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In pancreatic ductal adenocarcinoma (PDAC), endogenous MYC is required for
S-phase progression and escape from immune surveillance. Here we show that
MYC in PDAC cells is needed for the recruitment of the PAF1c transcription
elongation complex to RNA polymerase and that depletion of CTR9, a PAF1c
subunit, enables long-term survival of PDAC-bearing mice. PAFIc is largely
dispensable for normal proliferation and regulation of MYC target genes.
Instead, PAFIc limits DNA damage associated with S-phase progression by
being essential for the expression of long genes involved in replication and
DNA repair. Surprisingly, the survival benefit conferred by CTR9 depletion is
not due to DNA damage, but to T-cell activation and restoration of immune
surveillance. This is because CTR9 depletion releases RNA polymerase and
elongation factors from the body of long genes and promotes the transcrip-
tion of short genes, including MHC class I genes. The data argue that func-
tionally distinct gene sets compete for elongation factors and directly link
MYC-driven S-phase progression to tumor immune evasion.

Expression of the MYC protooncogene is deregulated and elevated ina
large proportion of pancreatic ductal adenocarcinoma (PDAC)
tumors™. In approximately 10% of PDAC tumors, this is due to ampli-
fication of MYC; in the remaining cases, MYC expression is elevated
because it is induced downstream of activating RAS mutations and
because loss-of-function mutations in the TP53 and SMAD4 tumor
suppressor genes abolish the suppression of MYC expression by the
respective wild-type proteins**. Transgenic PDAC models driven by

mutant KRAS and mutant p53 (“KPC”) consequently express high levels
of MYC and endogenous MYC is required for both tumor development
and maintenance in these models®®. Depletion of MYC in KPC models
results in two major phenotypes: first, it causes a delay in cell cycle
progression, which is most pronounced during S-phase’. Second, MYC
is critical for preventing tumor eradication by the host immune system
and the tumor regression observed in PDAC models upon MYC inac-
tivation depends on an intact immune system’”'°,
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MYC is a nuclear protein that exerts both global and gene-specific
effects on transcription by all three RNA polymerases" ™. To exert
these effects, MYC participates in several protein/protein complexes:
the best characterized is a complex with MAX, which enables MYC to
bind specific DNA sequences, known as E-boxes, and regulate the
transcription of a wide range of target genes, most of which encode
proteins involved in translation, metabolism and cell cycle
progression®. Many current attempts to target MYC for therapy are
therefore based on the hypothesis that the oncogenic function of MYC
is a consequence of deregulated expression of its target genes and that
the ability to regulate transcription from E-boxes is the crucial onco-
genic function of MYC that needs to be inhibited'*". However, recent
proteomic analyses have identified a surprisingly complex interactome
of MYC proteins'®?° and have uncovered unanticipated functions of
specific protein complexes in maintaining the genomic stability of
tumor cells'>?*?, raising the need to identify MYC"s oncogenic func-
tions in an unbiased manner.

Both MYC and its neuronally-expressed paralogue, MYCN, can
prevent transcription-replication conflicts (TRCs) and limit replication-
associated DNA damage”*”****, suggesting that TRCs or DNA damage
arising during S-phase cause the slow progression of MYC-depleted
PDAC cells through S-phase and that factors that prevent TRCs or limit
the DNA damage during S-phase may be critical for tumor growth. To
test this hypothesis, we performed a focused siRNA screen searching
for MYC cofactors that limit DNA damage during the S-phase of PDAC
cells. Subsequent analyses led to the surprising conclusion that DNA
replication and repair genes appear to compete for transcription
elongation factors with genes encoding MHC class I proteins, which
control the recognition of tumor cells by the host immune system, and
that a transcription elongation complex termed PAFlc (RNA Poly-
merase associated complex)*** controls the distribution of RNA
Polymerase and elongation factors between both groups of genes.
Consequently, PAFIc is required for both the prevention of DNA
damage during S-phase and for MYC-dependent immune evasion.
Since PAFIc is dispensable for the activation of canonical MYC target
genes, our findings argue that targeting specific complexes and
interaction partners can block MYC’s oncogenic functions but spare its
physiological functions in normal cell growth and proliferation.

Results

Depletion of MYC causes replication-transcription conflicts in
PDAC cells

To study the function of endogenous MYC in PDAC cells, we expressed
shRNAs targeting MYC in cells that have been derived from a tumor
arising in the KPC mouse model driven by KRAS and p53 mutations
(Fig. 1a)*’. Depletion of MYC severely retards the proliferation of these
cells. While progression through all phases of the cell cycle is delayed,
the effects are most pronounced in S-phase, which extends from an
average length of 4 to 12h’. We performed several experiments to
better characterize this phenotype: first, we showed that EAU incor-
poration is reduced upon MYC depletion, demonstrating that overall
DNA replication is reduced (Fig. 1b; Supplementary Fig. 1a). Our par-
allel work had shown that depletion of MYC has no effect on the speed
of unperturbed replication forks, but inhibits the recovery of replica-
tion of stalled forks, for example due to adjacent double-strand
breaks®. Consistently, depletion of MYC led to a strong increase in the
phosphorylation of gamma-H2AX (y-H2AX), a marker of double-strand
break formation, which occurred predominantly in the S-phase of the
cell cycle (Fig. 1b-d; Supplementary Fig. 1a). Both MYC and its neuronal
paralog, MYCN, have been implicated in the resolution of TRCs, sug-
gesting that double-strand breaks upon MYC depletion may result
from these conflicts*®**. To test whether TRCs occur in PDAC cells,
we used proximity-ligation assays to measure the proximity of RNA
polymerase Il (RNAPII) with the proliferating cell antigen (PCNA),
which forms the sliding clamp of active replication forks, and with

RAD9, which replaces PCNA at stalled replication forks as part of the
9-1-1 complex”, using appropriate single-antibody controls. Both
assays showed significant increases in the number of TRCs upon MYC
depletion, providing evidence that endogenous MYC prevents TRCs
(Fig. 1e). The stability of stalling replication forks depends on the ATR
kinase, and ATR inhibition causes replication fork collapse and sub-
sequent double-strand breaks?®. Consistently, incubation of PDAC cells
with AZD6738, a specific ATR inhibitor?’, caused a moderate increase
in phosphorylation of KAP1 at serine 824, a substrate of the ATM kinase
that is activated by double-strand breaks, in control cells, but caused a
much stronger increase in MYC-depleted cells (Fig. 1f). BLISS sequen-
cing of double-strand breaks provided direct evidence for a significant
increase in the number of double-strand breaks in MYC-depleted cells
treated with AZD6738 (Fig. 1g). Consistent with previous data, a large
fraction of double-strand breaks occurred in transcribed regions close
to promoters and depletion of MYC, either alone or in conjunction
with ATR inhibition, enhanced the frequency of breaks both in tran-
scribed and in intergenic regions (Supplementary Fig. 1b)*>*%. Taken
together, these data show that endogenous MYC reduces the fre-
quency of TRCs in PDAC cells and limits the accumulation of double-
strand breaks during S-phase progression.

The PAF1 complex is critical for limiting DNA damage during
S-phase

To identify critical co-factors that enable MYC to carry out these
processes, we performed a focused siRNA screen of 86 factors that are
either physically associated with MYC or MYCN or that are involved in
processes that prevent DNA damage during S-phase such as R-loop
resolution, polyadenylation, and promoter-proximal transcription
termination (Supplementary Fig. 2a). For this screen, we used high-
content automated microscopy analyzing three different parameters
(Fig. 2a, b, Supplementary Fig. 2b and Supplementary Data 1). First, we
looked for siRNAs that reduced the intensity of EdU incorporation
during S-phase, indicating that they caused a delay in S-phase pro-
gression. Second, we monitored for an increase in KAP1 phosphory-
lated at serine 824, indicative of double-strand breaks®, and third we
determined whether low concentrations of AZD6738 increase
KAP1(S824) phosphorylation upon factor depletion in a super-additive
or synergistic manner. Each read-out identified between 8 and 56 sig-
nificant hits (Fig. 2b, Supplementary Fig. 2¢c). Of these, four hits were
positive in all three assays and a further eight hits were positive in two
out of three assays (Fig. 2b). We noted that three subunits of the PAF1
complex (PAF1c), CTR9, CDC73 and RTF1, scored as hits and therefore
decided to focus on the analysis of this complex in subsequent
experiments. We validated the results of the screen using doxycycline-
inducible shRNAs targeting each subunit and found that depletion of
each of them, as well as depletion of MYC, strongly increased double-
strand break formation in response to incubation with low doses of the
ATR inhibitor AZD6738 (Fig. 2c). Virtually identical results were
obtained upon depletion of CTR9, a central scaffold of PAFIc that is
required for its assembly”, in an additional p53-mutant and in a
pl16™3(Cdkn2a)-deficient murine PDAC cell line, as well as in human
(PA-TU-8988T) PDAC cells, arguing that the role of PAF1c is conserved
(Supplementary Fig. 2d). Consistently, depletion of CTR9 had only a
moderate effect on cell proliferation of PDAC cells, but completely
suppressed proliferation of PDAC cells in the presence of low dose
AZD6738 (Fig. 2d). Profiling a number of compounds that induce DNA
damage or interfere with checkpoint responses showed that depletion
of CTR9 sensitized KPC cells to compounds that interfere with the
synthesis of thymidine and deoxynucleotides (5-FU, hydroxyurea),
cause replication stress (cisplatin) and inhibit the CHKI kinase that
senses replication stress (CHK1: LY-2603618; CHK1 + 2: AZD-7762), but
not to, for example, topoisomerase Il inhibitors (doxorubicin,etopo-
side) or transcription-associated cyclin-dependent kinase inhibitors
(CDK9: NVP2, CDK12: SR4835) (Fig. 2e and Supplementary Data 2).
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Fig. 1| Endogenous MYC prevents transcription-replication conflicts in

PDAC cells. a Immunoblot showing MYC expression in KPC cells. Where indicated,
doxycycline (1 pg/ml) was added for 48 h. Vinculin was loading control (n=3; n is
number of independent experiments unless otherwise stated). b Quantitative
image-based cytometry showing DNA content (Hoechst) on the x-axis and EAU
incorporation on the y-axis of cells carrying doxycycline-inducible shRNA targeting
MYC. “-MYC” indicates samples in which MYC depletion was induced by doxycy-
cline addition (1pg/ml) for 48 h and “+MYC” ethanol-treated control samples. EQU
was added 30 min before fixation. For each independent replicate, 1000 cells were
randomly selected and shown in this plot (n = 3). The table on the right shows mean
values, standard deviations, and P values (unpaired two-sided ¢-test). ¢ Bar plot
showing the percentage of y-H2AX positive cells in EQU™ or EdU" cells, derived from
(b). Data are presented as mean + s.d. (n =3; unpaired two-sided t-test).

d Representative immunofluorescence images used for the analysis shown in (b).
The merged image includes all stains including Hoechst to mark nuclei. Scale bar:
10 um. e Single-cell quantification of nuclear PLA foci between either PCNA or RAD9

and total RNAPIL The following total number of cells was examined over three
independent experiments: +MYC: PCNA-RNAPII n = 7715; -MYC: PCNA-RNAPII
n=2794; +MYC: RAD9-RNAPII n=4934; -MYC: RAD9-RNAPII n = 3768; two-tailed
Mann-Whitney U-test). Single antibody controls are shown for the +MYC condition
(number of cells analyzed in one experiment: RNAPII: n =2451; PCNA: n=3232;
RAD9: n=2767). In the box plot, the central line shows the median and the borders
of the boxes extend from the 25th to the 75th percentile, and the whiskers were
plotted using the Tukey method and outliers are shown as black dots. fImmunoblot
of cells harboring doxycycline-inducible shRNA targeting MYC. MYC depletion was
induced as in (a) and AZD6738 (0.3 uM) was added for 48 h. Beta-actin was loading
control (n=3). g Bar plot showing the relative number of AsiSI-normalized reads,
quantifying double-strand breaks as determined by BLISS sequencing. Doxycycline
was added for 48 h to deplete MYC and AZD6738 (2 uM) for 2 h was added where
indicated. Data are presented as mean * s.d. (n =3; unpaired two-sided t-test).
Source data are provided as a Source Data file.

Finally, PLA assays showed that depletion of CTR9 or CDC73 had no
significant effect on the proximity of RAD9 with RNAPII, arguing that it
has no direct role in resolving TRCs (Supplementary Fig. 2e). Collec-
tively, the data argue that PAFIc limits DNA damage predominantly
during S-phase.

To test whether this protective function of PAFIC is related to
MYC levels, we generated MYC-ER cells expressing inducible shCTR9.
This showed that, as previously observed in U20S cells, MYC activation
increased the percentage of EAU incorporating cells and depletion of
CTR9 strongly decreased this percentage if MYC-ER had been

activated by 4-OHT but did not affect the overall percentage of EdU
incorporating cells when MYC-ER had not been activated (Supple-
mentary Fig. 3a). Furthermore, MYC-ER activation exacerbated DNA
damage responses to depletion of CTR9: this was evidenced by an
increase in CHK1 phosphorylation, a downstream target of ATR, as well
as by increases in KAP1 and y-H2AX phosphorylation, downstream
targets of the ATM kinase (Supplementary Fig. 3b, c). Since ATM is
activated by double-strand breaks, this indicated that CTR9 is required
both for preventing MYC-enhanced replication stress and double-
strand break formation. Furthermore, CTR9 depletion moderately
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enhanced MYC-dependent apoptosis (Supplementary Fig. 3d). To
alleviate replication stress, MYC can form multimeric, sphere-like
structures and several PAFIC subunits are required for MYC multi-
merization in U20S cells®®. Consistent with these observations,
depletion of CTR9 reduced sphere formation of MYC in KPC cells
(Supplementary Fig. 3e). Finally, we used publicly available DEPMAP
data® to correlate the dependence of multiple human pancreatic

tumor cells on each of the genes identified as hits in the screen with
MYC expression levels and found a strong correlation between higher
level of MYC expression and high level of MYC target gene expression
and the dependence on CTR9 and other subunits of the PAF1 complex,
while the dependence of human PDAC cells on other genes was not
(or anti-) correlated with MYC levels (Supplementary Fig. 3f, g). We
concluded that PAFlIc is required to limit DNA damage in cells
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Fig. 2 | PAF1c maintains genomic stability in PDAC cells. a Quantitative image-
based cytometry with DNA content (Hoechst) shown on the x-axis. Left: EdU
intensity shown on the y-axis (number of cells plotted: siNTC: n=1032, siEX-
0SC5:n=1029). Middle: pKAP1(S824) intensity shown on the y-axis (number of cells
plotted: siNTC: n =1048; siCDC73: n=833). Right: pKAP1(S824) intensity upon
incubation with AZD6738 (0.1 uM; 24 h) (number of cells plotted: siNTC: n=1654;
siCDC73: n =1175). For each parameter, one siRNA that scored as a hitis shown as an
example. Representative images are shown at the bottom. Scale bar: 10 um. siRNA
transfection was 48 h and EdU was added 30 minutes before fixation (number of
independent experiments n = 3, except for “+ ATRi”, n = 2). b Venn diagram showing
the overlap between hits of different read-outs. Targets scoring in at least 2 of the 3
read-outs are shown. siRNAs with P<0.05 (“+ATRi” P< 0.15) were considered as

hits. ¢ Immunoblot of cells harboring doxycycline-inducible shRNA targeting luci-
ferase, components of the PAF1c and MYC. Depletion was induced by doxycycline
addition for 72 h and AZD6738 treatment for 72 h at 0.2 uM concentration. * refers
to a non-specific band. Beta-actin was loading control (n =3). d Growth curve of
cells harboring doxycycline-inducible shRNA targeting CTR9. “-CTR9” indicates that
shRNA expression was induced by doxycycline (1pug/ml), “+CTR9” samples were
treated with ethanol. AZD6738 (0.5 uM) was added where indicated. Each data point
represents an independent experiment (n =2 independent experiments). e Bar
plots showing percentage of pKAP1-positive cells. Where indicated, doxycycline
(1 pg/ml) was added for 48 h. Cells were treated with indicated compounds for 24 h.
Data are presented as mean +s.d. (n =3 independent experiments; unpaired two-
sided t-test). Source data are provided as a Source Data file.

expressing high MYC levels and that this correlates with a requirement
for PAF1c in MYC multimerization.

PAFIc promotes transcription elongation of genes that are
essential in S-phase

The PAF1 complex has multiple functions in transcription-associated
processes® including transcription elongation by RNAPII®, facilitation
of promoter-proximal double-strand break repair”? and transcription
termination*’. To understand how PAFIc limits double-strand break
accumulation during S-phase, we first used proximity ligation assays
for the PAF1c subunit CTR9 and transcriptionally active RNAPII phos-
phorylated at serine 5, to show that endogenous MYC is required for
the association of PAF1c with RNAPII (Fig. 3a). We then performed a
second siRNA screen of downstream effectors and regulators of PAF1c
function to decipher which of its possible functions is critical for its
role in limiting DNA damage during S-phase, using phosphorylation of
KAP1 in the presence of low concentrations of AZD6738 as readout
(Fig. 3b). In these experiments, we used depletion of the two PAFIc
subunits CDC73 and RTF1 as positive controls. Depletion of either
subunit as well as depletion of HUWEI1, which mediates the transfer of
PAFI1c from MYC to RNAPIIZ slightly increased KAP1 phosphorylation,
which was enhanced upon incubation with low dose AZD6738. In
contrast, depletion of factors involved in PAF1c-dependent promoter-
proximal histone modifications (RNF20, RNF40, UBE2A,UBE2B and
WAC) did not increase KAP1 phosphorylation nor did depletion of
INO80, which removes RNAPII during TRCs in yeast® %, We confirmed
that depletion of RNF20 essentially abolished H2B (K120) ubiquityla-
tion but had no detectable effect on phosphorylation of KAP1 either in
the absence or presence of AZD6738 (Supplementary Fig. 4a). Deple-
tion of several subunits of the CUL5/Elongin complex (CUL5, TCEBI,
TCEB2, TCEB3)*, which ubiquitylates stalled RNAPII, or the TIFly/
TRIM33 protein, which controls elongation of genes of the erythroid
lineage®, also did not increase KAP1 phosphorylation. In contrast,
depletion of cyclin K and its associated kinase, CDK12, as well as CDK9,
increased double-strand break formation (Fig. 3b). PAFIc recruits
CDKI12 for pause release and transcriptional elongation*.. Collectively,
the data argue that the canonical function of PAFIc in transcription
elongation is critical in this assay.

We therefore searched for PAF1c-dependent genes that may cause
these phenotypes and performed RNA sequencing after depletion of
the PAF1c subunit, CTR9, comparing the results to previous results
obtained after MYC depletion’. Immunoblots showed that the sShRNA
used effectively decreased levels of CTR9 (Supplementary Fig. 4b), and
ChIP-sequencing assays showed that almost all CTR9 had been
removed from chromatin upon doxycycline addition (Supplementary
Fig. 4c). As previously observed in U20S cells, depletion of CTR9 led to
a moderate reduction in the global chromatin occupancy of endo-
genous MYC (Fig. 3c)”. This moderate decrease in MYC chromatin
binding as well as the depletion of CTR9 itself had no significant effect
on the expression of canonical MYC target genes, such as those
included in the hallmark gene sets of MYC targets (Fig. 3d). We

confirmed this observation by depleting a second PAFlc subunit,
CDC73 (Supplementary Fig. 4d). GO term analysis confirmed that
depletion of CTR9 or CDC73 had no effect on expression of canonical
MYC target genes involved in, for example, ribosome biogenesis and
ribosomal RNA processing (Fig. 3e). However, like MYC, depletion of
CTR9 or CDC73 downregulated a set of genes that is highly enriched
for genes involved in DNA replication and repair and includes genes
that are critical for maintaining genomic stability during S-phase
(Fig. 3e; Supplementary Fig. 5a). We confirmed these observations
using RT-qPCR assays (Fig. 3f). To understand this selectivity, we per-
formed 4sU-sequencing of nascent RNA after CTR9 depletion and
plotted the change in occupancy relative to gene length; the results are
shown as a metagene plot for quartiles of increasing gene length
(Fig. 3g). This showed that CTR9 depletion caused a significant
decrease in nascent transcription in the gene body of long genes and
that the strength of the effect increased with gene length, consistent
with the role of PAFIc as an elongation complex. At the same time,
CTR9 depletion caused a global increase in nascent transcription in
promoter-proximal regions (Fig. 3g). Consistent with this, CTR9
depletion preferentially upregulated the expression of short genes,
but downregulated the expression of very long genes (Supplementary
Fig. 5b). Importantly, many genes that are critical for DNA synthesis
and repair are very long (Supplementary Fig. 5a), arguing that the
decrease in their expression upon CTR9 depletion is a consequence of
their length. Indeed, analysis of 4sU data from several long genes
involved in S phase progression and DNA repair confirmed that their
transcription terminates prematurely upon CTR9 depletion (Fig. 3h).
Consistently, CTR9 depletion decreased the total levels of several key
DNA repair proteins (Supplementary Fig. 5¢). Bioinformatic analyses
showed that CTR9 depletion preferentially downregulated the
expression of long, but not of short, genes involved in DNA synthesis
and repair (Supplementary Fig. 5d). We concluded that PAFIc is spe-
cifically required for elongation of long genes and that its role in lim-
iting double-strand break accumulation upon ATR inhibition reflects
the fact that many genes required for replication and DNA repair are
very long*.

CTR9 is required for PDAC maintenance in vivo

To determine whether PAFIc is required for PDAC growth, we gener-
ated stable clones expressing a doxycycline-inducible shRNA targeting
CTR9 (shCTR9) and characterized them by immunoblotting. We
selected two clones and injected them into syngeneic C57BL/6 mice
(Supplementary Fig. 6a). Seven days later, we determined the tumor
status using luciferase imaging and added doxycycline to the food to
induce CTR9 depletion. Subsequently, we monitored tumor growth
and survival. As controls, we used tumors harboring shCTR9 that were
kept in the absence of doxycycline as well as tumors expressing a
control non-targeting shRNA in the presence of doxycycline. The
analysis showed that depletion of CTR9 led to an often complete
tumor regression, documented by very large decreases in luciferase
activity such that many tumors were virtually undetectable by
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luciferase imaging after CTR9 depletion (Fig. 4a, b). Intriguingly, while
all mice kept in the absence of doxycycline and control mice expres-
sing a control shRNA died within 44 days after transplantation, a subset
of mice transplanted with tumors in which CTR9 was depleted sur-
vived for more than 200 days, even though doxycycline administration
was ended after 91 days (Fig. 4c). This indicates that no tumor cells

capable of re-initiating tumor growth were left after treatment. We
concluded that CTR9 is required for PDAC maintenance in vivo.

To test whether this effect is a consequence of PAFIc’s ability to
limit S phase-associated DNA damage, we made use of the observation
that the ATR inhibitor AZD6738 can be used in vivo and tested whether
depletion of CTR9 and of MYC sensitizes tumors to treatment with
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Fig. 3 | Characterization of PAFI1c function in transcription elongation. a (Left)
Representative images of PLAs between CTR9 and pS5RNAPII in cells harboring
doxycycline-inducible shRNA targeting MYC. Scale bar: 10 um. (Right) Quantifica-
tion of the nuclear PLA foci. Nuclei were stained with Hoechst. Data are presented
as mean + s.d. (n =3 independent experiments; unpaired two-sided t-test). b Bar
plot showing percentage of pKAP1-positive nuclei. siRNAs were transfected 48 h
before fixation and AZD6738 (0.1 uM) was added for 24 h. Data are presented as
mean £ s.d. (n=3 independent biological replicate for all siRNAs except siNTC,
n=12).c Average density plot of MYC occupancy localized around the transcription
start site (TSS) of all expressed (10920) genes analyzed by CUT&RUN (n=2).
“-CTR9/MYC” indicates samples where CTR9 or MYC depletion was induced by
doxycycline (1pg/ml) for 48 h in cells harboring doxycycline-inducible shRNA tar-
geting CTR9, and “+CTR9/MYC” ethanol-treated cells. IgG was used as negative
control. d GSEA enrichment plot of the gene set “HALLMARK MYC TARGETS V1” in
cells expressing shRNA targeting luciferase versus either MYC (left) or CTR9 (right)
(n=3).eTable showing downregulated GO terms upon either CTR9, CDC73 or MYC

depletion. Enrichr package in R was used for the GO term search and P values were
calculated using Fisher’s exact test. False discovery rate (FDR) is calculated using
the Benjamini-Hochberg procedure to adjust P values for multiple comparisons.
f RT-qPCR measurement of Atr and Fancd2 mRNA levels upon depletion of either
MYC, CTR9 or CDC73 relative to the control. Doxycycline addition was done for
48 h. Each data point represents an independent biological replicate (n =2 biolo-
gical replicates). g Metagene plots mapping nascent transcription marked by 4sU
incorporation. Metagene plots show read density averaged over the gene bodies of
all expressed genes stratified by increasing length from quartile 1 (shortest) to
quartile 4 (longest), where each quartile contains 2091 or 2092 genes. Only intronic
4sU-seq reads were considered (n = 3). h Browser picture showing read distribution
of RNAPII ChIP-sequencing (top) and 4sU- sequencing showing nascent transcrip-
tion (bottom) at two long DNA repair (GO-0006281) genes (n =2, for the RNAPII-
ChlIP-sequencing. n =3, for the 4sU-sequencing experiment). Source data are pro-
vided as a Source Data file.

AZD6738. Consistently, exposure of mice to AZD6738 significantly
enhanced the percentage of tumor cells that stained positive for
phosphorylated KAP1 and H2AX in CTR9-depleted tumors while
treatment of control animals with AZD6738 did not induce a significant
increase in KAP1 or H2AX phosphorylation (Fig. 4d, e). Surprisingly,
however, treatment with AZD6738 did not lead to a significant increase
in the percentage of mice surviving after CTR9 depletion (Fig. 4f),
similar to its effect in control mice (Fig. 4f). We also tested the effect of
AZD6738 on the survival of mice bearing MYC-depleted tumors and
noted again a small extension of survival, but no clear sign of synergy
(Fig. 4f). Collectively, the data argue that limiting S phase-associated
DNA damage is not sufficient to explain the ability of PAF1c disruption
to enable on long-term survival of PDAC bearing mice.

PAFIc depletion redistributes RNAPII and SPT6 to short genes
including MHC class I genes

To search for additional mechanisms that contribute to the ther-
apeutic efficacy of CTR9 depletion, we revisited the RNA sequencing
data and noted that depletion of either MYC or CTR9 caused a sig-
nificant and specific increase in expression of multiple MHC class |
genes (Fig. 5a and Supplementary Fig. 6b). Depletion of CDC73 con-
firmed that these observations were due to loss of PAFIc function
(Supplementary Fig. 6b). Flow cytometry analyses confirmed that the
expression of H2-D1 and H2-K1, two MHC class I antigens, increased on
the cell surface after CTR9 depletion (Supplementary Fig. 6¢). A side-
by-side comparison showed that depletion of CTR9 elevated expres-
sion H2-D1 and H2-K1 more strongly that depletion of MYC (Supple-
mentary Fig. 6d), despite very effective MYC depletion (Fig. 1a).
Furthermore, depletion of CTR9 upregulated both genes in KPC-
MYCER cells even when MYCER had been activated, demonstrating
that high MYC levels do not bypass CTR9 function (Supplementary
Fig. 6d). These observations caught our attention, since suppression of
MHC class I gene expression is a major mechanism of MYC-mediated
immune evasion**** and the observation suggested that depletion of
CTR9, like that of MYC, might render tumors visible for the host
immune system.

To understand the mechanism underlying this regulation, we
initially tested whether depletion of CTR9 activates innate immune
signaling pathways, since depletion of MYC causes activation of the
TBK1 kinase’ and since multiple nucleic acid species that result from
DNA damage and aberrant RNA processing can signal to the innate
immune system. Surprisingly, TBK1 autophosphorylation, which
reflects its activity, increased as expected in response to MYC deple-
tion, but not in response to CTR9 depletion (Supplementary Fig. 6e).
Consistently, depletion of MYC, but not of CTR9 or CDC73, caused a
broad increase in the expression of genes involved in interferon sig-
naling and of cytokines, many of which are target genes of IRFs
(interferon regulatory factor) and NF-kB, downstream targets of TBK1

(Supplementary Fig. 6f)*>*¢. Depletion of CTR9 also upregulated MHC
class I expression in additional p53-mutant, in p16™“-deficient murine
PDAC cells as well as in human PA-TU-8988T and PANC1 PDAC cells
(Supplementary Fig. 6g, h). It is also detectable in published datasets of
RNAPII ChIP-sequencing experiments performed in DLD-1 colorectal
adenocarcinoma cell line in which the PAF1 protein, another subunit of
PAFIc, has been replaced by an auxin-degradable chimera*’ (Supple-
mentary Fig. 6i), further supporting the notion that the PAFIc is
directly involved in regulation of MHC class I genes.

To understand the underlying mechanism, we first noted that
genes involved in antigen presentation are significantly shorter than
genes involved in DNA repair and replication, raising the possibility
that the effects of PAF1c depletion on transcription elongation are the
critical factor for MHC class | upregulation (Fig. 5b). We therefore
performed ChIP-sequencing for RNAPII from control and CTR9-
depleted cells; this showed that - paralleling the data on nascent
transcription - CTR9 depletion caused a global redistribution of RNAPII
in the gene body from the 3”-part of genes to promoter-proximal
regions and that the strength of the effect increased with gene length
(Supplementary Fig. 7a). Annotation of individual genes showed MHC
class I genes are among the short genes at which RNAPII increases
throughout the entire gene body after CTR9 depletion (Supplemen-
tary Fig. 7a). Inspection of browser tracks of two major MHC class |
genes showed that RNAPII was loaded on the promoter of these genes
in both control and CTR9-depleted cells, and RNAPII was released into
productive elongation upon CTR9 depletion (Fig. 5¢). We confirmed
this using ChIP-qPCR of the promoter and gene body of four genes
involved in antigen presentation (Fig. 5d). Next, we analyzed chroma-
tin association of several elongation factors to understand which
might be limiting for antigen presentation genes due to their being
sequestered in the body of long genes. ChIP-sequencing showed that
SPT5, one of two components of the DSIF (DRB sensitivity inducing
factor) was loaded on RNAPII at the start site of MHC class I genes in
the presence and was, like RNAPII, released into the gene body upon
CTR9 depletion (Fig. 5¢). Similarly, the effects of CTR9 depletion on
phosphorylation of Ser2 and Ser5 of the CTD of RNAPII and on chro-
matin association of the SPT4 subunit of DSIF were consistent with the
effects on total RNAPII and argued that RNAPIl is actively elongating on
MHC class 1 genes after CTR9 depletion (Fig. 5d). Furthermore,
depletion of CTR9 decreased chromatin association of another sub-
unit of PAFIc, RTF1, which directly promotes elongation of RNAPII
(Fig. 5d)***°. In contrast, depletion of CTR9 caused a large increase in
association of SPT6 at both the promoter and body of MHC class |
genes (Fig. 5c, d). SPT6 is a histone chaperone that mediates the dis-
placement and reassembly of nucleosomes during transcription
elongation and stimulates RNAPII processivity’>”'. Genome-wide ana-
lyses confirmed that depletion of CTR9 led to a strong decrease of
SPT6 occupancy in the body of long genes, and an accumulation on
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