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CANCER

PP2A complex disruptor SET prompts widespread
hypertranscription of growth-essential genes in the

pancreatic cancer cells

He Xu"?3%, Di Wu'3%:¢, Mingming Xiao'%3*t, Yubin Lei®, Yalan Lei'%3*,

Xianjun Yu">3%, Sj Shi">3%:

Hyperactivation of the oncogenic transcription reflects the epigenetic plasticity of the cancer cells. Su(var)3-9,
enhancer of zeste, Trithorax (SET) was described as a nuclear factor that stimulated transcription from the chroma-
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tin template. However, the mechanisms of SET-dependent transcription are unknown. Here, we found that over-
expression of SET and CDK9 induced very similar transcriptome signatures in multiple cancer cell lines. SET
localized in the transcription start site (TSS)-proximal regions and supported the RNA transcription. SET specifi-
cally bound the PP2A-C subunit and induced PP2A-A subunit repulsion from the C subunit, which indicated the role
of SET as a PP2A-A/C complex disruptor in the TSS-proximal regions. Through blocking PP2A activity, SET assisted
CDK?9 to maintain Pol Il CTD phosphorylation and activated mRNA transcription. Our findings position SET as a key
factor that modulates chromatin PP2A activity, promoting the oncogenic transcription in the pancreatic cancer.

INTRODUCTION

Nonmutational epigenetic reprogramming is increasingly discussed
as a driving force in tumorigenesis (1-3). Several lines of evidence
have indicated the existence of global enhancement of transcription
that favors the cancer growth. For instance, c-Myc up-regulation has
long been identified as a cancer “driver” (4, 5) and c-Myc was found
to amplify almost all the mRNA-transcribing genes in cancer cells
(6). For another example, aberrant activation of super-enhancers,
which associated with the hypertranscription of massive critical on-
cogenes, was observed in multiple cancers (7-15). Histone acetyla-
tion reader BRD4 recruits Cyclin T/CDK9 complex to phosphorylate
RNA polymerase II carboxy terminal domain (Pol II CTD) and hence
serves as a genome-wide activator of mRNA transcription (16-20).
Intriguingly, bromodomain and extraterminal domain (BET) in-
hibitors that specifically target BRD4 have shown to be selective an-
tiproliferation compounds in the preclinical treatment of leukemia
and solid tumors (9, 21-23). In the opposite, protein phosphatase
2A (PP2A), a tumor suppressor, counteracts the BRD4-CDK?9 axis
to dephosphorylate Pol IT C-terminal repeat domain (CTD) and at-
tenuates global hypertranscription (24-26).

Hyperactivation of the oncogenic transcription reflects the epi-
genetic plasticity of the cancer cells, and it has been speculated that
chromatin status permissive for transcription onset would favor the
cancer cells sampling for the fitness genes to promote cell growth
(2). However, the epigenetic factors that switch the chromatin status
to prompt the global hypertranscription remain largely elusive.

The nuclear oncogene Su(var)3-9, enhancer of zeste, Trithorax
(SET; also called TAF-I) was first described as a nuclear factor that
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stimulated transcription from the chromatin template (27-29). How-
ever, it was also purified as a component of INHAT (inhibitor of
histone acetyltransferases) complex that negatively regulated histone
acetylation (30) and also a potent inhibitory protein of PP2A (31-35).
Later, it was found that the acid tail of SET could bind the lysine-rich
domain of histones or other proteins to prevent them from being
acetylated. So, SET is an “insulator” of protein acetylation (36, 37).
Very controversial conclusions had been made regarding the func-
tions of SET in the gene transcription (38-41). SET was reported
to remodel the chromatin structure and facilitated transcription
(28, 29, 42-45). SET was also found to integrate chromatin hypo-
acetylation and transcriptional repression (46-48).

In search for the driver factors related to the hypertranscription
in the pancreatic cancer, we found that SET actually promoted the
RNA transcription, which was related to the function of SET as a
PP2A-A/C disruptor.

RESULTS

SET supported the RNA transcription

To find out the mechanism underlying the transcriptional repro-
gramming in the pancreatic ductal adenocarcinoma (PDAC) cells,
we searched for the factors that promote the oncogenic transcrip-
tion. We focused on the clue that BRD4~ Cyclin T/CDKO9 axis is the
pivotal activator in the Pol II-mediated mRNA transcription (16, 19).
We speculated that those genes driving the oncogenic transcription
were possibly related to the CDK9 axis. So, up-regulation of those
genes would render similar transcriptome changes such as CDK9
gain of function. On the basis of this speculation, we searched for
the genes that induced the most similar transcriptome changes such as
CDK9-overexpression (OE) (the top CDK9-OE-connected genes;
fig. S1A) using a transcriptome matching method (49, 50). After
overlapping the top 100 CDK9-OE-connected genes with the 303
candidate nuclear oncogenes in the PDAC (those that are up-
regulated in the PDAC tissues, essential for PDAC cell growth, and
encoding nuclear proteins; fig. S1B), we found only three genes.
Among the three genes, we found that overexpression of the nuclear
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oncogene SET induced the most similar transcriptome phenotype
such as CDK9-OE (fig. S1C).

To testify whether SET is involved in the RNA transcription, we
constructed the SET-knockout (KO) lines using CRISPR-Cas9 sys-
tems in the SET high-expressing PDAC cell line BXPC3 (fig. S1, D
and E). We measured the gross transcription rate (with or without
CDKO inhibition) in the control or SET-KO cells by quantifying the
ethynyluridine (EU)-labeled nascent RNA after EU pulse labeling
(Fig. 1A). Comparing with the control cells, SET-KO cells transcribed

significantly less RNA in a given time (Fig. 1B). In the SET-KO cells,
the CDK9 inhibition decreased nascent RNA to a lower level than it
did in the control cells (Fig. 1B).

More precise sequencing of the nascent RNA with spike-in nor-
malization technology indicated that SET-KO decreased the global
nascent mRNA levels same as the CDK9 inhibition (Fig. 1C). De-
tailed study of the nascent RNA sequencing (RNA-seq) showed that
the major part of the nascent RNA, which were down-regulated by
CDK9 inhibition in the control cells, would be decreased to a much
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Fig. 1. SET supported the RNA transcription. (A) Setup of the experiments to study whether SET is involved in the CDK9-induced transcription. (B) BXPC3 control cells
or SET-KO cells (treated with or without the CDK9 inhibitor AZD4573 for 2 hours) were pulse-labeled with EU for 30 min, the nascent RNA incorporated with EU was further
covalently labeled with fluorescent via Click chemistry, and the labeled cells were analyzed with fluorescence-activated cell sorting. (C) Box plot shows the overall changes
of nascent RNA in BXPC3 control or SET-KO cells (treated with or without AZD4573). **P < 0.01 and ***P < 0.001. (D) Heatmap shows the fold changes of the nascent RNA
treated with or without AZD4573 in the BXPC3 control or SET-KO cells; the top down-regulated nascent RNAs in the control cells treated with AZD4573 were shown.
(E) Fractional bar chart indicates the portion of the down-/up-regulated nascent RNAs in the indicated treatments. (F) Venn diagram indicates the overlapping of down-
regulated nascent RNAs either after CDK9 inhibitor treatment or after SET-KO. (G) Nascent RNA-seq tracks showed the nascent RNA expression in the different treatments
at a representative gene locus. FC, fold change.
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lower level by CDK9 inhibition in the SET-KO cells (Fig. 1, C and D).
Either CDKO9 inhibition or SET-KO would suppress nascent mRNA
transcription (Fig. 1E), and the bulk of the down-regulated nascent
mRNAs either by CDK9 inhibition or by SET-KO were largely over-
lapped (Fig. 1F), which was quite similar with the phenotype previ-
ously observed that CDK9-OE and SET-OE induced the almost
same transcriptome changes (fig. S1, A and C). Our discoveries in-
dicated that similar to CDK9, SET also supported the RNA tran-
scription. Also, in the SET-KO cells, CDK9 inhibition was more
efficient to reduce the RNA transcription levels (Fig. 1G).

SET localized in the TSS-proximal regions promoting the
mRNA transcription

Next, we analyzed the effect of SET-KO upon the stable mRNA level
through regular RNA-seq. For the 29,501 genes of which the nascent
RNA was decreased in the SET-KO cells versus the control cells,
10,230 of them (~34%) showed down-regulated mRNA in the SET-KO
cells (Fig. 2A). To explore more information about the SET target
loci in the genome, we performed SET CUT&Tag to identify the
genome-wide SET binding sites using a validated SET antibody
(Fig. 2C and fig. S1E). We found that the SET-specific signal was
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Fig. 2. SET localized in the transcription start sites (TSS)-proximal regions, promoting the mRNA transcription. (A) Venn diagram indicates the overlapping of the
down-regulated nascent RNA and mRNA in the SET-KO cells versus the control cells. (B) SET binding sites within different genomic elements. (C) Heatmaps and meta-
plots of SET CUT&Tag signals in the TSS-proximal regions in the control and SET-KO cells. (D) Heatmaps and metaplots of SET CUT&Tag signals in the different gene
groups. (E) mRNA expression and SET chromatin occupancy at representative gene loci. (F) Heatmaps and metaplots show the Pol Il ChIP-seq signals at scaled TSS-
proximal regions ranked by decreasing occupancy. (G) mRNA expression and Pol Il chromatin occupancy at a representative gene locus in the control and SET-KO cells.
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distributed in the genes and intergenic regions. Approximately 40 to
50% of the SET binding peaks localized in the gene promoter re-
gions (Fig. 2B). Especially, we identified SET binding signals in the
transcription start site (TSS)-proximal regions of more than 50% of
all genes (Fig. 2C).

Furthermore, to assess whether the TSS occupancy of SET had
any relationship with the gene expression level, we grouped the dif-
ferentially expressed genes (DEGs) after SET-KO into different subsets
according to the mRNA fold changes. We found that the down-
regulated genes after SET-KO had bound more SET in the control
cells (Fig. 2, D and E). It means that the genes directly targeted by
SET are inclined to be turned down after SET-KO (Fig. 2D and
fig. S2A), which further validated SET gene’s function as promoting
mRNA transcription. Similarly, the up-regulated genes in the SET-OE
cells had more SET binding than the down-regulated genes (fig. S2B).
It is noteworthy that the most down-regulated genes in the SET-KO
cells had the lower CERES scores, which implies that SET preferred
to support the growth-essential genes to transcribe (fig. S2C).

Pol II chromatin immunoprecipitation sequencing (ChIP-seq)
analysis showed that, comparing with those in the control cells,
Pol IT in the TSS-proximal regions was significantly decreased
in the SET-KO cells (Fig. 2, F and G). However, in the control and
SET-KO cells, as well as in different subset of genes, we found no
differences in the Pol II traveling ratio (TR) indexes (fig. S2D). It
seemed that SET-KO had induced a substantial decrease of avail-
able Pol IT engaged to the chromatin, preventing the transcription
initiation steps.

SET bound to PP2A-C subunit and repelled PP2A-A

from PP2A-C

To elucidate the mechanism of SET gene’s function in supporting
CDK9-induced and Pol II-mediated transcription, we decided to ana-
lyze the binding partners of SET. Using the co-immunoprecipitation-
mass spectrum (co-IP MS), we identified the SET binding proteins
in two different cell lines (Fig. 3B). In the human embryonic kidney
(HEK) 293T cells, SET bound to multiple factors involved in the
RNA metabolism and gene expression (fig. S3A) but not CDK9 or
Pol IT (Rpb1) (Fig. 3B). In the Panc02 cells, SET co-IP enriched
CDKO but still not Pol IT (Rpb1) (Fig. 3B). So, there is no evidence
that SET interacts with Pol IT (Rpb1). Also, the interaction between
SET and CDKJ9 seemed not consistent across different cell lines.
Therefore, we inferred that SET might modulate CDK9 and Pol II
function through a third mediator.

PP2A complex, consisting of the scaffold subunit A, the regula-
tory subunit B, and the catalytic subunit C, has been validated to
counteract the CDK9 to dephosphorylate Pol II CTD and suppress
the global transcription (24-26). Because SET has been verified as
an inhibiting factor of PP2A activity (Fig. 3A) (31-35). It is strongly
implicated that chromatin-associated SET might support CDK9 func-
tion through PP2A modulation.

Two different models have been proposed to explain how SET
inhibits PP2A:

(model A) SET directly binds PP2A-C and inhibits PP2A-C cata-
lytic activity (35, 51). In this model, SET directly binds PP2A-C sub-
unit but not B or A subunit (51), which is in accordance with our
data (Fig. 3, B and C).

(model B) SET, as a dimer, directly binds PP2A-B (B56 subunit)
but not PP2A-C and modulates PP2A holoenzyme activity in the
lung cancer cell lines (52, 53). However, in either HEK293T cells or
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PDAC cell line Panc02, we found no evidence that SET bound PP2A-B
(Fig. 3B).

Actually, through comparing the SET binding proteins in the two
cell lines we tested, we found that PP2A-C is a consistent binding
protein of SET (fig. S3B).

Although our data supported the model A that SET inhibits
PP2A only through the binding with PP2A-C, the molecular details
of the mechanism in the model A was still not elucidated complete-
ly. The precise formation of PP2A-A/C core enzyme is critical for
the PP2A holoenzyme activity and substrate specificity (54). There-
fore, we conjectured that excessive SET binding to PP2A-C might
pose some effect on the formation of PP2A complex.

We constructed a series of truncated or deleted mutations in
both SET and PP2A-C proteins (Fig. 3D), trying to map the interac-
tion domains in SET and PP2A-C. Full-length SET bound to PP2A-C
and did interrupt the PP2A-A/C interaction (Fig. 3E, arrow head).
However, if a stretch of C-terminal domains in SET protein were
deleted (SET-AC1 or SET-AC2), the truncated SET would hardly
bind PP2A-C (Fig. 3, E and F). Meanwhile, neither SET-ACI nor
SET-AC2 mutation would disrupt PP2A-A/C interaction (Fig. 3, E
and F). These results highlighted the importance of SET C-terminal
domains in binding PP2A-C and impeding PP2A-A/C interaction.
Using similar method, we mapped a PP2A-C region (amino acids
207 to 309) that is critical for PP2A-C binding with SET (Fig. 3G).
Applying the AlphaFold2-based protein complex simulations, we
predicted a structural model of SET: PP2A-C interaction (fig. S3C).
In this model, an evolutionarily conserved domain just adjacent to
the SET C-terminal acid tail directly binds to a conserved region of
PP2A-C (fig. S3, C and D). According to this model, the SET bound
with PP2A-C would induce a steric effect that interferes with PP2A-A/C
interaction (Fig. 3H and fig. S3C). PP2A-A/C interaction is the
foundation for the formation of PP2A/B/C holoenzyme and the full
PP2A activity. So, it is possible that SET inhibits PP2A activity
through disrupting the PP2A-A/C interaction (Fig. 3H). In accor-
dance with this model, SET mutations with deletion of C-terminal
domains showed substantially decreased binding with PP2A-C and
no longer disrupted PP2A-A/C interaction or full PP2A activity
(Fig. 3, E, F, and I).

SET-KO did not alter the TSS occupancy of CDK9 or PP2A-C
but increased PP2A-A localization in the

TSS-proximal regions

According to the model above (Fig. 3H), we speculated that chro-
matin associated SET would induce the repulsion of PP2A-A from
the chromatin-bound PP2A-C, hence, to inhibit the PP2A-A/C core
enzyme activity in the chromatin. We inferred that SET-KO would
stop the repulsion of PP2A-A from PP2A-C and recruit the PP2A-A
back to the chromatin-bound PP2A-C.

Western blotting showed that there were no notable changes in
the protein expression levels of CDK9, PP2A-A, or PP2A-C in the
SET-KO cells versus the control cells (Fig. 4A). So, we performed the
spike-in normalized ChIP-seq of CDK9 and PP2A-C and the spike-
in normalized CUT&Tag of PP2A-A in the control or SET-KO cells
to testify whether SET-KO would change the genomic localization
of these factors. Our ChIP-seq data demonstrated that CDKOY,
PP2A-A, and PP2A-C all localized in the TSS-proximal regions
(Fig. 4, B to D). SET-KO had little or no effects on the TSS-bound
CDKO (Fig. 4B) or PP2A-C (Fig. 4, D and E).However, compared to
the control cells, TSS-bound PP2A-A was significantly increased in
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the SET-KO cells (Fig. 4, C and E). These results supported the mod-
el that SET induced the PP2A-A repulsion from the chromatin-
associated PP2A-C. Intriguingly, a recent paper has reported that
another cellular PP2A inhibitor protein CIP2A also binds to the
PP2A trimer and resulted in the dislocation of the PP2A-A subunit
from the complex (55). The interesting parallel of this paper with our
research indicated that PP2A- A repulsion could be common mecha-
nistic basis for PP2A inhibition by its inhibitory proteins.

SET regulated Pol Il CTD phosphorylation through
modulating PP2A activity

The fully phosphorylated Pol II CTD [YSPT(S/T)P(T/K)] repeats is
necessary for the activation of Pol II-mediated transcription (16-19).
Pol II CTD is phosphorylated by CDK9 and dephosphorylated by
chromatin associated PP2A. We have demonstrated that SET might
be a functional inhibitor of chromatin PP2A. So, we further exam-
ined whether SET could promote Pol II CTD phosphorylation.

In a recent research that has systematically studied the phospho-
proteome changes after SET loss of function, MS-based screen was
applied to compare the phosphoproteins in the SET-knockdown (KD)
cells versus the control cells (56). In their published data, we found
that SET-KD specifically decreased the phosphorylation of Pol II
CTD domain in the fifth serine positions (Pol II S5-p) (fig. S4A).
Using Western blotting, we confirmed that phosphorylated Pol II,
especially the Pol II S5-p, was significantly decreased in the SET-KO
cells compared with the control cells (Fig. 5, A, B, and D).

Since that SET did not show consistent interaction with CDK9
(Fig. 3B) and that SET-KO did not change the CDK9 protein level or
CDK9 localization in the TSS-proximal regions (Fig. 4, A and B),
SET is more likely to affect Pol II CTD S5-p by modulating the de-
phosphorylation process of Pol II CTD. In the control and SET-KO
cells, we inhibited CDK9 activity and detected the stability of Pol II
S5-p in the course of time. We found in the SET-KO cells that the
Pol I S5-p level dropped more quickly than that in the control cells
(Fig. 5, A and C), which indicated that Pol II CTD dephosphorylation
process was strengthened in the SET-KO cells. These results
indicated that chromatin PP2A activity might be elevated in the
SET-KO cells.

To test whether SET modulated Pol II S5-p level through PP2A,
we pretreated the control and SET-KO cell with or without PP2A
inhibitor and detected the Pol II S5-p level using Western blot. We
found that if PP2A activity was blocked, SET-KO would not de-
crease the Pol II S5-p level (Fig. 5D). These results demonstrated
that SET maintains Pol IT S5-p level via blocking PP2A activity.

To investigate whether SET promoted transcription through dis-
rupting PP2A, we also pretreated the control and SET-KO cell with
or without PP2A inhibitor and detected the mRNA expression level
using RNA-seq. Actually, in the LB100-treated cells where PP2A ac-
tivity was blocked, SET-KO could no longer reduce the gene expres-
sion as it did in the PP2A normal cells (Fig. 5, E and F).

In detail, we analyzed the effects of PP2A inhibition on mRNA
transcriptome in both control and SET-KO cells. We found that, for
the most decreased oncogenes in the SET-KO cells including EGFR,
MET, and ZBTBS5, PP2A long time inhibition (~24 hours) will in-
crease their mRNA levels (fig. S4B). For all the down-regulated genes
in the SET-KO cells versus the control cells, 67.5% of them were
eventually up-regulated by PP2A inhibition (fig. S4C).

We also found that SET not only bound with PP2A-C but also
colocalized with PP2A-C along the genome (Fig. 5G). PP2A-C and
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SET even cotargeted the similar genome DNA motifs (fig. S4D).
These facts highlighted the possibility that SET could support Pol II
phosphorylation by the in situ inhibition of chromatin-associated
PP2A (Fig. 5H).

SET was essential for the PDAC disease progression and
tumor growth

SET was reported to be a nuclear oncoprotein (57, 58). Immunobhis-
tochemistry (IHC) staining using SET-specific antibody revealed
increasing nuclear signal in the PDAC tissues other than the adjacent
noncancer tissues (Fig. 6A). Patient cohort study verified that higher
SET protein levels predicted poor outcomes and shorter survival time
(Fig. 6B). Via CRISPR-Cas9 technology and stable transfection, we
have constructed SET loss-of-function and gain-of-function lines in
different PDAC cells (fig. S1, D and E). In vitro studies demonstrat-
ed that growth rate and colony formation rate were both decreased
in the SET-KO PDAC cells but increased in the SET-OE cells (Fig. 6,
C and D). In vivo experiments also showed that the growth rate of
the SET-KO PDAC xenografts was decreased comparing with the
control (Fig. 6, E and F).

Oncogene MET is a direct transcriptional target of
SET and PP2A
In search of the Achilles’” heel in the SET-overexpressing cancers, we
analyzed the correlation between the drug sensitivity and the SET
expression level in multiple cancer cell lines (Fig. 7A) using the Na-
tional Cancer Institute’s CTD? drug sensitivity database (59). Statis-
tically, we found that cancer cells with higher SET expression levels
showed higher vulnerability to some compounds with various cel-
lular targets (fig. S5A), especially the Taxels and the c-Met inhibitor
tivantinib (Fig. 7A and fig. S5B). We conformed that comparing to
the SET-KO cells, the SET-expressing control cells were more sensi-
tive to the c-Met inhibitor tivantinib (Fig. 7, B and C).

c-Met is encoded by the oncogene MET. We found that SET and
PP2A-C colocalized in the TSS-proximal region of the MET (Fig. 7D).
Compared with the control cells, the SET-KO cells showed un-
changed PP2A-C but significant increased PP2A-A occupancy in the
TSS-proximal region of the MET (Fig. 7D). In concert, Pol II en-
gagement in the MET was decreased and the MET mRNA level was
suppressed in the SET-KO cells (Fig. 7D). We further validated that
c-Met protein level was decreased by SET-KO (Fig. 7E). SET and c-
Met expression level were positively correlated in the cancer cells or in
the PDAC samples (fig. S5, C to E). These observations demonstrated
that MET is a direct transcriptional target of SET and PP2A complex.

We pretreated the control and SET-KO cell with or without PP2A
inhibitor and detected the MET mRNA levels using the reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR). We
found that when PP2A activity was blocked, SET-KO could no longer
decrease the MET mRNA (Fig. 7F). These results indicated that SET
promoted the transcription of MET through the inhibition of PP2A.

Increased SET was correlated with the Pol Il activation and
c-Met overexpression in the PDAC samples

The Pol II CTD S5-p is a hallmark of Pol II activation and transcrip-
tion initiation (10, 15). In our cohort of patients with PDAC, we
found that the Pol II S5-p level was increased in the PDAC tissues
(fig. S5F). High Pol I S5-p level was correlated with shorter survival
time in PDAC (fig. S5G), reflecting the hyperactive oncogenic tran-
scription in the PDAC tissues.
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We found in the PDAC tissue samples that Pol II S5-p level was
positively correlated with the SET expression level (Fig. 7G). The MET
expression was also elevated in the PDAC (fig. S5H). We observed that
MET high expression was correlated with short survival time of patients with
PDAC (fig. S5, I and J) in accordance with previous reports (60-64).

The increased c-Met was positively correlated with Pol II S5-p
level and the SET level (Fig. 7H and fig. S5K). In conclusion, THC
study in the PDAC consecutive sections (Fig. 7I) supported the hy-
pothesis that overexpressed SET, supporting CDK9-induced Pol 1I
CTD phosphorylation, prompts the hypertranscription of growth-
essential genes including the oncogene MET.

Treating the PDAC cells with FTY720

The ceramide analogs including FTY720 have been reported to bind
SET and block SET dimerization (52, 53). It is believed that FTY720
inhibits the binding of SET with PP2A (52). According to these,
FTY720 would be the perfect compound to treat SET-positive PDAC.

However, as the drug sensitivity experiments showed, the median
inhibitory concentration (ICsp) of FTY720 is above 10 pM for 21 of
the 28 PDAC cell lines tested (fig. S6A). Unlike the c-Met inhibitor
tivantinib, which showed increased drug sensitivity in the cells ex-
pressing higher level of SET, FT'Y720 drug sensitivity appeared not
significantly correlated with the SET expression level (Fig. 7A and
fig. S6B).

If FTY720 inhibits cell growth via inhibiting SET in the PDAC cells,
then it should be expected that FTY720 will not inhibit the growth
of the isogenic SET-KO cells. However, compared to the control
cells, SET-KO cells were more sensitive to the FTY720 (fig. S6C).

We have demonstrated that MET is one direct target gene of SET
and PP2A. However, FTY720 could not modulate the MET expres-
sion levels in the control or SET-KO isogenic cells (fig. S6D).

The results above showed that FT'Y720 seemed not a plausible
candidate drug to treat PDAC and whether FTY720 inhibited PDAC
cells through SET still requires further investigation.

SET and PP2A directly regulated the expression of
CBP/p300, which promoted the enhancer histone
acetylation and the enhancer activation

SET modulated global histone acetylation levels and landscapes,
which are also related to the transcription (fig. S7, A to C). Gener-
ally, the introns and the genomic loci with higher histone acetyla-
tion tended to lose H4 acetylation after SET-KO (fig. S7C and S7D).
These facts prompt us to study whether histone acetyltransferases
were regulated by SET.

We found that SET and PP2A-C colocalized in the TSS-proximal
regions of EP300 and CBP, which encode the important histone
acetyltransferase CBP/p300 (Fig. 8, A and B). In the SET-KO cells,
PP2A-C occupancy was not significantly changed, while more PP2A-A
was recruited into the TSS-proximal regions of EP300 and CBP
(Fig. 8, A and B), which validated the role of SET as a PP2A-A/C
complex disruptor in the TSS-proximal regions of these two genes.

The mRNA levels of EP300 and CBP were decreased in the SET-KO
cells comparing with the control cells (Fig. 8, A and B). We pre-
treated the control and SET-KO cell with or without the PP2A in-
hibitor and detected the EP300 and CBP mRNA levels using the
RT-qPCR. We found that when PP2A activity was blocked, SET-KO
could no longer decrease the EP300 or CBP mRNA (Fig. 8, C and
D). These results indicated that SET promoted the transcription of
EP300 and CBP through the inhibition of PP2A.

Xu et al., Sci. Adv. 10, eadk6633 (2024) 26 January 2024

We used the western blotting to detect CBP protein levels and
performed the CUT&Tag assays to detect the CBP genomic binding
loci in the control and SET-KO cells. We found that CBP protein levels
were reduced, and the enhancer occupancy of CBP was decreased in
the SET-KO cells (Fig. 8, E and F). With less CBP bound to the en-
hancer regions, the enhancer histone H4 acetylation levels were de-
creased in the SET-KO cells (Fig. 8G).

The SET-KO cells exhibited down-regulated histone H4 acetyla-
tion with decreased Pol I occupancy in the super-enhancers (fig. S7,
E and F) and less enhancer RNA transcribed from the super-
enhancers (fig. S7G). All these indicated the inactivation of the
super-enhancers.

Actually, compared with the control cells, SET-KO cells had fewer
number of super-enhancers (Fig. 8H). Many super-enhancers in the
control cells are associated with receptor tyrosine kinase (RTK) or
AKT signaling pathway genes (including MET and EGFR; Fig. 8I).
When the super-enhancer activity was attenuated by SET-KO, those
RTK genes with other growth-promoting genes were also turned
down (Fig. 8H). The super-enhancers play a prominent role in or-
chestrating oncogene expression selectively (9). Our results demon-
strated that SET directly regulated CBP/p300 transcription via
antagonizing PP2A. Through promoting the CBP/p300 expression
level, SET might indirectly induce the enhancer activation and the
enhancer related oncogenic transcription, which might in turn rein-
force the direct activation of oncogene transcription (Fig. 9).

DISCUSSION

Our results indicated that, as a disruptor of PP2A-A/C complex, SET
is able to promote CDK9-induced Pol II phosphorylation, eventu-
ally activating transcription. Pol II CTD is dynamically phosphory-
lated by CDK9 and dephosphorylated by the chromatin-associated
PP2A. SET binds to the PP2A-C in the TSS-proximal regions, repelling
the PP2A-A from the PP2A-C and inhibiting the PP2A-A/C core en-
zyme activity in the TSS-proximal regions. So, the overexpressed SET
shifts the balance between Pol II CTD phosphorylation and dephos-
phorylation, increased the Pol II CTD phosphorylation and mRNA
transcription (Fig. 5H). Hence, it is explainable that SET-OE had simi-
lar effects on cell transcriptome such as the CDK9-OE (fig. S1, A and C).

In the SET-KO cells, PP2A-A is no longer repelled from the
PP2A-C. So, the PP2A-A and PP2A-C subunit are restored to form
PP2A-A/C core enzyme in the TSS-proximal regions. Hence,
the PP2A activity is increased in the TSS-proximal regions. Under
this condition, the dephosphorylation rate of Pol II CTD will also
increase. When CDK9 was inhibited, the gross dephosphorylation
rate of Pol II CTD is higher in the SET-KO cells than in the control
cells. So, the Pol II transcriptional activity will drop faster in the
SET-KO cells after CDK9 inhibition. It explains why CDK9 inhibi-
tion in the SET-KO cells would render the nascent RNA transcrip-
tion to a lower level than in the control cells (Fig. 1, B to D).

Pol IT S5-p was reported to be related to transcription initiation,
while S2-p is more significant in the transcription elongation after
Pol II pausing (17, 65, 66). Although our results showed that SET-KO
induced significant decrease of Pol II S5-p, we did not observe obvi-
ous differences in Pol II pausing in SET-KO cells versus the control
cells. Instead, we only observed a significantly decreased Pol II
binding in the TSS-proximal regions of the SET-KO cells. So, it
seems that SET loss of function is not 100% identical with the PP2A
gain of function.
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Fig. 9. The working model of the SET induced oncogenic transcription. The core module: SET directly inhibits the PP2A in the TSS-proximal regions, which is the core
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vate the oncogenic transcription.

SET was reported to be a histone chaperone with possible chro-
matin remodeling activity (28, 29, 67, 68). We suspect that SET-KO
might also induce chromatin restriction to directly hinder the Pol II
engagement to the chromatin. This effect could overlap with SET’s
function as a PP2A inhibitor to jointly affect the transcription. Under
this scenario, SET loss would suppress transcription initiation so
profoundly that its effects on transcription elongation are difficult to
be observed.

Especially, we found that oncogene MET is one of the direct down-
stream targets of SET-induced oncogenic transcription. Relative
study in the PDAC patient cohort and previous studies all suggested
that MET might contribute to the malignancy of PDAC (63, 69-71).
Our results added to the pharmaceutical value of c-Met inhibitors in
the treatment of SET-positive PDAC (72-76).

EP300 and CBP are another two direct targets of SET. Through
promoting CBP/p300 expression, SET indirectly boosted the en-
hancer histone acetylation and the activation of enhancer-related
oncogene. This process seemed to be an indirect, secondary mecha-
nism that SET used to promote the oncogenic transcription. However,
it is working compatibly with SET’s core function as a chromatin
PP2A inhibitor.

Although we have found that CBP/p300 is the linkage between SET
and the enhancer histone acetylation, we could not rule out other
mediators or alternative mechanisms underlying the SET-induced
histone acetylation remodeling. In the light of recent phosphopro-
teome data that SET/PP2A regulates the phosphorylation of dozens of
chromosomal and epigenetic proteins including HDACs (56, 77), it is
noteworthy for the readers to understand that SET has also a broad-
er role in regulating phosphorylation of protein involved in transcrip-
tion and epigenetics, which might also eventually contribute to the
landscape of histone acetylation and other modifications.
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Limitations of the study

We found that SET is important for the Pol II function and tran-
scription initiation. However, we could not certify the effects of SET
on the transcription elongation or other down-stream events be-
cause SET-KO induced a profound loss of Pol II engagement to the
TSS-proximal regions, which might mask SET’s effects on other
down-stream events in RNA transcription. Moreover, it is ideal to
reactivate PP2A in the SET-OE cells to further verify whether SET-
induced hypertranscription or cell growth was mediated by PP2A
inhibition; however, we did not achieve these results because
phenothiazine-based PP2A-activating compounds iHAP1 and DT-061
had recently been found to have PP2A-independent cytotoxicity (78).

MATERIALS AND METHODS

Patient study

The paraffin section specimens were obtained from patients diag-
nosed with PDAC who underwent surgery at the Fudan University
Shanghai Cancer Center (FUSCC) from 2016 to 2018. In the 239
patients, 104 had solely PDAC tissue, while the other 135 had both
cancerous and adjacent tissue. PDAC RNA was extracted from the
surgical tissues of 96 patients diagnosed in 2013 and 2014. Each pa-
tient provided an informed consent, and all experiments were con-
ducted with the approval of the FUSCC Clinical Research Ethics
Committee under the reference number 2109243-18. The disease
diagnosis and IHC staining grading were performed by two experi-
enced pathologists. The latest follow-up date was November 2020.

Cell lines and culture conditions
We cultured and passages HEK293T, Drosophila S2, mouse pancre-

atic cancer cell line Panc02, and human pancreatic cancer cell lines
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BxPC3, Pancl, and MiaPaca2. The cells were identified by DNA fin-
gerprinting. BxPC3 cells were cultured in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS). Drosophila S2 cells were main-
tained with Schneider’s Drosophila medium with 10% FBS. The
other cells were grown in Dulbeccos modified Eagle’s medium with
10% FBS. All the media were supplemented with penicillin and
streptomycin (100 U/ml). Cell lines were incubated at 37°C under
5% CO,, and a PCR test for mycoplasma is performed every 2 months.

Mouse experiments

All animal experiments were conducted at the Animal Center of Fudan
University Shanghai Cancer Center, and the Animal Ethics Com-
mittee approved the research with the reference number FUSCC-
TACUC-2022125. A barrier system with ventilated cages and
automatic water dispensers was used to house mice. The animal
house is programmed with a temperature range of 20° to 26°C, a
humidity range of 40 to 60%, and a 12-hour day/12-hour night cycle.
Female BALB/c nude mice (5 to 6 weeks of age, 18 to 22 g; Gem-
Pharmatech) were injected subcutaneously with 1 x 10° BxPC3 con-
trol or SET-KO cells. The mice were euthanized, and the tumors
were weighed 4 weeks after injection.

Immunohistochemistry

The ITHC analysis was conducted in the same manner as previously
described (79). Briefly, tissue sections with a thickness of 3 pm were
deparaffinized in xylene and rehydrated in gradient alcohol solu-
tions. Heat-mediated antigen retrieval was performed using EDTA
buffer (pH 9.0) in a pressure cooker for 10 min. The slides were then
cooled to room temperature and incubated with a 3% H,O; solution
for 20 min to inhibit endogenous peroxidase activity. After 2 hours
of blocking with 3% normal goat serum, the slides were treated with
optimum dilutions of primary antibodies at 4°C overnight. The
samples were then stained using a two-step polymer-horseradish
peroxidase method using DAB as the chromogen and Mayer’s he-
matoxylin as the counterstain. Scores for IHC staining were calcu-
lated by multiplying the proportion or area (0, <5%; 1, 5 to 25%; 2,
25 to 50%; 3, 50 to 75%; and 4, >75%) of positively stained cells by
the staining intensity (0, negative; 1, weak; 2, moderate; and 3,
strong). Scores greater than six indicated high expression, whereas
scores less than six indicated low expression.

Generation of KO and stably overexpression cell lines

The CRISPR-Cas9 technique was used to generate gene KOs. The
annealed SET single guide RNA oligonucleotides were cloned into
the pLentiCRISPR-V2 vector. Human full-length SET was inserted
into the pLVX-Myc-puro vector (by Age-I and Eco RI). SET-KD or
overexpression plasmids and virus packing plasmids were cotrans-
fected into HEK293T cells to produce lenti-virus. The virus-
containing supernatant was collected and purified after 48 hours,
and BxPC3, Pancl, and Miapaca2 cells were then infected. The in-
fected cells were selected with puromycin for 2 weeks. The genome
sequence and Western blot were used to identify all the KO and
overexpression cell lines.

siRNA knockdown

RNA interference transfections were carried out in a forward trans-
fection mode using Lipofectamine 3000 transfection reagent ac-
cording to the manufacturer’s instructions. A total of 1 X 10° BxPC3
cells were seeded in 12-well plates before being transfected with a
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final small interfering RNA (siRNA) mixture of 20 nM and 2 pl of
Lipofectamine per ml. Seventy-two hours after transfection, the
cells were harvested for future experiments. KD efficiency was ex-
amined by Western blot.

Western blot

Cells were lysed in 1 X SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer containing dithiothreitol (DTT) and in-
cubated at 100°C for 10 min. B-Actin was used as a control for pro-
tein expression. All antibodies were determined experimentally and
verified in the linear range. Samples were separated by SDS-PAGE
(7.5 to 12.5%) and transferred onto the polyvinylidene difluoride
(PVDF) membranes. The membranes of PVDF were blocked with a
tris-buffered saline (TBS) buffer containing 0.1% Tween 20 and 5%
non-fat milk or bovine serum albumin (BSA). Then, the membranes
were treated overnight at 4°C with a primary antibody diluted in the
blocking buffer. The next day, membranes were incubated at room
temperature with secondary antibodies conjugated to HRP for
1 hour. The membrane was lastly constructed using a chemiluminescence
substrate.

RNA extraction and RT-qPCR

Total RNA was extracted from clinical tumor specimens and human
PDAC cells using an RNA extraction kit. The cDNA was synthesized
from total RNA using the Prime Script RT Reagent Kit according to
the manufacturer’s instructions. The AACt technique was used
to calculate relative mRNA expression levels, which were adjusted to
[2M levels. ABI 7900HT Real-Time PCR machine (Applied Biosystems
Inc., USA) was used for thermal cycling. The primers used are listed
in table S2.

DNA site-specific mutation

The site-specific mutagenesis in the SET or Pp2ac CDS was gener-
ated by the PCR-based method. The primers are listed in table S2.
Following the manufacturer’s instructions, the KOD-Plus Mutagen-
esis Kit (Toyobo, Osaka, Japan) was used to generate mutant plas-
mids. All truncated mutations were confirmed by Sanger sequencing
and expression in the HEK293T cells.

Cell viability assay

Cell viability was measured with the Cell Counting Kit-8 (CCK-8)
following the manufacturer’s instructions. In the 96-well plates,
3000 cells were inoculated per well overnight. The next day, 10 pl of
CCK-8 solution were added to each well. After 90 min of incubation,
the absorbance at 450 nm was measured with a microplate reader.

Cell death-detecting drug efficacy assay

Control and SET-KO BxPC3 cells were seeded in the 12-well plates
and added gradient tivantinib after cells adhered. Twenty-four hours
later, flow cytometric analysis was performed using the PE annexin
V Apoptosis Detection Kit according to the manufacturer’s instruc-
tions to determine cell apoptosis.

Immunoprecipitation-MS

A total of 1 x 107 HEK293T and Panc02 cells were stably transfected
with the control and Myc-SET plasmids, respectively. Magnetic
beads conjugated with anti-SET antibody were prewashed five times
with 1x TBST buffer (25 mM tris, 0.15 M NaCl, and 0.05% Tween
20). Cells were washed three times with cold phosphate-buffered
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saline (PBS) and then lysed in cell lysis buffer containing an EDTA-
free protease inhibitor cocktail. The cell samples were added to the
prewashed magnetic beads and incubated on a 4°C roller overnight.
The beads were collected with magnetic stand and washed twice
with 5X TBST buffer (125 mM tris, 0.75 M NaCl, and 0.25%Tween
20). A 50 pl of SDS-PAGE loading buffer was added, and the
sample was incubated at 100°C for 10 min. The control SET and
SET-OE-associated proteins were immunoprecipitated with mag-
netic beads and subjected to SDS-PAGE separation on 10% gel.

The protein gel strip was cut into pieces, and each piece was
soaked for half an hour in sterile water in the corresponding EP
tubes. The protein gel strip was decolorized at 37°C for 30 min or
until the blue has faded and added acetonitrile to dehydrate the gel
and make it completely white twice. The acetonitrile was soaked up
and dried in the air. A 10 mM DTT was added until the liquid covers
the gel, then placed it in a 56 °C water bath for 1 hour, placed it for
45 min in the dark after cooling to room temperature, and washed it
twice with the decolorizing solution. The enzyme was diluted with
25 mM NH4HCOj3 and placed on ice for 30 min. The appropriate
buffer was added to the gel and incubated at 37°C overnight. The gel
was washed with 50 and 100% ACN and took the supernatant to be
freeze-dried. Thermo UltiMate 3000 UHPLC was used to separate
samples of dried peptides. The liquid phase chromatography-separated
peptides were ionized by a nanoESI source and passed to a tandem
mass spectrometer Q-Exactive HF X for Data Dependent Acquisition
mode detection.

CUT&Tag

The CUT&Tag assay was performed with minor modifications as
previously described (80). The cells were gently washed three times
with a wash buffer and incubated them with activated concanavalin
A magnetic beads at room temperature for 10 min. The primary an-
tibody was added and incubated on a rotating platform at 4°C over-
night. The primary antibody was removed and incubated it for
30 min at room temperature on a rotating platform with diluted
secondary antibodies. We washed it three times with Dig-Wash buf-
fer and added 0.04 pM pA/G-Tnp for 1-hour rotated incubation.
The cells were resuspended in TruePrep tagging buffer and incu-
bated for 1 hour at 37°C. The DNA was purified with DNA extract
beads. A 1 pg of E. coli genome DNA was added per 100,000 input
cells for the spike-in control. Libraries were amplified using PCR
according to the manufacturer’s protocol. Following the manufac-
turer’s recommendations, sequencing was carried out on an Illumi-
na NovaSeq 6000 using 150-base pair (bp) paired-end.

Click-EU labeling nascent RNA

Cells were labeled with 5-EU for 2 hours before fixation and per-
meabilization. Then, cells were washed twice with 0.3% BSA in PBS
and incubated at room temperature for 15 min with Click reaction
buffer, CuSO4, Azide 488, and Click-IT additive solutons. Flow cy-
tometry and imaging were performed on the treated cells.

Nascent RNA-seq

The nascent RNA-seq was performed with minor modifications as
previously described (24, 81). A total of 1 X 107 control and SET-KO
cells were harvested with trypsin and washed with ice-cold PBS for
three times. The cells were resuspend hypotonic buffer [10 mM
Hepes (pH 7.9), 10 mM KCI, 2 mM MgCl,, 1 mM DTT, and 1x
protease inhibitor cocktail] and incubated for 20 min on ice. The
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suspension was centrifuged for 10 min at 4°C, and the supernantant
was discarded. The cells were pulverized using a pestle to pulverize
and ensure that 90% of the cells are broken up. The nuclei were col-
lected by centrifuge at 600g for 10 min at 4°C. The nuclei was re-
suspended and washed with nuclei wash buffer [10 mM Hepes
(pH 7.9), 250 mM sucrose, 1 mM DTT, 1 X protease inhibitor cock-
tail, ribonuclease inhibitor (50 U/ml)] twice. We mixed 50% volume
of 2 M fresh urea solution and 50% volume of cold 2x NUN buffer
[40 mM Hepes (pH 7.9), 15 mM MgCl,, 600 mM NacCl, 0.4 mM
EDTA, 2% (v/v) NP-40] with DTT for 1X NUN buffer. The pellet
was suspended, and the nuclei was broken by pipetting up and down
10 to 15 times with 1 ml of 1 NUN buffer and incubated for 5 min at
4°C on a rotating plate. The chromatin was spun at 1000g for 3 min
at 4°C to pelletize it. Also, the chromatin pellet was carefully resus-
pended in 1 X NUN buffer. The homogenized sample was incubated
at 50°C for 5 min. The standard RNA purification protocol with
TRIzol was followed for the remaining steps of RNA extraction.

The nascent RNA was detected with 1% agarose electrophoresis.
The ribosomal RNA (rRNA) was purged, cDNA was synthesize, and
libraries were constructed and amplified according to the manufac-
turer’s guidelines. The quality of the library was validated using the
Agilent DNA 1000 Kit on the Agilent 2100 Bioanalyzer. It was suit-
able to have smooth profiles peaking around 250 bp and no detect-
able primer dimer contamination. After 2 days of sequencing on an
Ilumina NovaSeq 6000 machine, the original data are lastly con-
verted into Fastq format.

RNA-seq

RNA was isolated from control and SET-KO cells as previously de-
scribed. On 0.8% agarose gels, RNA degradation and contamination
were observed. The RNA sample preparations used a total of 3 ug of
RNA as input material for each sample. Using the NEBNext Ultra-
TM RNA Library Prep Kit for Illumina (NEB, USA) in accordance
with the manufacturer’s instructions, sequencing libraries were cre-
ated, and index codes were added to assign sequences to specific
samples. Biological triplicates of samples were sequenced using the
Ilumina NovaSeq6000 platform. HTSeq v0.6.0 was used to deter-
mine the number of reads mapped to each gene. The TPM of each
gene was then evaluated on the basis of the gene’s length and the
total number of mapped reads.

ChlIP-seq

Control and SET-KO cells were harvested for ChIP assay using vali-
dated ac-H4 or Pol II (Rpbl) NTD antibodies. Each group under-
went two biological replicates of experiments. ChIP was performed
based on the manufacturer’s instructions using SimpleChIP Plus
Enzymatic Chromatin IP Kit (Magnetic Beads). Specifically, ap-
proximately 5 x 10° cells were first fixed with 1% formaldehyde fixa-
tion. In each spike-in ChIP experiment, human cells were used in a
50:1 ratio to Drosophila S2 cells. At the start of the ChIP workflow,
S2 cells were mixed in with human cells. After combining Drosophila
S2 and human cells, the sample was treated as one ChIP-seq sample
all across the experiment until the DNA sequencing was completed
as described previously (82, 83). The input and DNA samples were
used to prepare sequencing libraries in accordance with the Illumina
Genome Analyzer manufacturer’s recommendations. After amplifi-
cation, the total amount of DNA in each specimen was standard-
ized. An Illumina NovaSeq 6000 Analyzer was used to sequence
the purified.
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PP2A immunoprecipitation phosphatase assay

For PP2A phosphatase assay, immunoprecipitations using lysates
from six-well plate were performed according to the manufacturer’s
instructions. Briefly, the cells were washed with 1x TBS for three
times, and the plates were scraped with 300 pl of phosphatase ex-
traction buffer [20 mM imidazole-HCI, 2 mM EGTA, 2 mM EDTA,
1 mM benzamidine, 1X phenylmethylsulfonyl fluoride (pH 7.0), and
1X protease inhibitor cocktail]. The cells were sonicated for 10 s and
centrifuged for 10 min at 2000g at 4°C. The tests for phosphatase
activity were conducted using the isolated supernatant. PP2A-C an-
tibody (clone 52F8D8, which recognizes both methylated and non-
methylated PP2A-C), Protein A agarose, and pNPP Ser/Thr assay
buffer were added, then incubated constantly for 1 hour at 4°C on
rocking plate, and washed and incubated with Ser/Thr assay buffer
for 8 min at 30°C with shaking. Malachite green phosphate detec-
tion solution was added and read at 650 nm.

Quantification and statistical analysis

All replicate experiments were conducted using a minimum of two
biological replicates per condition. According to the ENCODE proj-
ect criteria, all the RNA-seq or nascent RNA-seq experiments in this
research were performed with the samples of biological triplicates
(three replicates), and all the ChIP-seq and Cut&Tag experiments
are in duplicates (two replicates). Because the correlation coefficient
between our replicates for each group is generally high, we would
combine these replicate next generation sequencing (NGS) tracks
into one merged (average) track to show in the figures for conve-
nience. Generally, the statistical tests were performed after confirming
that the data met appropriate assumptions (e.g., normal distribution)
and two-tailed but nonparameter analysis is carried out if the dis-
tribution of assumptions could not be certified. P values were calcu-
lated and adjusted for multiple hypothesis testing where indicated.
Statistical significance is indicated as *P < 0.05, **P < 0.01, and
***P < 0.001. The statistical analyses were performed with R and
GraphPad Prism. Pearson y2 test or Fisher’s exact test was used to
examine categorical variables. Student’s ¢ test and Mann-Whitney-
Wilcoxon test were used to analyze continuous variables. Survival
comparisons were evaluated using Kaplan-Meier curves and log-
rank tests. In RT-qPCR, relative gene expression levels normalized
by B2M were calculated by the formula 28 \where /\Ct (critical
threshold) = Ct of genes of interest — Ct of 2M. In ChIP-qPCR, the
enrichment for specific locus was normalized by input in the same
way. Fold changes of gene expression level or ChIP enrichment were
calculated by the 2 AR method. The data in histograms were pre-
sented as the means + SD.

For the differential gene expression analysis method of the
RNA-seq and the nascent RNA-seq data, first, the TPM of each
gene was calculated using the sequencing data and based on the
gene’s length and the total number of mapped reads. The TPM
values were then normalized according to the spike-in Drosophila
S2 cell RNA, which was premixed in proportion with the total
cell number. On the basis of the normalized TPM values for
each gene in the control or SET-KO group (three replicates for
each group), nonparameter analysis was performed to identify
the DEGs.

Cell transcriptome connectivity matching
The Cell Connectivity Map (CMAP) is a compendium of gene ex-
pression signatures induced by chemical compounds or genetic
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perturbations (termed perturbagens) in multiple cell lines. For each
small-molecule treatment or single gene knockdown/overexpression
in a specific cell line, the L1000 assay platform measured the re-
duced representation of total transcriptome (~1000 land mark tran-
scripts), recorded as an expression signature (49, 50). CMAP has
collected approximately 1.3 million expression signatures of more
than 8000 perturbagens in at least seven cell types, and the “dis-
tance” between any two expression signatures is quantified using the
Kolmogorov-Smirnov test. More similar expression signatures
showed “shorter distance” and related higher “connectivity value”
We searched CMAP (https://clue.io/) using the command: /conn
“CDK9-OF”. The resultant connectivity data were then downloaded
and visualized as heatmaps.

Nascent RNA-seq analysis

Raw reads were trimmed and then aligned to human hg19 and Dro-
sophila dmé6 genome assemblies using STAR v2.7.5¢ with parameter
“—outSAMtype BAM SortedByCoordinate-twopassMode Basic—
outFilterMismatchNmax 2-outSJfilterReads Unique” (84). Read
normalization was based on 1e6/spike-in read number calculated by
SAMtools v1.9, and normalized bigWig files were built with deep-
Tools v3.5.0 (85, 86). Gene expression quantification was performed
with featureCounts tool from the Rsubread R package v2.0.1 (87).
For each gene, we computed the number of fragments per kilobase
of exon per million mapped reads by normalizing the spike-in dmé6
reads. Differential expression analysis was performed using DESeq2
R package v1.26.0 (88).

ChlIP-seq analysis

The paired-end ChIP-seq reads were processed with Trim Galore
v0.6.6 (www.bioinformatics.babraham.ac.uk/projects/trim_galore/)
to remove adaptors and low-quality reads with the parameter “-q 25”
and then aligned to the human hgl9 and Drosophila dmé6 assem-
blies using Bowtie v2.3.5.1 with default parameters (89). All un-
mapped reads, low mapping quality reads (MAPQ <30), and PCR
duplicates were removed using SAMtools v1.9 (85) and Picard
v2.23.3 (https://broadinstitute.github.io/picard/). The number of
spike-in dmé6 reads was counted with SAMtools v1.9, and normal-
ization factor alpha = 1e6/dm6_count was calculated (85). Normal-
ized bigWig was generated with deepTools v3.5.0, and reads mapped
to the ENCODE blacklist regions were removed using bedtools
v2.29.2 (86, 90, 91). Peaks were called using macs2 v2.2.6 with a q
value threshold of 0.05, and peak annotation was performed with
ChIPseeker R package v1.24.0 (92, 93).

CUT&Tag analysis

Raw CUT&Tag reads were processed. CUT&Tag reads were trimmed
using cutadapt (v1.16) (-m 10 -q 10). Paired-end reads were aligned
to the hg19 reference genome using bowtie2 with default parameters.
Normalized bigWig files were generated for each replicate using the
bamCoverage function in the deepTools package. Replicates were
further normalized to the input using the bigWigCompare func-
tion with the parameter-operation log.

Gene Ontology

Gene Ontology (GO) analysis was performed using the web inter-
face for Database for Annotation, Visualization, and Integrated Dis-
covery (DAVID, v.6.8). The Functional Annotation tool was used to
identify biological process GO terms (GOTERM_BP_DIRECT)
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that are enriched in the queried gene list. Selected GO terms with
Benjamini-Hochberg-adjusted P value < 0.05 were plotted.

Data visualization

Reads per genomic content (RPGC)-normalized bigWig files were
generated from ChIP-seq, CUT&Tag, nascent RNA-seq, and RNA-seq
bam files using the BamCoverage function in the deepTools package
(v.3.0.1) with parameters -normalizeUsing RPGC —effectiveGenomeSize
2652783500 —centerReads. For ChIP-seq and CUT&Tag data, the
parameter —extendReads 150 was also used. RPGC-normalized
ChIP-seq, CUT &Tag, nascent RNA-seq, and RNA-seq tracks at spe-
cific loci were visualized using Integrative Genomics Viewer (Broad
Institute).

RPGC-normalized ChIP-seq and CUT&Tag signal was calculated
in regions +3 kb centered at the enhancer using the computeMatrix
function in the deepTools package (reference-point —referencePoint
center -a 3000, -b 3000 -binSize 10). Heatmaps and profiles of the
signal were visualized using plotHeatmap and plotProfile functions,
respectively, using default parameters (Figs. 2C and 5G and fig. S2B).
Custom R code was used to generate profiles of mean signal from
different samples at the same set of regions (Fig. 2E and fig. S7G).

Supplementary Materials
This PDF file includes:

Figs.S1to S7

Tables S1to S3
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