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ABSTRACT
◥

Themortality of patients with pancreatic ductal adenocarcinoma
(PDAC) is strongly associated with metastasis, a multistep process
that is incompletely understood in this disease. Although genetic
drivers of PDAC metastasis have not been defined, transcriptional
and epigenetic rewiring can contribute to the metastatic process.
The epigenetic eraser histone deacetylase 2 (HDAC2) has been
connected to less differentiated PDAC, but the function of HDAC2
in PDAC has not been comprehensively evaluated. Using geneti-
cally definedmodels, we show thatHDAC2 is a cellular fitness factor
that controls cell cycle in vitro andmetastasis in vivo, particularly in
undifferentiated, mesenchymal PDAC cells. Unbiased expression
profiling detected a core set of HDAC2-regulated genes. HDAC2
controlled expression of several prosurvival receptor tyrosine

kinases connected to mesenchymal PDAC, including PDGFRa,
PDGFRb, and EGFR. The HDAC2-maintained program disabled
the tumor-suppressive arm of the TGFb pathway, explaining
impaired metastasis formation of HDAC2-deficient PDAC.
These data identify HDAC2 as a tractable player in the PDAC
metastatic cascade. The complexity of the function of epigenetic
regulators like HDAC2 implicates that an increased understand-
ing of these proteins is needed for implementation of effective
epigenetic therapies.

Significance: HDAC2 has a context-specific role in undifferen-
tiated PDAC and the capacity to disseminate systemically, impli-
cating HDAC2 as targetable protein to prevent metastasis.

Introduction
The mechanisms driving pancreatic ductal adenocarcinoma

(PDAC) metastasis are an example of how epigenetic and transcrip-
tional rewiring orchestrate cellular plasticity processes. Although

genomic doublings and allelic imbalances in favor of the oncogenic
KRAS allele (1, 2) were described, selection of genetic alterations
driving metastasis rarely occurs in PDAC (3). At the same time,
however, the epigenetic landscape becomes fundamentally changed
during metastasis to serve the needs of disseminated cells (4, 5).
Consistently, transcription factors (TF), including Forkhead family
TFs (5), BLIMP1 (6), RUNX3 (7), ZEB1 (8), PRRX1 (9), or del-
taNp63 (10, 11), which reprogram the chromatin landscape, are linked
to an undifferentiated phenotype and the metastatic cascade. One way
of PDAC disease progression involves a dynamic reduction of epi-
thelial gene expression and acquisition of a more mesenchymal
expression program, linked to metastasis (8, 12–15). Such a note is
underscored by subtyping efforts of PDAC, in which the more
aggressive basal-like subtype enriches TGFb signaling and epitheli-
al-to-mesenchymal transition (EMT) gene signatures (2). EMT and
TGFb signaling signatures also enrich in the recently described
mesenchymal PDAC subtype (16). A portion of the basal-like subtype,
basal-like A cancers, shows a higher metastasis probability (2). How-
ever, the processes permissive for the metastatic cascade remain
incompletely understood and there is a need to decipher tractable
metastasis regulators.

Zn2þ-dependent histone deacetylases (HDAC) are classified into
class I to IV enzymes, whereby HDACs 1, 2, 3, and 8 represent class I,
HDAC 4, 5, 6, 7, 9, and 10 compose class II, and HDAC11 is the only
class IV enzyme (17). The class III deacetylases cover the NADþ-
dependent deacetylases SIRT1–7. Molecular functions of these
enzymes are often investigated using various HDAC inhibitors
(HDACi). Here, limitations to connect a function to one specific
isoenzyme are evident, because HDACi block several HDACs to a
variable extent.

Since we (18) and others (19) described a connection of HDAC2 to
poorly differentiated human PDAC, we set up experiments to analyze
the function of the epigenetic eraser HDAC2. We show that HDAC2
maintains the expression of genes, including receptor tyrosine kinase
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(RTK) genes that are relevant in undifferentiated cancers. Further-
more, we found that the HDAC2-controlled program protects cancer
cells from the tumor-suppressive action of TGFb and ultimately
facilitates metastasis.

Materials and Methods
Compounds

TGFb was purchased from PeproTech. 4-Hydroxytamoxifen (4-
OHT) and a-tocopherol were purchased from Sigma. N-
Acetylcysteine (NAC) was purchased from Thermo Fisher Scientific.

Mouse lines
Mouse lines are described in Supplementary Materials and Meth-

ods. All animals were bred on a mixed C57Bl/6;129S6/SvEv (RRID:
MGI:5657570) genetic background. Animal studies were conducted in
compliancewith European guidelines for the care anduse of laboratory
animals and were approved by the Institutional Animal Care and Use
Committees of the Technische Universit€at M€unchen and Regierung
von Oberbayern.

Cell lines
Generation of murine PDAC cell lines has been described previ-

ously (20). Culturing is described in Supplementary Materials
and Methods. All cell lines were isolated and established in the
Department of Internal Medicine II, Klinikum rechts der Isar, Tech-
nische Universit€at M€unchen and cultivated for less than 30 passages
after isolation (Supplementary Table S1). For the experiments, the
cells were cultivated for a maximum of 12 passages before returning
to another vial of the same stock. The identity of the murine PDAC
cell lines was verified using genotyping PCR and the cell lines were
tested forMycoplasma contamination by a PCR-based methodology
using a multiplex PCR strategy once per month as described in
Supplementary Materials and Methods. To activate CreERT2, PDAC
cells were treated with vehicle (ethanol) or 600 nmol/L 4-OHT for
8 days. Afterwards, cells were left for 3 days to recover before being
used for individual assays.

Differential trypsinization
Separating epithelial andmesenchymal fractions of the cell lines was

performed as described previously (1) and in SupplementaryMaterials
and Methods.

Viability assay, flow cytometry of cell cycle, ROS, repopulation
assay, and Annexin V assay

Viability assay by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) and clonogenic assays were done as
decribed (21) and reported in Supplementary Materials and Methods.
Pancreatic cancer spheres were generated by culturing pancreatic
cancer cells (100,000 cells/200 mL) in low-attachment 96-well
plates (#3474, Corning, Costar). After 96 hours, pictures were taken
with the stereo microscope Leica M205 FA (Leica Microsystems).
For subsequent analysis, Image J (ImageJ, RRID:SCR_003070) was
used. Spheres were analyzed by counts, total area, and average size.
Annexin V staining, cell-cycle assay, and repopulation assays have
been described previously (21) and are stated in Supplementary
Materials and Methods. CellROX Deep Red Flow Cytometry Assay
Kit (#C10491, Thermo Fisher Scientific) was used according to
manufacturer’s instructions. All samples were measured by flow
cytometry on a Gallios Flow Cytometer (Beckman Coulter) and data
were analyzed with the FlowJo software (FlowJo, LLC, RRID:

SCR_008520). Repopulation assays of Hdac2-deficient and proficient
cells is described in ref. 21 and detailed information can be found in the
Supplementary Materials and Methods.

Caspase activity
Caspase activity was measured using Caspase-Glo 3/7 Assay

(#G8091, Promega) and normalized to CellTiter-Glo Luminescent
Cell Viability Assay (#G7570, Promega). Details are described in
Supplementary Materials and Methods.

Vectors and transduction
Generation of the pLEX_305-N-dTAGEGFP vector is described in

Supplementary Materials andMethods. Production of the lentivirus is
described in Supplementary Materials and Methods. A total of
100,000–150,000 PPT-F1648 cells were seeded in two wells of a 6-well
plate. One milliliter of the lentivirus containing medium was added
together with 8 mg/mL polybrene. After 8 hours, 1 mL of mediumwith
10% FBS was supplemented and cultured overnight. Medium was
refreshed and after additional 24 hours and cells were selected with
8 mg/mL puromycin (Invivogen, #ant-pr-1) for 48 hours.

Cell lysis and Western blot analysis
For whole-cell extracts (WCE), cell lysis buffer (#9803S, Cell

Signaling Technology) supplemented with protease and phosphatase
inhibitors (cOmplete, EDTA-free Protease Inhibitor Cocktail, Roche
Diagnostics) and Phosphatase-Inhibitor-Mix I, Serva) was used.
Western blotting has been described previously (21) and detailed
information can be obtained in Supplementary Materials and
Methods. Antibodies and antibody dilutions can be found in
Supplementary Table S1.

Quantitative reverse transcriptase PCR
Total RNA was isolated from PDAC cell lines using the Maxwell 16

LEV simply RNA Purification Kit (Promega) following the manufac-
turer’s instructions. QuantitativemRNA analysis was performed using
a real-time PCR analysis system (RRID:SCR_015805; TaqMan, PE
StepOnePlus, Real-Time PCR System; Applied Biosystems Inc.) with
Promega GoTaq qPCR Master Mix as fluorescent DNA binding dye.
Data analysis was carried out with StepOne software (RRID:
SCR_014281, Applied Biosystem; Thermo Fisher Scientific) according
to the DDCt method. qPCR primers are depicted in Supplementary
Table S1.

Histochemistry and IHC
For histopathologic analysis, murine tissues were fixed in 4%

formaldehyde (Carl Roth), embedded in paraffin, and sectioned
(thickness: 2.5 mm). Tissues were stained with hematoxylin and eosin
as described previously (22). IHC is described in Supplementary
Materials and Methods.

Metastasis frequency
Lungs and livers were investigated macroscopically for metasta-

ses at necropsy. For microscopical detection of metastasis, liver, and
lung tissues of Hdac2-proficient and -deficient KPC mice were fixed
in 4% formaldehyde (Carl Roth), and embedded in paraffin. The
tissues were cut into serial sections (10 sections at 2.5 mm; ¼ series
1) separated by 100 mm between each series. Per organ and mouse,
at least 10 series were cut. The first sections of each series were
hematoxylin and eosin (H&E) stained and screened for metastasis.
Local invasion from the primary tumor to the liver was excluded
and not counted.
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RNA sequencing and microarray analyses, Venn diagrams and
heatmap, gene set enrichment analysis, and datasets

RNA sequencing (RNA-seq) analysis has been described previ-
ously (21, 23) and are detailed reported in Supplementary Materials
and Methods. Venn diagrams were generated with https://bioin
fogp.cnb.csic.es/tools/venny/ (RRID:SCR_016561). Analysis of
PDAC datasets can be found in Supplementary Materials and
Methods. Gene set enrichment analysis (GSEA) was performed
via Molecular Signature Database (MSigDb; https://www.gsea-
msigdb.org/gsea/msigdb/annotate.jsp; RRID:SCR_016863), GSEA
tool (RRID:SCR_003199), Enrichr (RRID:SCR_001575; https://
amp.pharm.mssm.edu/Enrichr/) or Gene Trail3 (RRID:SCR_006250).
Microarray mRNA expression data ofHdac2-deficient and -proficient
murine PDAC cells can be accessed on GEO (GSE144798). RNA-seq
data of 4-OHT and vehicle-treated PPT-F1648 cells can be accessed on
ENA (PRJEB35204). Data of TGFb-treatedHdac2-deficient and -pro-
ficient murine PDAC lines can be accessed on ENA (PRJEB47385).

Assay for transposase-accessible chromatin using sequencing
and chromatin immunoprecipitation sequencing

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq) and chromatin immunoprecipitation sequencing
(ChIP-seq) was done as described previously (24, 25). See details for
the analysis in Supplementary Materials and Methods. The following
antibodies were used: H3K27ac (Diagenode; Pab-174–050, RRID:
AB_2716835) and HDAC2 (HDAC2, D6S5P, Cell Signaling Technol-
ogy, mAb #57156, RRID:AB_2756828).

Low-coverage whole-genome sequencing
Purified DNA was used as input for library preparation with

NEBNextUltra II FSDNALibrary Prep Kit for Illumina and processed
according to the manufacturer’s instructions. See Supplementary
Materials and Methods for analysis.

Whole-exome sequencing
Sequencing libraries were generated using Agilent SureSelectXT

Mouse Exon Kit (Agilent Technologies) following manufacturer’s
recommendations. Details can be found in Supplementary Materials
and Methods.

Statistical analysis
ANOVA or two-sided Student t test was used to investigate

statistical significance, as indicated. Kaplan–Meier curve was analyzed
by the log-rank test. P values were calculated with GraphPad Prism 6/8
(RRID:SCR_002798, GraphPad Software), and unless otherwise illus-
trated, all data were determined from at least three independent
experiments and presented as mean and SD. Multiple testing was
corrected according to Bonferroni.

Data and materials availability
RNA-seq and microarray: GEO: GSE144798, ENA: PRJEB35204

and PRJEB47385. ATAC- and ChIP-Seq: GEO: GSE155753 and
GSE183823. Low coverage whole-genome sequencing and whole-
exome sequencing: PRJEB47385.

Results
HDAC2 controls the cell cycle of undifferentiated PDAC cells

To analyze the function of HDAC2, we used the dual recombinase
system (26) to establish a cellular model allowing 4-OHT–inducible
genetic inactivation of theHdac2 gene inmurine PDAC cells (Fig. 1A).

We and others have demonstrated that HDAC2 is associated with
undifferentiated humanPDACs (18, 19). To investigate the function of
HDAC2 in this phenotypic context, an undifferentiated, mesenchymal
cell line (PPT-F1648) was used (Fig. 1A). We deleted Hdac2 by
treatment with 4-OHT over time. HDAC2 protein expression
decreased three days after the addition of 4-OHT and was completely
lost after eight days (Fig. 1B and C). Besides, Hdac2 mRNA was
depleted after the treatment with 4-OHT (Fig. 1D). No regulation of
HDAC2 in control cells, which express the tamoxifen-activatable Cre
recombinase, was detected (Supplementary Fig. S1A). Cell growth,
viability, and clonogenic growth of acutely Hdac2-deleted PPT-F1648
cells were significantly impaired (Fig. 1E–G). In contrast, neither
growth nor clonogenic growthwere affected in 4-OHT–treated control
cell lines, excluding Cre and 4-OHT toxicity (Supplementary Fig. S1B
and S1C). Reduced growth of Hdac2-deleted PDAC cells was con-
nected to an accumulation of the cells in the G2–M-phase of the cell
cycle and a corresponding loss of cells in the G1 phase (Fig. 1H).
Consistently, in GSEA of RNA-seq expression data (Supplementary
Table S2) ofHdac2-deleted cells, signatures linked to the G2–M-phase
of the cell cycle were enriched (Fig. 1I). Again, no cell-cycle alteration
was detected in control cells upon activation of the Cre recombinase
(Supplementary Fig. S1D). To investigate the role ofHDAC2 in the cell
cycle in more detail, we performed a serum starvation-release exper-
iment. Also in serum-starved cells, a trend for an increased G2–M
fraction of cells was observed (Supplementary Fig. S1E). Furthermore,
a delay in G1- to S-phase progression was evident in Hdac2-deficient
cells (Supplementary Fig. S1E), demonstrating a function of HDAC2
in the regulation of these phases of the cell cycle. It is important to note
that PPT-F1648 harbors one floxed Pdpk1 (26) allele. However, since
one corresponding control cell line is Pdpk1lox/þ as well (Supplemen-
tary Table S1) and we detected no phenotypic effect of the loss of one
Pdpk1 allele so far (27), we conclude that the observed effects are
connected to HDAC2.

To corroborate the function of HDAC2 in undifferentiated PDAC
models, we used an additional cell line, allowing the deletion of floxed
Hdac2 alleles. Although parental PPT-F2612 cells are predominantly
epithelial, the line contains mesenchymal cells (Fig. 2A), which is a
reflection of intra-tumor heterogeneity and mirrors human PDACs,
where differentiated, classical and undifferentiated, basal-like parts in
the same tumor can be frequently observed (2, 28–30). This ismirrored
in the murine primary PDAC from which the PPT-F2612 line
was isolated. This tumor contained areas with different degrees of
differentiation (Supplementary Fig. S2A). To analyze the effects of
Hdac2-deletion in cells with the same genetic background, we used a
recently described differential trypsinization protocol (1) that sepa-
rates epithelial frommesenchymal cells. The successful separation was
controlled by morphology (Fig. 2A) and analysis of epithelial (CDH1/
E-cadherin) and mesenchymal (VIM/Vimentin) markers (Fig. 2B
and C). Copy-number variations in mesenchymal and epithelial
PPT-F2612 lines demonstrated a similar genetic landscape of these
cell populations (Supplementary Fig. S2B; Supplementary Table S3).
Furthermore, allele frequencies of mis- and nonsense SNVs and Indels
from genes of the Cancer Gene Census (31) were shared between both
epithelial and mesenchymal PPT-F2612 cells (Supplementary
Fig. S2C; Supplementary Table S3). In sum, these data support that
a transcriptional/epigenetic process and not a selection of a genetic
event is relevant for EMT. The mesenchymal fraction demonstrated a
trend toward increased proliferation as a sign of augmented aggres-
siveness (Fig. 2D).

The deletion of Hdac2 was successfully achieved in epithelial and
mesenchymal PPT-F2612 cells (Fig. 2E). The impact of Hdac2
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deletion was significantly stronger in mesenchymal versus epithelial
PDAC cells as measured in viability (Fig. 2F) and clonogenic growth
assays (Fig. 2G and H). In addition, clonogenic growth of mesenchy-
mal PPT-F2612 cells was increased (Fig. 2H). To exclude differences in

the attachment capability of epithelial and mesenchymal tumor cells
influencing the outcome of the viability assays, we repeated experi-
ments using low-attachment cell culture plates. Equally, even in
suspension, the loss of viability induced byHdac2 deletion is increased

Figure 1.

Hdac2 knockout induced reduced growth and arrest in the G2–M phase of the cell cycle. A, Top, depiction of the floxed Hdac2 allele. 4-OHT treatment leads to the
deletion of exon2 to exon4. Bottom, brightfield microscopy shows the morphology of PPT-F1648 cells. Scale bar, 100 mm. B, PPT-F1648 cells were treated for the
indicated time points with 600 nmol/L 4-OHT or were left as vehicle-treated controls. Western blot controls the expression of HDAC2. Actin, loading control.
C, Quantification of B. n ¼ 3. � , P < 0.05 (paired t test). D, PPT-F1648 cells were treated for eight days with 600 nmol/L 4-OHT or were left as vehicle-treated
controls. Quantitative PCR determines Hdac2 mRNA expression. Three independent experiments were analyzed. E, PPT-F1648 cells were treated for 8 days
with 4-OHT or vehicle control. Afterwards, cells were plated in 96 wells and growth was determined by MTT assay over the indicated time points. Assay was
performed in triplicate with three technical replicates. F, PPT-F1648 cells were treated for 8 days with 4-OHT or vehicle control. Afterwards, 3,000 cells were
plated in 6-well plates and growth was determined by cell counting over the indicated time points. The assay was performed in triplicate with three technical
replicates. G, 2,000 cells were seeded in 24 wells and clonogenic growth was analyzed after seven days. Left, representative clonogenic growth assay.
Quantification (counting of Giemsa-stained colonies) of three independent experiments conducted as technical triplicate. H, PI cell-cycle FACS analysis after
eight days of treatment as indicated. Three independent experiments were performed. I, RNA-seq of Hdac2-deficient and -proficient PPT-F1648 cells
was analyzed by GSEA. Enrichment plots for the depicted HALLMARK signatures are shown. NES, normalized enrichment score; P, nominal P value; q, FDR.
� , P < 0.05; ��, P < 0.01; t test.

Krauß et al.

Cancer Res; 82(4) February 15, 2022 CANCER RESEARCH698

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/4/695/3208496/695.pdf by guest on 29 O

ctober 2024



in the mesenchymal fraction (Fig. 2I). These data support the con-
clusion that HDAC2 is a fitness factor, especially in less differentiated
PDAC cells.

HDAC2 controls metastasis in vivo
Because EMT is one road to metastasis (8, 13, 15) and we observed

the dependency of mesenchymal PDAC cells to HDAC2, we specu-
lated that HDAC2 might be involved in the metastatic cascade.
Therefore, we used a genetically engineered mouse model with high
metastasis frequency relying on the simultaneous expression of
KrasG12D and mutated tumor suppressor p53R172H (32). We used a
floxed Hdac2 mouse line (33) and crossed the line into the Pdx1-Cre,
LSL-KrasG12D/þ, LSL-p53R172H/þ (KPC) model. Kaplan–Meier curves
were not changed in KPCH2lox/þ or KPCH2lox/lox mice (Fig. 3A),
demonstrating that HDAC2 is dispensable for tumor initiation and
carcinogenesis at least in the investigated model. All KPCH2lox/þ or
KPCH2lox/loxmice developed murine PDAC (Fig. 3B). The fraction of
Ki67-positive tumor cells was similar in KPC and KPCH2lox/lox mice
(Fig. 3C; Supplementary Fig. S2D), supporting a conclusion that the
proliferative disadvantage observed upon the acute deletion of the
Hdac2 gene can be compensated. To support the adaptive capability
toward the loss of Hdac2, we deleted the gene in PPT-F1648 cells and
cultivated the cells over nine passages and measured growth again.
Here, no change in the growth behavior was observed (Supplementary
Fig. S2E), underpinning the concept that the role of HDAC2 in cell-
cycle control can be compensated. The fraction of cleaved caspase-3–
positive cells was increased in KPCH2lox/lox mice (Fig. 3D; Supple-

mentary Fig. S2D). Strikingly, the frequency of undifferentiated
(named “G4” here) cancers in KPCH2lox/lox mice was reduced by
50% (Fig. 3B and E). Consistently, the relative amount of mesenchy-
mal cell lines isolated from KPCH2lox/lox mice was reduced (Fig. 3F).
However, due to the low number of lines included in the analysis, the
high frequency of mesenchymal KPC lines might be overrated. The
development of undifferentiated cancers and completely mesenchy-
mal murine Hdac2-deficient PDAC cell lines demonstrates that
HDAC2 is not essential for dedifferentiation and EMT. Congruently,
epithelial PDAC cell lines from KPCH2lox/lox mice undergo TGFb-
induced EMT (Supplementary Fig. S2F). Importantly, the metastasis
frequency is distinctly reduced in theHdac2-deficientmodel (Fig. 3G),
demonstrating that the deacetylase increases themetastasis probability
by 50%. However, some Hdac2-deficient murine PDACs have the
capacity to metastasize to liver and lungs (Fig. 3G–I; Supplementary
Fig. S2G). In KPC animals, we observed liver metastasis with a high
nuclear expression of HDAC2 as well as HDAC2 negative metastasis
(Supplementary Fig. S2H).

These data imply that HDAC2 is not simply a regulator of PDAC
cell proliferation in vivo but a regulator of one road to metastasis.

HDAC2 maintains genes that are linked to undifferentiated
PDACs and the expression of RTKs

To find HDAC2-controlled regulatory networks connected to the
observed biology, we conducted transcriptome profiling. We used cell
lines from constitutive Hdac2-deficient murine PDACs, driven by
simultaneous expression of KrasG12D and p53R172H in the murine

Figure 2.

HDAC2 is relevant in undifferentiated PDAC cells. A, Brightfield microscopy of parental PPT-F2612 and the corresponding epithelial and mesenchymal sublines
established by differential trypsinization. Scale bar, 100 mm. B and C, Adequate fractionation of epithelial (epi) and mesenchymal (mes) PPT-F2612 cells was
controlled by Western blotting (B) of E-cadherin and vimentin. Actin, loading control. One representative Western blot out of three is depicted. C, Quantitative
analysis of the mRNA expression of Cdh1 and Vim in epithelial and mesenchymal PPT-F2612 cells. Four independent biological experiments were conducted. �� , P <
0.01 (t test). D, 3,000 epithelial or mesenchymal PPT-F2612 cells were plated in 6-well plates and growth was determined by cell counting over the indicated time
points. The assay was performed in triplicate with three technical replicates. E, HDAC2 Western blot in the mesenchymal and epithelial fraction of PPT-F2612 cell
treated with 4-OHT or vehicle control over eight days. Actin, loading control. F, The mesenchymal and epithelial fraction of PPT-F2612 cell treated with 4-OHT or
vehicle control over eight days. Afterwards, 2,000 cells were seeded in a 96-well plate and viability was measured after 3 days by MTT assay. Three independent
experiments conducted as technical triplicatewere analyzed. Shown is the percent reduction of viability induced by theHdac2 knockout. �� ,P <0.01 (unpaired t test).
G andH,Mesenchymal and epithelial fractions of PPT-F2612 cell were treated as described in E. 2,000 cellswere seeded in a 24-well plate and clonogenic growthwas
analyzed after seven days.G, Representative clonogenic growth assay.H,Quantification of three independent experiments conducted as three technical replicates.
Growth of epithelial control–treated cellswere arbitrarily set to 1. �� ,P <0.01 (unpaired t test). I,Mesenchymal and epithelial fraction of PPT-F2612 cellswas treated as
in E. Afterwards, 2,000 cells were transferred to a low attachment plate and viability was measured after 3 days using MTT assay. Four independent biological
experiments are depicted. ���� , P < 0.0001 (unpaired t test).
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pancreas (KPC model; ref. 32). The knockout of Hdac2 was docu-
mented at the protein level (Supplementary Fig. S3A and S3B). As
described previously (34), HDAC1 expression is upregulated
in these Hdac2-deficient models, arguing for compensatory adap-
tion via this class I enzyme (Supplementary Fig. S3A and S3B). In
addition, we used RNA-seq of PPT-F1648 cells, in which Hdac2 can
be deleted (Fig. 1A). The Venn diagrams illustrate 20 commonly
upregulated and 99 commonly downregulated genes in Hdac2-
deficient models (Fig. 4A). These genes are depicted in the heat-
maps of Supplementary Fig. S3C and S3D and Supplementary
Table S2. By analyzing genes downregulated in the Hdac2-deficient
state by the Molecular Signature database (https://www.gsea-
msigdb.org/gsea/msigdb/index.jsp; Fig. 4B) and the Enrichr plat-

form (https://amp.pharm.mssm.edu/Enrichr/) web tools (Fig. 4C
and D), we observed an association of these genes to several
RTKs, including the PDGFR signaling pathway, the PI3K–AKT
signaling pathway, as well as to processes linked to EMT and
focal adhesion (Fig. 4B–D). Additionally, glycolysis and hypoxia
signatures associate with HDAC2 maintained genes (Fig. 4B).
Interestingly, both processes are connected to the metastatic cas-
cade of PDAC cells (4, 6). We concluded that HDAC2 maintains a
program of genes with relevance in undifferentiated tumor cells. To
further validate these findings, we used Western blotting of lysates
from Hdac2-deficient and -proficient PPT-F1648 cells (Fig. 4E).
Consistent with the RNA expression data (Supplementary Fig. S3C
and S3E), we detected reduced expression of PDGFRa, PDGFRb,

Figure 3.

HDAC2 controls a route tometastasis in vivo.A,Kaplan–Meier plots ofKPC (black),KPCH2lox/þ(red), and KPCH2lox/lox (blue)mice.B,Hematoxylin and eosin staining
of murine PDAC from KPC and KPCH2lox/lox mice. G1, well-differentiated; G2, moderately differentiated; G3, poorly differentiated; G4, undifferentiated PDAC. Scale
bar, 500 mm. C and D, Quantification of Ki67 stainings (C) and cleaved caspase-3 (D) stainings in murine PDAC from KPC (n ¼ 4) and KPCH2lox/lox (n ¼ 5) mice. E,
Quantification of gradings fromKPC andKPCH2lox/loxmice.F,MorphologyofmurinePDACcell lines fromKPC (n¼8) andKPCH2lox/loxmice (n¼ 7)was evaluated and
stratified as epithelial (epi; blue), mesenchymal (mes; red), or as intermediate/mixed (mixed; green). G, Metastasis frequency of KPC and KPCH2lox/lox mice. �� , P <
0.01 (Fisher exact test).H,Hematoxylin and eosin staining of liver and lungmetastasis ofKPC andKPCH2lox/loxmice. Scale bar, 500 mm. I,HDAC2 IHC of liver and lung
metastasis of KPCH2lox/lox mice. Scale bar, 200 mm.
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and EGFR in mesenchymal Hdac2-deleted cells (Fig. 4E and F).
Furthermore, RTK-driven downstream signaling was impaired in
PPT-F1648 cells as demonstrated by reduced phosphorylation of
AKT, GSK3b, and S6 ribosomal protein (Fig. 4E and F).

Because we found a regulation of RTKs, including PDGFRa,
PDGFRb, and EGFR in concert with downstream PI3K–AKT signal-
ing, we challenged this regulatory circuit using curated The Cancer
Genome Atlas (TCGA) and International Cancer Genome Consor-
tium (ICGC) PDAC mRNA expression datasets. We separated these
human datasets into groups with high and low mRNA expression of
PDGFRB and investigated the enrichment of specific pathways using
GSEA. In the TCGA as well the ICGC dataset, PDACs with high
expression of PDGFRB enrich for PDGFRa and PDGFRb signatures
(Supplementary Fig. S3F), corroborating the separation.We then used
the 99 commonly downregulated genes in theHdac2-deficient models
and generated a signature that we term “HDAC2 maintained”. This
“HDAC2-maintained” gene set is enriched in human PDACs with
high PDGFRB expression (Supplementary Fig. S3F). These PDACs are
further characterized by an enrichment of signatures linked to EMT,
metastasis, as well as TGFb-, EGFR-, and PI3K–AKT signaling
(Supplementary Fig. S3F). Furthermore, signatures of TFs controlling

epithelial differentiation, including GATA6 (35, 36) and
HNF1 (36–38), are depleted in PDACs with high PDGFRB expression
(Supplementary Fig. S3F). Although curated datasets were used, a
certain bias due to bulk sequencing and possible cosequencing of the
stroma compartment cannot be excluded. Therefore, we used several
approaches to further underscore the tumor cell–intrinsic connection
of HDAC2-maintained genes to undifferentiated PDACs. First, we
analyzed RNA-seq data of a large panel of murine KrasG12D-driven
PDAC cell lines (n ¼ 38), which were phenotypically separated into
epithelial and mesenchymal lines (1). In addition to PDGFRa/b
signatures, murine PDAC lines with high Pdgfrb expression enrich
for the genes maintained by HDAC2, several EMT, and metastasis
signatures together with the signaling circuits described for human
PDACs (Supplementary Fig. S3F). Murine PDAC lines with high
expression of Pdgfrb significantly enrich for mesenchymal cell lines
(Supplementary Fig. S3G). Second, we used mRNA expression data
from conventional human PDAC cell lines, which were divided by the
expression of CDH1, VIM, and ZEB1 into lines with mesenchymal or
epithelial marker gene expression (Supplementary Fig. S3H). GSEA
demonstrated the enrichment of PDGFR, PI3K–AKT, and TGFb
signaling signatures in mesenchymal lines. Again, HDAC2-

Figure 4.

HDAC2 maintains RTK-driven survival signaling. A, HDAC2 regulated genes in microarray of KPC (n ¼ 3) and KPCH2lox/lox (n ¼ 3) cancer cell lines (i) and 4-OHT–
treated compared with vehicle-treated PPT-F1648 cells (ii) were analyzed in a Venn diagram including genes regulated with a log FC�0.58 and a P < 0.05. B,Genes
consistently downregulated in Hdac2 knockout models were analyzed by the MolecularSignatureDatabase (MSigDB). HALLMARK signatures with an FDR < 0.05
are depicted. The FDR is color coded, number of genes contributing are coded by size. The ratio gene number to number of genes in the signature is depicted. C and
D,Genes consistently downregulated inHdac2 knockoutmodelswere analyzedby theEnrichrweb tool using the librariesKyotoEncyclopedia ofGenes andGenomes
(KEGG) 2021 and ARCH4 kinase coexpression. Top five signatures ranked according to the combined score. Padj value is color coded and the combined score is
depicted. E, PPT-F1648 cells were treated for eight dayswith 4-OHT (600 nmol/L) or were left as vehicle treated controls. Western blot of PDGFRa, PDGFRb, EGFR,
phospho-AKT (T308 and S473), pan-AKT, phospho-GSK3 (S9), phospho-S6 (S235/236), phospho-ERK (T202/Y204), and HDAC2. Actin, loading control. One represen-
tative Western blot out of three is depicted F, Quantification of three independent experiments according to E. � , P < 0.05; �� , P < 0.01 (t test). G, Differential analysis
of reads in HDAC2 peaks between Hdac2-proficient and Hdac2-deficient PPT-F1648. Blue, significant peaks (FDR < 0.05, n¼ 2754). H, Density plot (top) and heatmap
(bottom) of HDAC2 ChIP-seq reads around the proximal promoter in Hdac2-proficient and Hdac2-deficient PPT-F1648 (read counts per million). I, Overlap of signi-
ficant HDAC2 peaks around the TSS (� 3,000 bp; Padj < 0.05) with significant differentially expressed genes inHdac2-deficient PPT-F1648 cells (Padj < 0.05). J,Volcano
plot of differentially regulated genes in Hdac2-deficient PPT-F1648 cells. Blue, genes with HDAC2 ChIP-seq peaks; gray, significant differential genes (Padj < 0.05).
K, Homer motif analysis of all significant HDAC2 ChIP-seq peaks in promoter regions (TSS � 3,000 bp; Padj < 0.05; n ¼ 2,360); known motifs are depicted. L, Homer
motif analysis of significant HDAC2 ChIP-seq peaks with downregulation in RNA-seq. De novo motif results are depicted (TSS � 3,000 bp; Padj < 0.05; n ¼ 102).
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maintained genes were enriched in mesenchymal lines (Supple-
mentary Fig. S3H). Third, we used RNA-seq of human patient-
derived xenograft models, which allow discrimination of tumor
cell–intrinsic circuits from expression changes in the microenvi-
ronment, by mapping RNA-seq reads to human and murine
genomes, respectively (39, 40). We analyzed genes with higher
expression in basal-like PDACs. Consistent with other reports (2),
EMT signatures are enriched in basal-like PDACs (Supplementary
Fig. S3I). Together with the EMT signature, we again detected
PDGFR and PI3K–AKT signaling as well as HDAC2-maintained
genes in basal-like PDACs (Supplementary Fig. S3I). Fourth, to
investigate the direct connection of the HDAC2-maintained
genes to TGFb-induced EMT, we used expression profiles of
TGFb-treated murine PDAC cell lines (8). As shown in Supple-
mentary Fig. S3J, TGFb treatment induced EMT, PDGFR, and
PI3K–AKT signaling signatures and the HDAC2-maintained genes.
From these data, we reason that HDAC2-maintained genes are
relevant in less differentiated PDACs in a cancer cell–autonomous
manner.

In a first attempt to find the molecular processes responsible for the
regulation of the HDAC2-maintained genes, we performed a histone
H3 lysine 27 (H3K27) acetylation ChIP-seq and an ATAC-seq in
Hdac2-proficient and -deficient PPT-F1648 cells. Unexpectedly,
H3K27 acetylation and the open chromatin landscape were not
changed on a genome-wide scale (Supplementary Fig. S4A and
S4B). Consistently, H3K27 acetylation was not significantly altered
upon the deletion of HDAC2 inWestern blot analysis (Supplementary
Fig. S4C). H3K27 acetylation ChIP-seq and ATAC-seq peaks at the
HDAC2-regulated genes Egfr, Pdgfra, and Pdgfrb are not altered
(Supplementary Fig. S4D). To gain further insight into the regulation
of the genes, we determined genome-wide binding of HDAC2 by
ChIP-seq. Differential peak calling of Hdac2-deficient and -proficient
PPT-F1648 cells showed 2,754 peaks (FDR < 0.05; Fig. 4G). The
majority of HDAC2 peaks were associated with core promoters
(Fig. 4H; Supplementary Fig. S4E; Supplementary Table S4). Con-
necting the peaks in proximity to the transcriptional start site (TSS) to
gene expression, we observed no mRNA expression changes for most
genes upon the deletion ofHdac2 (Fig. 4I). This could be explained by
the compensatory roles of other class I HDACs for the regulation of
these genes. However, 123 genes with a HDAC2 promoter peak were
upregulated and 97 geneswere downregulated (Fig. 4I; Supplementary
Table S4), arguing for a direct isoenzyme-specific impact of HDAC2
toward the regulation of these genes. The finding ofHDAC2binding to
promoters, which depend on the enzyme, is consistent with the
recruitment of HDAC2 to active genes and the correlation of HDAC2
binding with gene expression (41). Computing an overlap of the
downregulated genes to pathways, we again observed a robust con-
nection to EMT and RTK signatures (Supplementary Fig. S4F and
S4G). Therefore, we investigated HDAC2 peaks at RTK genes in more
detail. The Egfr gene revealed direct binding of HDAC2 and its mRNA
was significantly downregulated upon the deletion of HDAC2 (Fig. 4J;
Supplementary Fig. S4D). Although a HDAC2 peak in the Pdgfra
promoter was called with borderline significance (Supplementary
Fig. S4D and S4H), no clear HDAC2 peak was evident in the Pdgfrb
promoter (Supplementary Fig. S4D). Therefore, direct and indirect
regulatory circuits might contribute to the observed regulation. In
addition, we detected the fibroblast growth factor receptor 2 (Fgfr2)
gene downregulated with a significant HDAC2 peak in its promoter
(Fig. 4J). To further extend the analysis, we investigated other RTKs
genes with HDAC2 peaks in their promoters. Here, we observed that
further RTK genes were bound by HDAC2 and for some, like Met,

mRNA expression was even upregulated upon Hdac2 deletion
(Supplementary Fig. S4H; Supplementary Table S2).

To gain insight into potential transcription factors, whose activity
might be controlled by HDAC2, we conducted an enrichment analysis
of cis-regulatory elements connected to the HDAC2 peaks. Over all
HDAC2 promoter peaks, we found an overrepresentation of binding-
sites for the repressor element 1 silencing transcription factor (REST),
which is known to repress genes via HDAC1/2-containing repressor
complexes, like mSIN3 and COREST (Fig. 4K; ref. 42). Considering
the promoters whereHDAC2maintains expression of the correspond-
ing genes, we detected enrichment of binding-sites for ZEB1, ZEB2,
RUNX2, or SMAD2, which are connected to TGFb signaling and/or
EMT in PDAC (Fig. 4L; refs. 8, 43–45).

These data demonstrate that HDAC2 binds and maintains a subset
of genes connected to metastasis, including RTKs.

HDAC2 protects undifferentiated PDAC cells from
TGFb-induced tumor suppression

Because the metastasis probability of Hdac2-deficient PDACs is
reduced by 50%, butKPCH2lox/loxmice still buildmetastasis in vivo, we
hypothesized that themolecularmachineries needed for completion of
the metastatic cascade can still be executed to some extent without
HDAC2. However, a survival disadvantage of Hdac2-deficient cells
might well contribute to the reduced metastasis frequency that we
observed. TGFb signaling, a potent trigger of EMT, can exert tumor-
suppressive functions mediated by, for example, TGFb-induced cell
death (46). Therefore, we investigated TGFb effects and started to
determine the functionality of upstream signaling. In PPT-F1648 cells,
TGFb induced phosphorylation of SMAD2 and SMAD3 in the
Hdac2-proficient and -deficient state (Supplementary Fig. S5A). In
addition, we used Hdac2-deficient and -proficient cell lines from the
KPC model, treated the lines with TGFb and measured phosphor-
ylation of SMADs. Also in these models, SMAD2 and SMAD3
phosphorylation was observed irrespectively of the HDAC2 status
(Supplementary Fig. S5B). To investigate the transcriptional output
of the TGFb signaling pathway, we performed RNA-seq. Fifteen
HALLMARK signatures were commonly regulated in Hdac2-
deficient and -proficient cells (Supplementary Fig. S5C). These
signatures include EMT and TGFb signaling, demonstrating that
phosphorylation of SMADs can elicit a transcriptional response
(Supplementary Fig. S5C; Supplementary Table S5). However,
comparing transcriptome profiles of TGFb-treated Hdac2-proficient
and -deficient lines, demonstrated that several gene signatures,
including the EMT signature, were depleted in Hdac2-deficient cells
(Supplementary Fig. S5D; Supplementary Table S5), pointing to the
possibility that the TGFb response is inaccurately executed. Indeed,
EMT regulators like Cdh1 are inappropriately repressed in epithelial
Hdac2-deficient KPC cells (Supplementary Fig. S5E and S5F), which is
consistent with a repressive function of class I HDACs toward
Cdh1 (20, 47). In contrast, genes like Zeb2 or Snai1 were not induced
at the investigated early time points (Supplementary Fig. S5E;
Supplementary Table S5). However, mesenchymal Hdac2-deficient
cells can lose CDH1 expression and induce vimentin (Supplementary
Fig. S5F).

To test whether the HDAC2-regulated transcriptome exposed a
vulnerability toward TGFb, we analyzed Hdac2-proficient and -defi-
cient lines. Although a distinct heterogeneity in the response toward
TGFb was detected in both assays (Fig. 5A and B), Hdac2-deficient
cells were more susceptible to TGFb treatment–induced loss of
viability (Fig. 5A). Mean TGFb-induced decrease in clonogenic
growth was also higher in Hdac2-deficient lines (Fig. 5B). For the
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majority of lines, viability short-term assay and clonogenic long-term
assay gave similar results (Pearson r ¼ 0.76; P ¼ 0.01; Supplementary
Fig. S5G). Besides, 80% of Hdac2-deficient lines responded to TGFb
treatment with a reduction of clonogenic growth exceeding 20%, while
only 20% ofHdac2-proficient lines responded to this extent (Fig. 5B).
To experimentally address the heterogeneity of the TGFb response and
to prove the connection of HDAC2 to a prosurvival pathway relevant

under TGFb-mediated stress, we further investigated the TGFb
response in isogenic lines, allowing the acute deletion of Hdac2. In
a Hdac2-deficient cellular state of PPT-F1648 cells, TGFb induced a
significant loss of viability, whereas the proficient counterpart
remained TGFb resistant (Fig. 5C). The protective effect of the TGFb
response conducted by HDAC2 was more pronounced in clonogenic
assays of PPT-F1648 cells (Fig. 5D). To investigate a role of HDAC2

Figure 5.

HDAC2 protects from TGFb-dependent tumor suppression. A and B, Five murine PDAC cell lines from KPCmice and five lines from KPCH2lox/lox mice were treated
with TGFb (5 ng/mL) or left as untreated control. A, Viability was determined by MTT assay 72 hours after the treatment. Mean viability of a line was determined by
three independent biological experiments. B, Clonogenic assays were performed and analyzed after 7 days of treatment. Left, macroscopic picture of a
clonogenic assay of a KPC and a KPCH2lox/lox line. Right, quantification. Mean clonogenic growth of a line was determined by three independent biological
experiments conducted as technical triplicates. P value of an unpaired t test is depicted. C, PPT-F1648 cells were treated for eight days with 4-OHT
(600 nmol/L) or were left as vehicle-treated controls. Afterwards, cells were replated and 24 hours later treated with TGFb (5 ng/mL) for 72 hours. Viability
was determined by MTT assay. ���� , P < 0.0001 (ANOVA). D, PPT-F1648 cells were treated as in C. After eight days of 4-OHT treatment, cells were replated in
24 wells and treated after 24 hours with TGFb (5 ng/mL) for 7 days. Left, macroscopic picture of a clonogenic assay. Right, quantification of three independent
experiments conducted as technical triplicates. � , P < 0.05 (ANOVA). E, PPT-F1648 cells were treated as in C. Afterwards, cells were plated in 96 wells and
24 hours later treated with TGFb (5 ng/mL) for 72 hours. Caspase activity (measured by Caspase-Glo 3/7 Assay) was normalized to cell viability (determined
by CellTiter-Glo Assay) and fold induction upon TGFb treatment compared with control was calculated. � , P < 0.05 (t test). F, PPT-F1648 cells were transduced
with a GFP vector and then treated for eight days with 4-OHT (600 nmol/L) or were left as vehicle-treated controls. Afterwards, cells were replated and
24 hours later treated with TGFb (5 ng/mL) for 96 hours. Left, Western blotting controls expression of GFP and HDAC2. Actin, loading control; right, relative
fold change in the depicted conditions as determined by FACS. � , P < 0.05; �� , P < 0.01 (t test). G, Epithelial (epi) and mesenchymal (mes) fraction of PPT-F2612
cells were treated for eight days with 4-OHT (600 nmol/L) or were left as vehicle-treated controls. Afterwards, cells were replated and 24 hours later treated
with TGFb (5 ng/mL) for 72 hours. Viability was determined by MTT assay. � , P < 0.05 (ANOVA); green bars were analyzed with an unpaired t test (���� , P <
0.0001). H, Epithelial and mesenchymal fraction of PPT-F2612 cells as in D. After eight days of 4-OHT treatment, cells were replated in 24 wells and after
24 hours treated with TGFb (5 ng/mL) for 7 days. Left, macroscopic picture of a clonogenic assay. Right, quantification of three independent experiments. ���� ,
P < 0.0001 (ANOVA). I, ROS levels of control and 4-OHT (600 nmol/L)-treated PPT-F1648 cells after addition of TGFb (5 ng/mL) for 72 hours. FACS
measurements are plotted as fold change of the mean fluorescence intensity (MFI). J, Viability of control and 4-OHT (600 nmol/L)-treated PPT-F1648 cells
treated with TGFb (5 ng/mL) or control treatment in addition to ROS scavengers, 2 mmol/L NAC or 2 mmol/L a-tocopherol. Cell viability was measured
after 72 hours by CellTiter-Glo Assay and viability of untreated Hdac2-proficient PPT-F1648 cells was set to 100%. � , P < 0.05 (ANOVA).
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under culture condition enriching for potential cancer-stem cells (48),
we used anchorage-independent sphere cultures. Hdac2-deficient
cultures formed spheres, but the increased sensitivity toward TGFb
was also evident under sphere culture conditions (Supplementary
Fig. S6A). To further characterize the TGFb-induced cellular response,
we performed an Annexin V/propidium iodide (PI) FACS analysis.
Again, TGFb reduced the amount of viable, Annexin V and PI–
negative cells, more distinctly in the Hdac2-deficient setting (Supple-
mentary Fig. S6B). Furthermore, TGFb-induced apoptosis in Hdac2-
deficient and -proficient cells (Supplementary Fig. S6B). However,
activation of the executioner caspases-3/7 is increased in the Hdac2-
deficient PPT-F1648 cell line (Fig. 5E). A trend toward increased
induction of PI-positive cells was also observed in Hdac2-deficient
PPT-F1648 cells (Supplementary Fig. S6B). To directly test whether
HDAC2 confers a fitness advantage allowing to outcompete Hdac2-
deficient cells under tumor-suppressive stress mediated by TGFb, we
performed repopulation assays. We used PPT-F1648 cells and trans-
duced the cell line with GFP for lineage tracing. Expression of GFP and
deletion of Hdac2 was demonstrated by Western blot analysis. This
experimental approach allows us to perform repopulation assays in
two directions. We deleted Hdac2 in GFP-labeled cells and mix them
with Hdac2-proficient unlabeled cells and vice versa. We treated the
mixture of cells with TGFb andmeasured the fold increase/decrease of
cells over controls. Deletion of Hdac2 was controlled by Western
blotting (Fig. 5F). In both settings,Hdac2-proficient cells significantly
outcompete the Hdac2-deficient cells under treatment with TGFb
(Fig. 5F), showing that HDAC2 facilitates the selection and clonal
expansion of cells under TGFb-mediated tumor-suppressive stress.
Moreover, we investigated fractionated epithelial and mesenchymal
PPT-F2612 cells. Both fractions of cells responded to TGFb treatment
with a loss of viability and reduced clonogenic growth, which is more
pronounced in theHdac2-deficient setting (Fig. 5G andH). A complex
cross-signaling between the TGFb pathway and RTK signaling is
documented (49). To investigate this connection, we used PPT-
F1648 cells. Again, deletion of Hdac2 reduced the protein expression
of PDGFRa, PDGFRb, and EGFR, validating the former observations
(Supplementary Fig. S6C–S6E). Dependent on glycosylation, dif-
ferent PDGFRa forms migrating at different molecular weights in
Western blots were described (50, 51). TGFb reduced the expression
of the PDGFRa form migrating at approximately 170 kDa and
induced the expression of a 130 kDa form (Supplementary
Fig. S6C). The induction of the 130 kDa form was reduced in
Hdac2-deficient cells as well as its phosphorylation (Supplementary
Fig. S6C). TGFb also impaired the expression of PDGFRb and
EGFR (Supplementary Fig. S6D and S6E). We extended the analysis
to the Hdac2-proficient and -deficient KPC lines and included one
TGFb-sensitive and one TGFb-resistant line of each genotype
(see Fig. 5A and B). Heterogeneous expression of the receptors
was observed, which is in agreement with observations made by
others (8). In case the receptors are expressed, TGFb induced a
similar regulation as observed in PPT-F1648 cells (Supplementary
Fig. S6F–S6H). The Hdac2-deficient, TGFb-sensitive line demon-
strated the lowest expression levels of all investigated receptors
(Supplementary Fig. S6F–S6H). In contrast, the Hdac2-deficient,
TGFb-insensitive line revealed high PDGFRb expression, demon-
strating that also regulation of RTKs by HDAC2 can be compen-
sated. Such observations are well in line with the remaining
metastatic capability of Hdac2-deficient PDAC cells. We concluded
that cross-signaling between the TGFb pathway and RTK signaling
is evident also in the investigated lines, but the contribution of the
RTKs to the TGFb sensitization demands further clarifications.

Because we used TGFb-sensitive and -resistant cell lines, we were
able to analyze pathways commonly regulated in these phenotypes by a
GSEA (Supplementary Fig. S6I–S6J). Upon the five pathways consis-
tently regulated in TGFb sensitive lines, irrespectively of the Hdac2
status, we observed a depletion of a signature connected to glutathione
metabolism (Supplementary Fig. S6J). Because glutathione is a major
antioxidant contributing to redox homeostasis and TGFb is known to
increase reactive oxygen species (ROS; ref. 52), we measured ROS
production. Indeed, TGFb increased ROS levels, an observation more
pronounced in Hdac2-deficient cells (Fig. 5I). To validate the con-
tribution of ROS to the lethal response toward TGFb in the Hdac2-
deficient setting, we used the antioxidant N-acetyl-l-cysteine (NAC),
which rescued the TGFb effects in Hdac2-deficient PPT-F1648 cells
(Fig. 5J). Although to a smaller extent, this effect was also observed by
the use of a second antioxidant, a-tocopherol (Fig. 5J). Such data
suggest a role of HDAC2 as a rheostat of ROS and point to an
additional potential mechanism by which HDAC2 limits TGFb-
mediated tumor suppression.

Discussion
Here, we show that HDAC2 is an important fitness factor of

mesenchymal PDAC cells controlling the tumor-suppressive function
of TGFb. We demonstrate that HDAC2 maintains the expression of a
gene network preferentially expressed in undifferentiated cancer cells.

The contribution of class I HDACs to EMT processes of PDAC cells
has been described. A HDAC1 and HDAC2 containing complex is
needed to repress the CDH1 gene during EMT (20, 47). 4SC-202, a
class I HDAC–specific inhibitor, prevents TGFb-dependent upregula-
tion of ZEB1 and SNAI1 as well as repression of CDH1 (53). Further-
more, theHDAC inhibitormocetinostat interferes with the function of
ZEB1 (54).We expand the connection of class I HDACs to EMT states
in PDAC by describing a novel HDAC2-specific function. We
observed that the HDAC2-controlled network included RTKs and
we provide evidence that RTKs, like PDGFRa, PDGFRb, or EGFR,
which are regulated by HDAC2 in the investigated murine PDAC cell
line, are connected to EMT, metastasis, TGFb and PI3K–AKT sig-
naling signatures in human and murine expression datasets. Consis-
tently, the PDGFRb protein is induced by TGFb in murine PDAC
cells (8), and human PDACs with high expression of PDGFRb have an
increased risk of metastasis (55). We did not detect TGFb-induced
upregulation of PDGFRb in the investigated KPC cell lines, which is
explained by the early time point we were investigating compared with
the delayed induction kinetics observed in TGFb-dependent EMT
models (8). In the KPCmouse model, pharmacologic inhibition of the
PDGFRb does not influence the tumor burden compared with con-
trols, but distinctly reduced metastasis formation (56). Therefore, the
regulation of PDGFRb expression by HDAC2 in our ex vivo model
might contribute to the impaired metastasis formation in Hdac2-
deficient KPC animals. In addition to PDAC, downregulation of
PDGFRb in class I HDAC inhibitor–treated or HDAC1/2 siRNA–
transfected renal cell carcinomamodels occurs (57), arguing for amore
general relevance of the observed pathway. Although the connection of
PDGFRb to metastasis is well described in PDAC, it is important to
note that we detected additional RTKs, including EGFR and PDGFRa.
Hence, the observed phenotype can also be attributed to the concerted
signaling input of these RTKs.

At the mechanistic level, we robustly demonstrate that genetic
inhibition of HDAC2 unleashes the tumor-suppressive function of
TGFb. The TGFb signaling pathway controls relevant processes of
cancer cells from initiation of tumors over differentiation of cancer
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cells to distant organ metastasis, whereby the cellular context
decides over the tumor-suppressive or the tumor-promoting facet
of the pathway (46). Mutational inactivation of the TGFb pathway,
most frequently by alterations of SMAD4, occurs in approximately
one half of PDACs (58, 59). Especially the basal-like subtype of
PDAC, which enriches EMT and TGFb signatures, shows a
decreased frequency of genetic SMAD4 losses (2). These data
demonstrate the need for PDAC cells with an active EMT program
to develop strategies to enable protumorigenic TGFb functions and
simultaneously disable the tumor-suppressive and death-inducing
properties of the pathway. The helix-loop-helix transcriptional
modulator ID1 was recently shown to contribute to the uncoupling
of the TGFb-mediated EMT and apoptotic program by protecting
PDAC cells from apoptosis (59). Whereas in the apoptosis permis-
sive state, TGFb-induced the downregulation of ID1, in the setting
of disabled apoptosis, the ID1 gene escapes TGFb-induced repres-
sion. Importantly, the escape from TGFb-repression of ID1 is
mediated by the PI3K–AKT signaling pathway (59). Consistently
with these data, we detected cosegregation of EMT, TGFb, and
PI3K–AKT signatures together with the gene network controlled by
HDAC2 across the murine and human PDAC expression dataset.
Regulation of upstream RTKs with consequent modulation of
multiple associated downstream signaling can contribute to the
uncoupling of EMT and sensitization toward tumor-suppressive
TGFb functions upon HDAC2 inactivation.

The deletion of Hdac2 in murine PDAC leads to impaired fitness,
which is more pronounced in undifferentiated mesenchymal cells,
compatible with the increased expression of HDAC2 in less differ-
entiated human PDACs (18, 19). Acute inactivation of Hdac2 leads
to reduced proliferation and cell-cycle arrest in the G2–M-phase of
the cell cycle. Control of the cell cycle by HDACs is well
described (17) and in the context of PDAC, HDAC2 was recently
shown to regulate the expression of the mitotic Aurora A
kinase (60). The development of proliferative Hdac2-deficient
PDACs in vivo and the restoration of growth in Hdac2-deficient
cells upon long-term passaging in vitro, argues that the cell-cycle
defect seen after the acute deletion of Hdac2 can be adapted.
Therefore, we did not investigate the molecular link of HDAC2 to
the cell-cycle in greater detail. Furthermore, such data indicate that
growth defects observed after the acute deletion of Hdac2 are not
likely to contribute to the metastatic phenotype.

This study opens questions, which demand future experiments for
definite clarification. (i) Although the evidence from our ex vivo
investigation, including regulation of relevant RTKs and sensitization
for the tumor-suppressive TGFb function, the analysis of large PDAC
expression datasets, which connect the HDAC2-maintained network
to TGFb, EMT, and PI3K pathways, combined with published data,
demonstrating that PDGFRb is a driver of PDAC metastasis (55, 56)
and that PI3K–AKT signaling is relevant to escape the proapoptotic
function of TGFb (59), contributes to explain the reducedmetastasis of
Hdac2-deficient KPC mice, we cannot prove that such pathways are
operative in vivo. Furthermore, it is important to note that many
mechanistic insights were elaborated mainly by the use of PPT-F1648
cells that allows for a direct comparison of HDAC2 in an isogenic
background. This approach might limit the generality of the observa-
tions and considering the heterogeneity of the disease, other sets of
RTKs or different mechanisms might contribute to explain the metas-
tasis phenotype. Additional genes we detected to be regulated by
HDAC2 can also contribute here. For example, in RNA expression
profiles, we found collagen family members, which can affect tumor
progression and metastasis (61), to be maintained by HDAC2. Fur-

thermore, considering the multiple functions of the TGFb pathway
along the metastatic cascade, the complex cross-talk with different
tumor compartments, and the stochastic nature of the metastatic
process, additional experiments with a high spatial and temporal
resolution best conducted with appropriate genetic gain- and loss-
of-function approaches are necessary, which are beyond the scope of
the current manuscript. (ii) The molecular mechanism of the unex-
pected downregulation of genes upon the inactivation of a transcrip-
tional repressor is unclear. We recently described that HDAC1 and
HDAC2 synergize tomaintain the expression of cancer-relevant genes
in PDAC models (34). Here, we observe that in PDAC lines, HDAC2
binds to promoters, whose genes revealed both reduced and induced
expression upon the deletion of Hdac2, which supports a role of the
enzyme in the maintenance and repression of genes. However,
deciphering how HDAC2 maintains gene expression without
changing open chromatin and the histone H3K27 acetylation status
on a chromatin-wide scale demands additional experiments.
Whether in context of the investigated PDAC cells, transcription
factors, whose cis-regulatory sites are overrepresented at HDAC2
peaks were controlled by acetylation remains to be deciphered in
future work. (iii) Several pathways and processes control TGFb-
mediated cell death. Inhibition of PI3K–AKT signaling can allow
TGFb-induced apoptosis (59, 62). The transcription factor SOX4
was recently implicated in TGFb-induced apoptosis of PDAC
cells (62). We now demonstrate, that HDAC2 is relevant for
unleashing the tumor-suppressive TGFb function observed in
Hdac2-deficient states and show that HDAC2 can act as a rheostat
of TGFb-induced ROS. How HDAC2 controls ROS metabolism and
how this mechanism connects to cell death and the metastasis
phenotype awaits further investigations.

In sum,we show the important complexity and context specificity of
the function of epigenetic regulators, like HDAC2, which implicate
that an increased understanding of these proteins is needed to imple-
ment successful epigenetic therapies in the clinic. Our data add another
tractable player, HDAC2, to the licensers of the metastatic cascade
allowing to schedule and test novel therapeutic approaches with the
goal to prevent metastasis.
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