (Thermo Fisher Scientific) and then
sent to GENEWIZ Co for mRNA-Seq analysis. Briefly, 3 μg
total RNA for each sample was used to isolate mRNA using
NEBNext Poly(A) mRNA Magnetic Isolation Module (New
England Biolabs). RNA libraries for next-generation
sequencing were constructed using NEBNext Ultra RNA Li-
brary Prep Kit according to the manufacturer’s protocol (New
England Biolabs). Next, the libraries were loaded on an Illu-
mina HiSeq instrument according to the manufacturer’s in-
structions (Illumina). DNA sequencing was performed using a
2 × 150 bp paired-end configuration. The data were obtained
by the HiSeq Control Software + OLB + GAPipeline-1.6
(Illumina). The raw data containing adapter, PCR primers,
and other fragments less than 20 bases were trimmed with
Trimmomatic (version 0.30, UASDELLAB) so that high-
quality clean data were achieved. The clean data were
aligned to the human reference genome (Hg38) using Hisat2
software (version 2.0.1, Daehwankimlab). Differential expres-
sion analysis was performed using the DESeq Bioconductor
package (a model based on the negative binomial distribution)
as described previously (51). The false discovery rates were
controlled through an adjustment with Benjamini and Hoch-
berg’s approach. p Values for the DEGs were set less than 0.05.
GO-TermFinder was used to identify Gene Ontology terms
that annotate a list of enriched genes where their p values were
less than 0.05.
Transfection, generation of cell lines, and protein expression
analysis

For transient transfection assays, HeLa and 293T cells
cultured in 12-well plates were transfected with GATA4
siRNA or control siRNA, where 2 μl of Turbofect (Thermo
Fisher Scientific) and 6 pmol of siRNA mixtures were used for
each well. Each transfection sample was designed in triplicate.
After 48 h, the cells transfected were harvested for the analysis
of GATA4 expression and pol III-mediated gene transcription
by RT–qPCR or Western blot. To generate the cell lines stably
expressing shRNA molecules, we transfected 293T cells using
the pLV lentiviral vectors expressing FLNA shRNA or GATA4
shRNA and the packaging vectors pH1 and pH2. Forty-eight
hours later, the medium containing lentiviral particles was
retained and filtrated with filters of 0.45 μm. The resulting
medium was used to infect SaOS2, 293T, HeLa, HT29, and
HepG2 cells grown in 12-well plates. The cell lines stably
expressing shRNA were selected using the puromycin with a
final concentration of 5 μg/ml and screened with 96-well
plates. Positive colonies from a single cell were determined
by Western blot and FLNA or GATA4 antibodies. For the
generation of the cell line stably expressing HA-GATA4, we
transfected 293T cells with the pLV vector expressing HA-
GATA4 and the packaging vector pH1 and pH2. The rest
procedures followed those used for the generation of the cell
line stably expressing GATA4 shRNA. Positive cell lines were
determined by Western blot and an HA antibody. For protein
14 J. Biol. Chem. (2022) 298(3) 101581
expression analysis, cells were cultured in 6-well plates. At 90%
confluence, cells were harvested and lysed in 200 μl 1 × SDS
loading buffer, and 15 μl of samples was used for Western blot
analysis with the antibodies against GATA4 (catalog no.: SC-
25310; Santa Cruz Biotechnology, Inc), HA(catalog no.:
H9658; Sigma–Aldrich), GAPDH (catalog no.: G9545; Sigma–
Aldrich), BRF1 (catalog no.: SC-81405; Santa Cruz Biotech-
nology, Inc), GTF3C2 (catalog no.: SC-81406; Santa Cruz
Biotechnology, Inc), and Sp1 (catalog no.: SC-420; Santa Cruz
Biotechnology, Inc), respectively.

RT–qPCR and pol III gene expression analysis

The cell lines stably expressing GATA4 shRNA or control
shRNA were cultured in 6-well plates. At 90% confluence, cells
were harvested, and total RNA was extracted from the cells
using an Axygene RNA extraction kit. A reverse transcription
reaction was performed using 0.25 μg of the total RNA based
on the manual included the Reverse Transcription Kit
(Thermo Fisher Scientific). The reaction mixture was diluted
four times with double-distilled water. One microliter of the
sample was used to analyze the expression of pol III target
genes, including 5S rRNA, U6 RNA, 7SL RNA, and tRNA genes
by qPCR. qPCRs were performed, and data were processed as
described previously (48), where the GADPH gene acted as a
negative control, and the Actin gene was used as a reference
gene to normalize the expression of target genes.

Cell proliferation assays

Cell proliferation assays for the cell lines expressing GATA4
shRNA or HA-GATA4 were performed using three distinct
methods, including cell counting, MTT, and EdU assays. For
cell counting and MTT assays, the cell lines stably expressing
GATA4 shRNA or HA-GATA4 and their control cell lines
were grown in 12-well or 96-well plates. Proliferation assays
were performed as described previously (48). For EdU assays,
proliferation assays were performed according to the manual
provided by the EdU Cell Proliferation Kit (Beyotime). Briefly,
a 293T cell line expressing GATA4 shRNA and its control cell
line was cultured in 24-well plates. Twenty-four hours later,
the culture medium was removed, and cells were incubated for
2 h in the complete medium containing EdU. When incuba-
tion was finished, the EdU-labeled cells were fixed for 10 min
with 4% paraformaldehyde and then permeabilized for 10 min
with a 0.3% Triton-100 PBS solution, followed by staining for
30 min using the Click Additive solution. Next, cell samples
were washed four times with 1 × PBS solution and were
subjected to staining for 10 min using a 1 × Hoechst-33342
solution. After staining, the specimens were observed under
a fluorescence microscope (Olympus IX71-F22FL/DIC), and
images were captured with a 10 × objective lens. Both total
cells and EdU-labeled cells were counted from each image,
where five images for each sample were counted. The rate of
EdU-positive cells was calculated by comparing the number of
the EdU-positive cells to that of the total cells. For the pro-
liferation assays in the presence of pol III-specific inhibitor
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(ML-60218), a HeLa cell line stably expressing HA-GATA4
and its control cell line were seeded in 12-well plates, where
the cell line expressing HA-GATA4 was divided into two
groups. One group of samples was cultured in the medium
containing the pol III-specific inhibitor with a final concen-
tration of 54 μM. Cell counting was performed every 24 h for
treatments and control cell lines. The data obtained were
subjected to statistical analysis.

ChIP assays

The 293T cell line stably expressing GATA4 shRNA and its
control cell line were cultured in dishes of 10 cm. At 90%
confluence, cells were fixed for 10 min using 10 ml 1% form-
aldehyde freshly prepared with 1 × PBS solution, followed by
quenching with 1 ml of 2.5 M glycine solution. After washing
twice with 1 × PBS solution, the cells were harvested and
disrupted with an ultrasonicator. The samples disrupted were
subject to centrifuging for 10 min at 12,000 rpm. The super-
natant was retained and used for ChIP assays as described
previously (48), where TBP (catalog no.: SC-204; Santa Cruz
Biotechnology, Inc), BRF1 (catalog no.: SC-81405; Santa Cruz
Biotechnology, Inc), GTF3C2 (catalog no.: SC-81406; Santa
Cruz Biotechnology, Inc), and POL3RK (catalog no.: Ab57214;
Abcam) antibodies were used for the assays. After chromatin
decrosslinking, DNA was purified from the ChIP samples us-
ing a Qiagen PCR Clean kit and eluted with 40 μl double-
distilled water. One microliter of the DNA sample obtained
from the ChIP assay for individual factors was used for a qPCR,
where 0.1 ng genomic DNA (equal to 0.01% input) was used as
a positive control. Relative occupancy was calculated with the
quantity of promoter DNA in 1 μl of ChIP sample divided by
that in 0.1 ng genomic DNA.

Reporter assays

The transient transfection for reporter assays was performed
using the TurboFect transfection reagent (Thermo Fisher
Scientific). 293T, HeLa, and HT29 cells were seeded in 12-well
plates. After culturing for 24 h, cells were transfected with the
vectors containing a reporter gene driven by one of the pro-
moters such as BRF1P4, GTF3C2P2 along with the vector-
expressing galactosidase. Cells were harvested after transient
transfection for 48 h and lysed with 50 μl lysis buffer provided
by the luciferase-galactosidase detection kit (Promega). Three
microliters of cell lysate was utilized to monitor the activities
of luciferase and β-galactosidase. The luciferase activity from
each sample was normalized using the activity of β-galactosi-
dase from the same sample. Relative luciferase activity was
obtained by comparing the luciferase activity in the cell lines
with GATA4 depletion or overexpression to that in their
control cell lines.

Statistical analysis

All experiments were performed at least three times except
for RNA-Seq analysis. The mean and SD for the data from
RT–qPCR, cell proliferation assays, ChIP assays, and luciferase
assays were calculated with the GraphPad Prism 6.0 software
(GraphPad Software, Inc). Each bar or point in the graphs
represents the mean ± SD (n = 3). p Values were obtained by
one-way ANOVA.
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