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Abstract

Background iPSC reprogramming technology exhibits significant promise in the realms of clinical therapeutics,
disease modeling, pharmaceutical drug discovery, and various other applications. However, the extensive utilization
of this technology has encountered impediments in the form of inefficiency, prolonged procedures, and ambigu-
ous biological processes. Consequently, in order to improve this technology, it is of great significance to delve

into the underlying mechanisms involved in iPSC reprogramming. The BET protein BRD4 plays a crucial role in the late
stage of reprogramming; however, its precise function in the early stage remains unclear.

Results Our study aims to investigate BRD4's role in the early stages of iPSC reprogramming. Our investigation
reveals that early inhibition of BRD4 substantially enhances iPSC reprogramming, whereas its implementation

during the middle-late stage impedes the process. During the reprogramming, ribosome DNA expression initially
increases before decreasing and then gradually recovers. Early inhibition of BRD4 improved the decline and restora-
tion of IDNA expression in the early and middle-late stages, respectively. Additionally, we uncovered the mechanism
of BRD4's regulation of rDNA transcription throughout reprogramming. Specifically, BRD4 interacts with UBF and co-
localizes to both the rDNA promoter and enhancer regions. Ultimately, BRD4 facilitates rDNA transcription by promot-
ing the enrichment of histone H3 lysine 27 acetylation in the surrounding chromatin. Moreover, we also discovered
that early inhibition of BRD4 facilitates cells'transition out of the somatic cell state and activate pluripotent genes.

Conclusions In conclusion, our results demonstrate that early inhibition of BRD4 promotes sequential dynamic
expression of IDNA, which improves iPSC reprogramming efficiency.
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of which plays a specific role in maintaining the repro-
gramming process. The early stage involves the down-
regulation of somatic cell-related genes and a decrease in
chromatin accessibility [3—5]. During this stage, numer-
ous specific accessible chromatin sites associated with
somatic cell characteristics are rapidly closing, thereby
triggering a pronounced decrease in the expression of
these genes during the initial transcription wave [1, 3, 6].
Furthermore, a pivotal biological event, mesenchymal-
to-epithelial transition (MET), occurs during this phase.
Reprogramming cells undergoing the MET process tran-
sition from fibroblast-like to epithelial-like cells, accom-
panied by significant activation of gene expression,
particularly in cell adhesion molecules such as Cdhl,
also known as E-cadherin [7]. The intermediate stage is
characterized by the activation of stem cell-related gene
expression [8, 9]. Concurrently, with the activation of the
second transcription wave, various pluripotent genes are
significantly upregulated [6, 10]. The late stage entails
the reorganization of chromatin structure with the assis-
tance of various factors to establish the specific genome
structure of iPSCs [11, 12].

BRD4, a critical factor in mammalian embryonic devel-
opment, belongs to the bromodomain and extra-terminal
(BET) protein family [13]. By recognizing and binding
acetylated H3 and H4 of activated genes through its bro-
modomain, BRD4 recruits transcription factors such as
positive transcription elongation factor b (P-TEFb) and
others to regulate the expression of target genes [14—16].
Recent evidence has shown BRD4 enhances reprogram-
ming efficiency in the late stage by recruiting and acti-
vating the P-TEFb complex, which stimulates productive
transcriptional elongation of pluripotency genes [17].
Moreover, BRD4 upregulates gene transcription by bind-
ing to super-enhancers (SE) of ESC-specific genes in the
OSKM plus with C/EBPa iPSC reprogramming system
[18]. However, these studies have mainly focused on
BRD4’s function in the middle or late stage of reprogram-
ming, while the early stage’s role remains unknown.

In addition to participating in RNA polymerase II
(Pol II)-mediated transcription, the association between
BRD4 and ribosome DNA (rDNA) expression has gar-
nered significant attention. Izumikawa et al. found that
BRD4 can be recruited to rDNA by the LYAR-UBF com-
plex and acetylated histone H4, facilitating rDNA tran-
scription [19]. rDNA, a prototypical multicopy gene, is
organized in arrays of tandem repeats distributed exten-
sively along the short arms of chromosomes 12, 15, 16,
17, 18, and 19 in mice [20]. Transcription of rDNA is
intricately linked with ribosome biogenesis, the central
process of protein synthesis [21], thereby playing a piv-
otal role in modulating or altering cellular fate. Previ-
ous investigations have highlighted aberrations in rDNA
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expression across various developmental disorders,
including amyotrophic lateral sclerosis (ALS), frontotem-
poral dementia (FTD), and Huntington’s disease (HD)
[22]. Additionally, pathological rDNA transcription has
been implicated in tumorigenesis, encompassing con-
ditions such as cervical intraepithelial neoplasia (CIN)
and human hepatocellular carcinoma (HCC) [23]. Thus,
it is evident that rDNA transcription significantly influ-
ences cellular fate. In the context of iPSC reprogram-
ming, our prior research demonstrated that reactivation
of rDNA via serum starvation markedly enhances iPSC
reprogramming efficiency [24]. Furthermore, we previ-
ously demonstrated that transient downregulation of
rDNA transcription in donor cells improves the preim-
plantation development of somatic cell nuclear transfer
(SCNT) embryos [25]. Recently, Shi et al. also reported
a significant disparity in rRNA levels between MEF and
iPSC, along with dynamic expression alterations during
reprogramming, using PANDORA-seq [26]. Altogether,
they suggest a strong association between rDNA tran-
scription and somatic reprogramming, including iPSC
reprogramming and SCNT. Consequently, we hypoth-
esize that BRD4 may influence iPSC reprogramming effi-
ciency by regulating rDNA transcription.

In this study, we show that targeted degradation of
BRD4 in the early phase markedly enhances mouse iPSC
reprogramming by accelerating the dynamic alteration of
rDNA expression. Furthermore, we uncover the mecha-
nism by which BRD4 regulates rDNA expression during
reprogramming. BRD4 interacts with UBF and co-local-
izes to the promoter and enhancer regions of rDNA,
thereby facilitating the adjacent H3 lysine 27 acetylation
(H3K27ac) modification to modulate transcriptional
activity of rDNA. Additionally, early inhibition of BRD4
robustly reduces somatic gene expression in the early
stage and activates pluripotent genes in the middle-late
stage of reprogramming.

Results

Enhancing iPSC reprogramming efficiency by early
inhibition of BRD4

Upon reviewing the previous RNA-seq data (GSE70022)
and conducting RT-qPCR analysis, we confirmed that
iPSCs had higher Brd4 expression than MEFs, consistent
with previous report (Additional file 1: Fig. S1A, S1B) [17,
27, 28]. We then examined the mRNA and protein expres-
sion track of BRD4 and found that both gradually increased
in the process of iPSC reprogramming (Additional file 1:
Fig. S1C). A study by Liu et al. suggested that BRD4 plays
a crucial role in the late stage of iPSC reprogramming.
Therefore, we speculated that the gradual increased BRD4
expression may be indicative of preparing for the role to be
played in the late stage. However, another report indicated
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that inhibition of BET proteins during early reprogram-
ming could improve iPSC efficiency [29]. Regrettably, this
study did not delve into the specific functions of individual
members. This hence prompted us to explore whether early
suppression of BRD4 could also enhance iPSC reprogram-
ming efficiency, even if Brd4 continues to increase during
the process. Since cell viability is critical for iPSC repro-
gramming, we aimed to identify an experimental condition
that could significantly degrade BRD4 while maintaining
cell viability. Figure 1 A shows that 1.5 uM AT, a specific
BRD4 degrader [30], significantly degraded BRD4 in iPSC
cells within 48 h (Fig. 1A). Additionally, Cell Counting
Kit-8 (CCK8) experiment demonstrated that this condition
minimally impaired cell viability (Fig. 1B). We treated 4F2A
MEFs with either DMSO or AT6 under this condition on
DO and D2. Alkaline phosphatase (AP) staining revealed
a noteworthy enhancement in reprogramming efficiency
within the AT6-treated groups on reprogramming DS,
contrasting with the limited effect observed in the DMSO-
treated group (Fig. 1C). To ensure the reproducibility of
our findings across different reprogramming systems, we
repeated the experiment using the OSKM-virus repro-
gramming system and observed similar results (Additional
file 1: Fig. S1D). We also confirmed that the AT6-treated
iPSCs contained normal pluripotency and differentiation
potential (Additional file 1: Fig. S1E, S1F). However, as Liu
et al. have reported, knockdown of BRD4 during the late
stage of reprogramming can significantly interfere with
iPSC occurrence [17]. Therefore, we speculated that inhib-
iting BRD4 at different time points might result in differ-
ent reprogramming efficiencies. To test this hypothesis, we
inhibited BRD4 in D4 and D6, respectively, and performed
AP staining in D8. As expected, the reprogramming effi-
ciency of AT6 group was notably impaired (Fig. 1D). We
also examined the expression of pluripotent genes under
different conditions. When BRD4 was inhibited in DO, all
the pluripotent genes were activated in D6 (Fig. 1E). Con-
versely, when treated with AT6 in D4, pluripotent gene
expression was markedly downregulated in D6 (Fig. 1F).
And in D8, despite Nanog expression is nearly restored,
other pluripotent genes are still inactivated after treated
with AT6 in D4 (Fig. 1G). In conclusion, our findings sug-
gest that degrading BRD4 in DO can activate pluripotent
genes therefore improving reprogramming efficiency. In
contrast, inhibiting BRD4 in D4 would significantly impair
both the reprogramming efficiency and pluripotent gene
expression.

The correlation between rDNA expression and BRD4
during reprogramming

Based on the aforementioned results, it is apparent that
inhibiting BRD4 at different time points diversely affects
reprogramming efficiency, possibly due to the varying
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roles that BRD4 plays at different stages of reprogram-
ming. However, given the heterogeneity of different
reprogramming systems, there is no universal indicator
of iPSC reprogramming stage for now. To address this
issue, we reanalyzed our RNA-seq data from iPSC
reprogramming (GSE227745) and utilized hierarchi-
cal clustering to determine the stage of reprogramming
[31]. Results showed that D6 was more closely related to
the D8 state, while D4 cells were in a transitional state
between somatic state (D2) and pluripotent state (D6 and
D8) (Fig. 2A). Additionally, principal component analysis
(PCA) was employed to identify the trajectory of repro-
gramming (Fig. 2B). Results from the PCA revealed that
our reprogramming process followed an indirect route
towards pluripotency, which is consistent with previ-
ous studies [6, 32]. Furthermore, D4 was also identified
as a pivotal intermediate stage during the conversion of
somatic cells to pluripotent cells [6, 32]. Moreover, cells
in reprogramming D4 displayed typical MET morphol-
ogy (Fig. 2C), which is considered a landmark event at
the boundary between the early and middle stages of
iPSC reprogramming [7, 33]. Given that somatic cell
identity loss in the early stage is one of the first critical
steps in iPSC reprogramming, we considered DO-D4
as the early stage and the rest as the middle-late stage.
When BRD4 was inhibited in the early stage, we specu-
lated that a large number of biological processes involved
in the reprogramming might be altered, thereby affecting
reprogramming efficiency. Our laboratory has previously
demonstrated that early downregulation of rDNA expres-
sion is closely associated with somatic reprogramming
efficiency [24, 25, 34]. Interestingly, in 293 T cells, BRD4
was found to bind to rDNA via LYAR-UBF complex and
regulate rDNA transcription [19]. Therefore, it was possi-
ble that loss of BRD4 might alter rDNA transcription. To
validate this hypothesis, we assessed rDNA expression,
including 47 s and 18 s transcripts, and evaluated the rate
of rRNA processing, as indicated by the 18 s/47 s ratio,
at various time points, using RT-qPCR. We observed
an initial transient and rapid increase in rDNA expres-
sion, likely stimulated by Yamanaka factors, followed by
a gradual decrease. However, the transcription finally
restored to a high level to accommodate the increased
protein translation demand for iPSC (Fig. 2D). This find-
ing indicated that rDNA expression decrease might be
a critical event for iPSC reprogramming. Therefore, we
performed AT6 to explore the impact of early BRD4 loss
on rDNA transcription. Western blotting results showed
that upon AT6 treatment at DO, BRD4 was degraded
until D4 and restored to normal levels by D6 (Fig. 2E-F).
Furthermore, 47 s, 18 s, and the rate of rRNA process-
ing were quantified by RT-qPCR. After DO-AT6 treat-
ment, in D2, the expression levels of 47S and 18S rRNAs
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Fig. 1 Reprogramming efficiency varies with BRD4 degradation on different days. A BRD4 protein expression upon BRD4 inhibition at different
concentrations. The bar plot shows statistical results of gray value. B CCK8 analysis of cell viability upon BRD4 inhibition at different concentrations.
C, D AP staining and reprogramming efficiency analysis upon BRD4 inhibition at indicated times. The bar plots present the AP+ clone counts.

E mRNA expression levels of pluripotent genes in control and DO-AT6 group at D6. F, G mRNA expression levels of pluripotent genes in control

and D4-AT6 group at D6 and D8, respectively. All bars represent mean + SD. (n = 3 independent experiments; *P<0.05, **P <0.01, ***P< 0.001, t test)

are downregulated, and the rate of rRNA processing rDNA expression and rRNA processing rate are strik-
begins to decrease, although it is not statistically signifi- ingly downregulated (Fig. 2G). The results suggest that
cant at this point (Additional file 1: Fig. S2). By D4, both  early inhibition of BRD4 could strikingly reduce rDNA
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transcription and rRNA processing rate in the early
stage. However, by D6, rDNA transcription in the AT6-
treated group is efficiently restored to an even higher
level than that in the control group (Fig. 2H), suggesting
that early inhibition of BRD4 could effectively expedite
the dynamic expression of rDNA. As the ribosome is
constituted by both rRNA and ribosome protein, we also
investigated whether BRD4 loss could affect ribosome
protein levels. However, western blotting results showed
no significant alteration for S6 and pS6 expression upon
BRD4 deficiency (Fig. 2E, 2I). These findings suggest
that early inhibition of BRD4 specifically impairs rDNA
transcription without affecting ribosome protein levels.
We further investigate whether it could also expedite
the dynamic expression of rDNA upon inhibition in the
middle-late stage. After degrading BRD4 in D4, we ana-
lyzed rDNA transcription and 18 s/47 s rate by RT-qPCR.
We observed a notable decrease in the expression of 47S
and 18S rRNAs in D6, albeit without a significant impact
on rRNA processing rate (Fig. 2J). In D8, although rDNA
transcription and rRNA processing rate restored to nor-
mal levels, they did not exhibit the upregulation observed
in the early inhibition group (Fig. 2K). Degrading BRD4
solely during the early stage facilitates the inactivation of
rDNA transcription, thereby promoting a more immedi-
ate and robust reactivation of rDNA transcription during
the middle-late stage.

The mechanism by which BRD4 regulates rDNA
transcription during iPSC reprogramming

Based on the results presented above, we have discov-
ered that BRD4 plays an important role in regulating
rDNA transcription during iPSC reprogramming. We
aimed to investigate the underlying mechanism involved.
As shown in Fig. 3A-B, immunofluorescence (IF) was
conducted to determine the distribution of BRD4 and
UBE. While a substantial portion of BRD4 was observed
to localize within the nucleoplasm and might primarily
function as an elongation protein regulating Pol II pause
release [35], a fraction of BRD4 was also found to co-
localize with UBF within the nucleolar region. Further-
more, this co-localization between BRD4 and UBF was

(See figure on next page.)
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markedly diminished upon treatment with AT6 on DO
(Fig. 3A-B). Next, co-immunoprecipitation (CO-IP) was
performed to confirm the binding between BRD4 and
UBF in the process of iPSC reprogramming. As antici-
pated, BRD4 exhibited strong binding affinity with UBF
in the control group (Fig. 3C). The interaction between
BRD4 and UBF was disrupted during D2 and D4 due to
BRD4 loss and reinstated at D6 upon BRD4 expression
restoration (Fig. 3C). To rule out the possibility that the
loss of UBF signal observed in AT6 group was due to a
decrease in UBF expression, we determined the UBF
protein level after treating with AT6, and western-blot-
ting identified that UBF expression was not affected by
BRD4 loss (Additional file 1: Fig. S3A). In conclusion, our
results confirmed the binding capability of BRD4 to UBF
during the iPSC reprogramming process. As is known,
UBF localizes the functional rDNA gene unit, which
includes the promoter, enhancer, and coding regions [36].
With an enhanced methodology for eliminating back-
ground signals in ChIP-seq data, as previously developed
in our laboratory (Preprint) [37], we scrutinized the pre-
viously reported BRD4 ChIP-seq data (GSE87037) to
examine the binding sites of BRD4 in rDNA [38, 39]. By
subtracting the non-specific background signal, the sig-
nal peak more accurately reflects the enrichment on the
genome (Additional file 1: Fig. S3B). In iPSCs, BRD4 was
found to localize to the enhancer and promoter of rDNA
(Additional file 1: Fig. S3C, upper panel). It is notewor-
thy that the previously reported public ChIP-seq experi-
ment (GSE193651), in conjunction with prior studies, has
delineated the enhancer and promoter regions of rDNA
as pivotal target sites for UBF, as illustrated in Additional
file 1: Fig. S3C (lower panel) [36, 40, 41]. We here opted
to utilize ChIP data from ER-HoxA9 cell lines, an immor-
talized myeloblast cell lines, in GEO database [42]. ChIP-
qPCR was further conducted to ascertain the enrichment
of BRD4 and UBF at the rDNA locus during iPSC repro-
gramming. Here, ChIP-qPCR reveals that BRD4 and UBF
truly localize at the promoter and enhancer regions of
rDNA during reprogramming (Fig. 3D). Consequently,
it demonstrated that both BRD4 and UBF were co-local-
ized at the core promoter and enhancer regions of the

Fig. 2 Early inhibition of BRD4 accelerates rDNA dynamic expression. A Heatmap showing differential gene expression among DO, D2, D4, D6,

and D8. Cluster analysis of cell state at indicated times. Differentially expressed genes have|Log2FC|>1 and P < 0.05. B PCA analysis illustrating

the trajectory of reprogramming. C Morphology of reprogramming cells at DO and D4. Red box indicates cells undergoing MET. D Dynamic
tracking of DNA expression and rRNA processing rate during reprogramming. E, F Western blotting showed BRD4 and pS6 protein expression

in the control and DO-AT6 group at indicated day. The bar plot shows statistical results of gray value. G, H rDNA expression and rRNA processing rate
in control and DO-AT6 group determined by RT-gPCR at D4 and D6, respectively, after BRD4 degradation at DO. | Western blotting of S6 in control
and DO-AT6 group at D2 and D4, respectively. The bar plot shows statistical results of gray value. J, K rDNA expression and rRNA processing rate

in control and D4-AT6 group determined by RT-qPCR at D6 and D8, respectively, after BRD4 degradation at D4. All bars represent mean + SD (n =3

independent experiments; *P <0.05, **P<0.01, ***P <0.001, t test)
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rDNA in the process of iPSC reprogramming (Fig. 3D).
Intriguingly, upon AT6 treatment at DO, although BRD4
protein level remained inhibited at D4, the recruitment
of BRD4 to the core promoter was restored. Simulta-
neously, while rDNA expression was still inactive, the
enrichment of UBF had been fully reinstated, even show-
ing higher levels (Fig. 3D). This observation gives rise
to the hypothesis that the premature re-establishment
of BRD4 and UBF on the rDNA locus at D4 might have
been preparatory for the subsequent efficient activation
of rDNA at D6, notwithstanding the concurrent inac-
tivation of BRD4 expression and inhibition of rDNA
transcription during this period. However, further metic-
ulous investigation is imperative to validate this hypoth-
esis thoroughly. In summary, these findings indicate that
during iPSC reprogramming, BRD4 binds UBF and co-
localizes at the enhancer and promoter regions of rDNA.
As UBF is a nucleolar-specific protein containing a high
mobility group (HMG), exhibiting DNA-binding activity
through its HMG box structure [43—45], we propose that
UBF might recruit BRD4 to the enhancer and promoter
regions of rDNA.

We further investigated how BRD4 regulated rDNA
expression after localizing at rDNA during iPSC repro-
gramming. After excluding the background signal from
previously reported ChIP-seq data of BRD4, H3K27ac,
and H3K27me3 in iPSC (GSE87037), we still observed
much enrichment signals of BRD4 and H3K27ac, rather
than H3K27me3, at both the promoter and enhancer
regions of rDNA, though a greater signal density was
observed at the upstream region (Additional file 1: Fig.
S3D) [38, 39]. Consequently, ChIP-seq data analysis
revealed co-localization of BRD4 and H3K27ac, but not
H3K27me3, at the enhancer and promoter of iPSC rDNA
(Additional file 1: Fig. S3D). This co-localization could be
due to two possibilities: (i) BRD4 improves the enrich-
ment of H3K27ac nearby and (ii) BRD4 recognizes and
binds the H3K27ac as the reader of acetylation. To vali-
date the true reason, we inhibited BRD4 in D0 and exam-
ined the enrichment of H3K27ac at the core promoter
and enhancer by ChIP-qPCR at D4. The results not only
demonstrated the BRD4 and H3K27ac truly co-locate at
the promoter and enhancer of rDNA but also uncovered

(See figure on next page.)
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that the enrichment of H3K27ac at the core promoter
and enhancer was significantly decreased upon BRD4
loss (Fig. 3E). Therefore, our findings suggest that during
iPSC reprogramming, BRD4 interacts UBF, and co-local-
izes at the cis-element of rDNA, which in turn facili-
tates H3K27ac modification nearby to promote rDNA
expression.

siRNA interfering Brd4 expression in early stage could

also improve reprogramming

To further confirm our conclusions, we employed siRNA
to verify the effect of BRD4 loss on early reprogramming.
We first confirmed the efficiency of the two siRNA in
decreasing Brd4 expression by approximately 50%, which
was similar to the effect of AT6 treatment, employing RT-
qPCR and western blotting (Additional file 1: Fig. S4A).
We evaluated reprogramming efficiency by employing
AP staining after interfering with Brd4 expression by two
distinct siRNA at DO. We observed early interference by
both siRNAs, resulting in improved reprogramming effi-
ciency, consistent with AT6 treatment (Fig. 4A and Addi-
tional file 1: Fig. S4B). Meanwhile, the similar increased
reprogramming efficiency is also observed upon inter-
fering Brd4 at D2 (Additional file 1: Fig. S4C). Next, we
assess both Brd4 transcription and protein expression
using RT-qPCR and western blotting at D2 and D4 fol-
lowing DO-siRNA interference (Fig. 4B). We observed
that while both Brd4 transcription and protein expres-
sion were inactive at D2, the protein expression had
been restored at D4 despite Brd4 transcription still being
inhibited. Furthermore, we also identified similar rDNA
transcription profiles as AT6 experiment. Early interfer-
ence with Brd4 expression was found to downregulate
rDNA transcription more efficiently in the early stage
and restore it in the middle-late stage (Fig. 4C). Interest-
ingly, in D4, although 47 s and 18 s were still inhibited
upon Brd4 interference, the rRNA processing rate was
strongly increased. We hypothesize that the heightened
processing rate observed herein may be aimed at salvag-
ing ribosomal function, thereby facilitating more efficient
restoration of BRD4 protein translation, notwithstanding
the continued inactivity of Brd4 transcription. This posi-
tive feedback eventually promotes rDNA restoration via

Fig. 3 BRD4 colocalize UBF, and regulate rDNA expression via modifying H3K27ac. A, B Representative image of immunofluorescence for BRD4
and UBF in D2/D4 control and D2/D4 AT6 group, respectively, after BRD4 inhibition at DO. Scale bar = 10 um. The bar plot shows the percentage
of BRD4-UBF colocalized cell in average of 100 cells (n = 100). C Temporal change of the interaction between BRD4 and UBF in the control

and DO-AT6 groups on D2, D4, and D6. “cont” denotes the group with DMSO at DO, while “AT6" denotes the group treated with AT6 at DO. D The
ChIP-gPCR analysis unveiled the recruitment of BRD4 and UBF to the core promoter and enhancer regions of rDNA in both the control and DO-AT6
groups at the indicated days. E ChIP-gPCR showing the enrichment of H3K27ac at core promoter and enhancer of rDNA in control and DO-AT6
group at D4. All bars represent mean + SD (n = 3 independent experiments; *P <0.05, **P<0.01, ***P <0.001, t test)
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Fig. 4 Early interference of Brd4 improves reprogramming efficiency. A AP staining and analysis of reprogramming efficiency in NC

and D0-siBrd4 #1 group. The bar plot presents the AP+ clone counts.B Brd4/BRD4 mRNA and protein expression detected by RT-qPCR (upper)

and western-blotting (lower) in NC and siBrd4 #1 group at indicated days after Brd4 interference at DO. C rDNA expression and rRNA processing rate
at indicated times after Brd4 interference (siBrd4 #1) at DO. D mRNA expression levels of pluripotent genes in control and D0O-siBrd4 #1 group at D6.
All bars represent mean + SD (n = 3 independent experiments; *P < 0.05, **P < 0.01, ***P< 0.001, t test)
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raised BRD4 levels. Additionally, we also found an activa-
tion in pluripotent gene expression at middle-late stage
after interfering with Brd4 expression in the early stage
(Fig. 4D). These findings suggest that early inhibition of
BRD4 definitely improves iPSC reprogramming, possibly
through facilitating sequential and dynamic alterations in
rDNA.

Inhibition of BRD4 in the early stage promotes exit of cells
from the somatic state

In the process of iPSC reprogramming, erasing somatic
identity in the early stage is of paramount importance [6,
7, 46]. Our studies have demonstrated that early inhibi-
tion of BRD4 was sufficient to activate pluripotent genes,
but it is still unclear if it could facilitate somatic identity
erasing. Previous research has provided evidence that
interference with somatic gene transcription through
the inhibition of the BET protein family using JQ1 can
effectively enhance the process of reprogramming [29].
Therefore, we hypothesized that degrading BRD4 in
the early stage might promote cells to exit the somatic
state. To test this hypothesis, we screened a series of
somatic-related genes that were specifically downregu-
lated in the early stage. Figure 5A shows the working
schedule briefly (Fig. 5A). First of all, three independ-
ent RNA-seq data from GEO datasets were reanalyzed
to identify downregulated genes throughout the repro-
gramming process using differential expression analy-
sis (GSE70022, GSE46104, GSE156437) [27, 28, 47-50].
GO analysis was then conducted on the downregulated
genes, and a total of 293 somatic genes common in three
datasets were identified (Fig. 5B). Subsequently, 233,
165, and 95 somatic genes, which must be downregu-
lated in the early stages of reprogramming, were iden-
tified from GSE70022, GSE113430, and GSE138817,
respectively (Fig. 5C) [27, 28, 51-54]. By overlapping
these genes, 73 somatic genes were successfully identi-
fied as somatic genes specifically downregulated in the
early stage (Fig. 5D). Consequently, we classified these
73 genes as crucial candidates for early-stage inactivation
during iPSC reprogramming. We chose the top five genes
and validated their expression in our reprogramming
system using RT-qPCR (Fig. 5E). Apart from Emilin, all
somatic genes were conspicuously downregulated in the

(See figure on next page.)
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early stage. However, although Emilin was not signifi-
cantly downregulated, it still showed a decreasing trend
(Fig. 5E). Moreover, the expression of all somatic genes
was notably decreased in the early stage upon BRD4 loss
by AT6 treatment or siRNA in DO (Fig. 5F and Additional
file 1: Fig. S4D). In conclusion, the early inhibition of
BRD4 substantially decreases the expression of somatic-
related genes, potentially inducing cells to depart from
the somatic state and expedite the transition towards
pluripotency.

Discussion

The transcription of rDNA, which is essential for cellular
ribosomal biogenesis, is associated with protein synthesis
and imposes limitations on cellular proliferation [55, 56].
During the conversion of differentiated MEFs into pluri-
potent iPSCs, the activation of silent rDNA is a critical
event. Our study unveiled a transient surge, succeeded
by a gradual decline, and ultimately, the restoration of
rDNA transcription during iPSC reprogramming, con-
sistent with previous reports, emphasizing the dynamic
nature of rDNA expression during this process [24]. Sev-
eral studies have shown that the efficiency of reprogram-
ming, whether through SCNT or iPSC reprogramming,
is correlated with rDNA transcription [24, 25, 34, 57].
BRD4, a member of the BET protein family, is involved
in the regulation of gene expression through various
mechanisms [58]. It plays diverse roles in gene transcrip-
tion, embryonic development, cell cycle regulation, and
tumorigenesis [13, 59-61]. The functionality of the BET
protein family has been elucidated in iPSC reprogram-
ming, revealing that a deficiency in the early stage can
enhance reprogramming efficiency by suppressing the
expression of somatic genes. Nevertheless, the specific
BET family member accountable for this phenomenon
has yet to be identified [29]. Therefore, it is imperative
to delve into the intricate functions of these members
throughout the iPSC reprogramming process. Recent
studies have elucidated the involvement of BRD4 in the
modulation of iPSC reprogramming, primarily through
the activation of pluripotency-associated genes dur-
ing the middle-late stages [17]. Additionally, BRD4 has
been shown to augment rDNA transcription by facilitat-
ing the acetylation of histone H3 and H4 in 293 T cells

Fig. 5 Early inhibition of BRD4 reduces expression of somatic-related genes. A Flowchart outlining the steps of this part. B Differential expression
analysis and GO enrichment analysis between DO and iPSC. C Differential expression analysis of somatic genes from B between DO and D3/

D4 group. D Venn diagram showing the overlap of somatic genes that need to be turned off in the early stage from three datasets. E RT-qPCR
determined the mRNA expression levels of genes from D. F mRNA expression levels of somatic genes in control and DO-AT6 group at D4. All bars
represent mean + SD (n = 3 independent experiments; *P<0.05, **P <0.01, ***P < 0.001, t test). Differentially expressed genes have |Log2FC|>1 and

P <0.05
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[19]. Consequently, an intriguing inquiry arises regarding
the potential impact of BRD4 on iPSC reprogramming,
not only through the activation of pluripotency genes
as previously documented but also via the regulation of
dynamic changes in rDNA expression. In this study, we
conducted early inhibition of BRD4 using AT6 or siRNA,
which not only immediately reduced rDNA transcription
but also efficiently restored it, thereby enhancing iPSC
reprogramming. These findings imply that the BRD4-
mediated dynamic regulation of rDNA transcription
carries substantial implications for the process of iPSC
reprogramming. Moreover, it reminds that additional
factors governing rDNA transcription may also regulate
iPSC reprogramming.

Our study has shed light on the mechanism by which
BRD4 governs rDNA transcription during iPSC repro-
gramming. Based on prior investigations, UBF, a nucle-
olar-specific HMG-box-containing protein, has been
identified as capable of binding to DNA via its HMG
box, thereby facilitating the assembly of the pre-initiation
complex (PIC) at the rDNA promoter [43-45]. Recent
evidence has elucidated that LYAR is mobilized by UBF
to bind to rDNA in 293 T cells, subsequently facilitat-
ing the recruitment of BRD4 to modulate rDNA tran-
scription [19]. Consistent with these findings, our study
also demonstrates the interaction and co-localization
between BRD4 and UBF during the mouse iPSC repro-
gramming. Consequently, we imply that throughout iPSC
reprogramming, UBF recruits BRD4 to the promoter and
enhancer regions of rDNA. BRD4 further regulates rDNA
transcription by modulating the levels of H3K27ac in the
vicinity, thus impacting rDNA expression. However, the
co-localization between BRD4 and H3K27ac at the rDNA
locus observed in our study also suggests that BRD4’s
localization to rDNA may involve not only its interaction
with UBF but also its bromodomain, which functions as
an acetylation reader [62]. Conducting detailed struc-
tural analyses of BRD4 will not only advance our under-
standing of its molecular characteristics but also provide
crucial insights into the complete mechanism of rDNA
transcription during iPSC reprogramming. Moreover,
considering the genomic localization of BRD4 and its role
as a scaffold for recruiting diverse transcription factors
during mRNA transcription, future research investigat-
ing whether BRD4 acts as a scaffold for recruiting known
and unknown transcription factors to influence rDNA
expression and impact iPSC reprogramming would be of
great value.

iPSC reprogramming has emerged as a powerful bio-
logical tool with tremendous potential in various fields.
However, numerous obstacles impede its application,
with the ambiguous understanding of the underlying
biological processes being a major challenge. Hence, it
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is valuable to elucidate the mechanisms governing these
processes. In our study, we have concluded that early
depletion of BRD4 markedly improves iPSC reprogram-
ming by immediately inactivating a series of somatic
genes and activating pluripotency-associated genes. Con-
versely, inhibiting BRD4 during the middle-late stage
severely impedes reprogramming, resulting in a failure to
activate pluripotency-associated genes, consistent with
previous studies [17]. Thus, our findings indicate that
BRD4 plays a dual role during iPSC reprogramming, act-
ing as a negative factor in the early stage but a positive
factor in the middle-late stage. This study expands our
current knowledge regarding the involvement of BRD4 in
iPSC reprogramming and fills a gap in our understanding
of the early-stage function of BRD4 in reprogramming.
In the future, it would be worth investigating whether
BRD4 is also involved in the late-stage reorganization of
chromatin structure.

With the advancement of iPSC reprogramming, there
is growing evidence suggesting a significant resemblance
between iPSC reprogramming and tumorigenesis [63].
Notably, one of the prominent shared features between
these processes is the alteration of rDNA transcrip-
tion. Previous studies have demonstrated the activation
of a substantial number of rDNA transcriptions in both
iPSC reprogramming and tumorigenesis [64]. Therefore,
in various tumor diseases, early inhibition of BRD4 may
also exacerbate tumorigenesis. Given that BRD4 inhibi-
tors have been identified to play pivotal roles in clinical
tumor treatment [65], it hence bears significant scientific
merit to explore whether premature inhibition of BRD4
would lead to hastened dynamic expression of rDNA and
potentially promote tumorigenesis during clinical inter-
vention. In conclusion, it is imperative to investigate this
issue, as it would significantly advance our understand-
ing of the potential adverse effects associated with BRD4
inhibitors.

Conclusions

In this study, we observed a noteworthy enhancement in
iPSC reprogramming through early inhibition of BRD4,
characterized by the facilitation of modulation in rDNA
expression dynamics. The early degradation of BRD4 effi-
ciently facilitates the inactivation of rDNA in the early
stage, which is subsequently restored in the middle-late
stage. During iPSC reprogramming, BRD4 has been
observed to interact with UBF and co-localize at the
promoter and enhancer regions of rDNA. Additionally,
BRD4 has been shown to facilitate the H3K27ac levels in
the surrounding vicinity, consequently regulating rDNA
expression. Moreover, early inhibition of BRD4 effec-
tively suppresses somatic gene expression and activated
pluripotent gene transcription. Our findings indicate that
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BRD4 acts as a negative regulator in the early stage of
iPSC reprogramming, while it remains indispensable in
the middle-late stage.

Methods

Reagents

The following antibodies and dilutions were used for
western blotting and immunofluorescence: BRD4 rabbit
mADb (ab128874, Abcam) at 1/1000 for WB and 1/100 for
IF, UBF mouse mAb (sc-13125, Santa Cruz Biotechnol-
ogy) at 1/1000 for WB and 1/50 for IF, S6 rabbit mAb
(#2217, CST) at 1/1000 for WB, P-S6 rabbit mAb (#4858,
CST) at 1/1000 for WB, a-Tubulin pAb (11,224-1-AP,
Proteintech) at 1/2000 for WB, AFP mouse mAb (sc-
130302, Santa Cruz Biotechnology) at 1/50 for IF, a-sma
rabbit pAb (14,395-1-AP, Proteintech) at 1/100 for IF,
and nestin goat pAb (sc-21248, Santa Cruz Biotechnol-
ogy) at 1/50 for IF. For co-immunoprecipitation, the anti-
body used was BRD4 rabbit mAb (ab243862, Abcam) at
7 ul/0.5 mg lysate. For ChIP-qPCR, the antibody used
was H3K27ac rabbit mAb (#8173S, CST) at a dilution
of 1:100. The specific BRD4 degradation agent used was
AT6 (HY-112375, MCE).

Mice and cell culture

We obtained female C57BL/6 and male DBA/2 mice from
Vital River (Beijing, China) and female and male 4F2A
mice from JAX company. To prepare mouse embryonic
fibroblasts (MEFs), we obtained E13.5 male homozygous
embryos from B6D2F1 and 4F2A mice. MEFs and 293 T
cells used in experiments were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with
15% fetal bovine serum (FBS, Gibco), 1% MEM non-
essential amino acids (NEAA, Gibco), 1% L-glutamine
(Gibco), and 1% penicillin-streptomycin (Biological
Industries). 4F2A MEFs used in iPSC reprogramming
were cultured in knockout DMEM (KO-DMEM, Gibco)
containing 15% knockout serum replacement (KOSR,
Gibco), 1% MEM NEAA, 1% L-glutamine, 1% penicillin—
streptomycin, 1% sodium pyruvate (Gibco), 1000 U/mL
LIF, 0.1% 2-mercaptoethanol, and 2 pg/mL doxycycline.
For embryoid bodies, we used KO-DMEM, 15% KOSR,
1% MEM NEAA, 1% L-glutamine, 1% penicillin—strepto-
mycin, and 1% sodium pyruvate.

iPSC generation

To establish the virus-induced pluripotent stem cell
(iPSC) reprogramming system, 293 T cells were trans-
fected with Teton-OSKM and viral packaging plasmids
(PSPAX, PMD2G, and rtTA) using Lipofectamine 3000
transfection reagent (Invitrogen). After a 6-h incubation
in Opti-MEM Reduced-Serum Medium (without anti-
biotics), the medium was replaced with MEF medium
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and cultured for 48 h. The harvested supernatants con-
taining the retroviruses were used to infect MEFs along
with 5 pg/ml polybrene, followed by reseeding on mito-
mycin C-treated MEF feeder layers. The MEFs were then
cultured in MEF medium supplemented with 2 pg/mL
doxycycline for 3 days and subsequently in iPSC medium
containing 2 pg/mL doxycycline until reprogramming
was completed. The medium was refreshed daily.

To initiate 4F2A iPSC reprogramming, mitomycin
C-treated MEF feeder layers were prepared in 6-well
plates or 10-cm dishes, and 4F2A MEFs were seeded
onto them. The cells were cultured in MEF medium sup-
plemented with 2 pg/mL doxycycline for 3 days. The
medium was then replaced with iPSC medium contain-
ing 2 pg/mL doxycycline. The fresh medium was pro-
vided daily.

To treat reprogramming cells with AT6, the cells were
cultured in medium supplemented with AT6 solution,
which was dissolved in DMSO, at the specified time. For
Brd4 interference experiments, siRNA duplexes of si-NC
and si-Brd4 were transfected into control and siBrd4
MEFs using lipofectamine 3000 transfection reagent at
the indicated time. During the treatment period, the cul-
ture medium containing AT6 was refreshed daily. Fol-
lowing the completion of treatment, we transitioned to
cultivating the cells in normal medium of MEF or iPSC,
with daily medium changes maintained until the desig-
nated time point for examination.

Embryoid body (EB) differentiation assay

The iPSCs were initially digested using an adequate
amount of trypsin/EDTA until cell detachment. To neu-
tralize the trypsin, twice the volume of MEF medium
relative to trypsin was added. The cells were then
centrifuged at 1000 rpm for 5 min and subsequently
resuspended to achieve a single-cell suspension. Approxi-
mately 5x10° iPSCs were replated in 8 ml of medium
onto low-attachment plates. Embryoid bodies were cul-
tured in knockout DMEM, supplemented with 15%
knockout serum replacement, 1% MEM non-essential
amino acids (NEAA), 1% L-glutamine, and 1% penicillin—
streptomycin, under conditions of 37 °C and 5% CO2 for
1 week before transitioning to MEF medium. The culture
medium was replenished every 3 days.

Western-blot

The western blotting experiments were performed using
a previously established protocol [24]. After transfer, pol-
yvinylidene fluoride (PVDF) membranes were blocked
with 0.1% PBS-Tween (PBS-T) containing 5% milk for 1 h
at room temperature. The membranes were then incu-
bated with primary antibody solution overnight at 4 °C.
Antibody binding was detected using specific secondary
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antibodies. The quantification of blots was performed
using Image] analysis software.

Immunofluorescence

The cells were fixed by incubating them with 4% para-
formaldehyde (PFA) for 30 min at room temperature, fol-
lowed by permeabilization with 0.25% PBS-T for 20 min.
After blocking with 1% BSA for 30 min, the cells were
incubated with the primary antibody at 4°C overnight.
The cells were then washed three times with PBST and
incubated with the secondary antibody for 1 h at room
temperature. After washing with PBS-T three times,
the cells were incubated with DAPI for 5 min. Finally,
the slides were observed using a Nikon ECLIPSE Ti-U
microscope.

Co-immunoprecipitation

The cells were lysed in NP-40 Lysis Buffer (Beyotime) and
incubated with 0.5-2 pg of the antibody or control rab-
bit IgG at 4°C overnight. Immunoprecipitation was per-
formed using the Pierce " Classic Magnetic IP/Co-IP Kit
(Thermo Fisher) as per the manufacturer’s instructions,
followed by Western blot analysis.

Alkaline phosphatase staining and staining-positive
colony counting

The BCIP/NBT alkaline phosphatase colour development
kit (Beyotime) was used to perform alkaline phosphatase
(AP) staining following the manufacturer’s instructions.
The number of AP-positive colonies was determined
using Image] analysis software.

RNA extraction and RT-qPCR

The total RNA was extracted using the RNAeasy = Ani-
mal RNA Isolation Kit with Spin Column (Beyotime) fol-
lowing the manufacturer’s protocol. Subsequently, cDNA
was synthesized from RNA using the TransScript All-in-
One First-Strand ¢cDNA Synthesis SuperMix for qPCR
(One-Step gDNA Removal) kit. RT-qPCR was performed
as previously described [24]. The list of primers used in
this study is provided in the Additional file 2.

Analysis of rDNA in ChIP-seq and background subtraction

The analysis procedures were performed according to
a previous report [37]. Raw data were obtained from
NCBI-GEO databases and subjected to quality con-
trol using FastQC. Trimmomatic was used to remove
adapter sequences and filter out low-quality reads. The
data was then aligned to the mouse rDNA repeat (Gen-
Bank BK000964.3) using Bowtie2 (version 2.3.5.1) and
converted and sorted using SAMtools (version 1.3.1).
The normalization factor, r, was calculated using NCIS,
and the background of the ChIP-seq data was subtracted
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using Python scripts for “background subtraction” The
detailed process of “background subtraction” was per-
formed as previously described [37]. The visualization of
ChIP-seq data was performed using IGV.

RNA-seq analysis

The raw data were obtained from NCBI-GEO databases
and subjected to quality checking using FastQC. RNA-
seq reads were then aligned to the mouse genome ver-
sion mm10 using hisat2 (version 2.2.1). The resulting
alignments were converted and sorted using SAMtools,
and featureCounts (version 2.0.3) was used to determine
expression levels. Subsequent bioinformatics analyses
were performed using R programming language (version
4.1.0). The DE analysis was conducted using the R pack-
age DESeq2. The GOplot package was used to generate
the relevant plots.

ChIP-qPCR

The ChIP-qPCR experiment was conducted according
to the manufacturer’s instructions of the SimpleChIP®
Enzymatic Chromatin IP Kit (Magnetic Beads) (CST,
#9003). Initially, 1% paraformaldehyde was used to
crosslink reprogramming cells for 10 min at room tem-
perature, followed by glycine quenching for 5 min to
terminate the crosslinking reaction. After isolating the
nuclei, the nuclear fraction was digested with MNase.
The solubilized chromatin was subsequently incubated
with antibodies against the related proteins or IgG over-
night at 4°C. A 2% sample of the mixture was collected as
input. The ChIP-Grade Protein G Magnetic Beads were
incubated with the mixtures for 2 h at 4°C. The chroma-
tin-antibody complex was isolated and washed, and the
immunoprecipitated DNA was purified after crosslink
reversal. Finally, the purified DNA fragments were quan-
tified by RT-qPCR using the ChIP-qPCR primers listed in
Additional file 2.

Statistical analyses

All experiments were conducted independently in tripli-
cate. Results are presented as mean + standard deviation
(SD) for statistical comparison. Statistical significance
was determined using Student’s unpaired two-tailed
t-test with GraphPad Prism 5 (GraphPad), where p <0.05,
0.01, and 0.001 were denoted as (*), (**), and (***¥),
respectively.

Abbreviations

AP Alkaline phosphatase

ALS Amyotrophic lateral sclerosis

BET Bromodomain and extra-terminal
CCK8 Cell Counting Kit-8

CIN Cervical intraepithelial neoplasia
ESC Embryonic stem cells

FTD Frontotemporal dementia
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HCC Human hepatocellular carcinoma
HD Huntington’s disease

HMG High mobility group

iPSC Induced pluripotent stem cells
LIF Leukemia inhibitory factor

MEFs Mouse embryo fibroblasts

MET Mesenchymal-epithelial transition
PCA Principal component analysis

PIC Pre-initiation complex

Pol i RNA polymerase Il

pS6 Phospho-S6 ribosomal protein

P-TEFb  Positive transcription elongation factor b
rDNA Ribosomal DNA

S6 S6 ribosomal protein

SCNT Somatic cell nuclear transfer

SE Super enhancer

UBF Upstream binding factor 1
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