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ABSTRACT The Golgi apparatus is increasingly recognized as a major hub for cellular signal-
ing and is involved in numerous pathologies, including neurodegenerative diseases and
cancer. The study of Golgi stress-induced signaling pathways relies on the selectivity of the
available tool compounds of which currently only a few are known. To discover novel Golgi-
fragmenting agents, transcriptomic profiles of cells treated with brefeldin A, golgicide A, or
monensin were generated and compared with a database of gene expression profiles from
cells treated with other bioactive small molecules. In parallel, a phenotypic screen was per-
formed for compounds that alter normal Golgi structure. Histone deacetylase (HDAC) inhibi-
tors and DNA-damaging agents were identified as novel Golgi disruptors. Further analysis
identified HDAC1/HDAC9 as well as BRD8 and DNA-PK as important regulators of Golgi
breakdown mediated by HDAC inhibition. We provide evidence that combinatorial HDACi/
(+)-JQ1 treatment spurs synergistic Golgi dispersal in several cancer cell lines, pinpointing a
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possible link between drug-induced toxicity and Golgi morphology alterations.

INTRODUCTION

The Golgi apparatus is a dynamic, membranous organelle involved
in processing, sorting, and transport of proteins and lipids, thus
playing an essential role in cellular homeostasis. In mammalian cells
under normal conditions, the Golgi is organized as a compacted
peri-nuclear stack of membranes (cisternae); however, this mor-
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phology is required to undergo immense structural changes to
fulfill its various functions, including the maintenance of cell polar-
ity, wound healing (Yadav et al., 2009), and cell proliferation (Sit-
terlin et al., 2002). In addition to its role in protein sorting and traf-
ficking, the Golgi also serves as an important signaling platform
(Cancino and Luini, 2013) that, for instance, can support oncogenic
rat sarcoma (RAS) signaling (Chiu et al., 2002) and is itself regulated
by a vast network of signaling proteins (Chia et al., 2012). Deregula-
tion of Golgi morphology has been recognized as an important
contributor to oncogenesis (Petrosyan, 2015). For instance, the
Golgi morphology regulator GOLPH3 is amplified in many different
cancer types (lung, ovarian, breast, pancreatic, prostate, and skin)
(Xi et al., 2016). GOLPH3 has been shown to regulate mTOR signal-
ing and proliferation (Scott et al., 2009; Zeng et al., 2012) and me-
tastasis, as well as malignant secretion (Halberg et al., 2016), and
can be directly phosphorylated by the DNA damage repair protein
DNA-PK (Farber-Katz et al., 2014). Golgi fragmentation occurs un-
der various stress conditions, suggesting the existence of con-
served pathways that regulate Golgi morphology (Machamer,
2015). Progress has been made in defining Golgi stress-responsive
pathways triggered in response to a small number of Golgi-dispers-
ing compounds, such as brefeldin A (BFA), golgicide A (GCA), or
monensin (Fujiwara et al., 1988; Pan et al., 2008; Saenz et al., 2009;
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Oku et al., 2011; Reiling et al., 2013; Taniguchi et al., 2015; Ignash-
kova et al., 2017); however, the elucidation of potential Golgi stress
signaling pathways and their impact on health and disease would
likely benefit from the identification and use of additional reagents
that interfere with Golgi homeostasis.

Lysine acetylation is an important posttranslational modifica-
tion which is regulated in an antagonistic fashion by histone acetyl
transferases (HATs) and histone deacetylases (HDACs). The hu-
man HDAC family consists of 18 members that are subdivided
into the mainly nuclear localized class | (HDAC1, 2, 3, 8), the nu-
clear and cytoplasmically localized class lla (HDAC 4, 5, 7, 9), and
the cytoplasmic class Ilb (HDACS, 10). In addition, the poorly un-
derstood HDAC11 is the sole member of class IV. The activity of
classes |, I, and IV HDACs are zinc ion (Zn?*) dependent. The cata-
lytically different class Ill (SIRT1-7) requires a nicotinamide ade-
nine dinucleotide for their enzymatic activity. HDACs are involved
in fundamental cellular processes, such as the regulation of gene
expression (Grunstein, 1997), cell migration (Mottet et al., 2007),
and DNA replication (Stengel and Hiebert, 2015). HDACs are
overexpressed in several cancer types, including lung, gastric,
and ovarian cancers (Bartling et al., 2005; Song et al., 2005; Kha-
bele et al., 2007), and efforts have been made to exploit this fact
for anti-tumor therapy. To date, four small molecule HDAC inhibi-
tors are FDA approved to treat patients suffering from cutaneous
T-cell lymphoma (Vorinostat, approved in 2006, and Romidepsin,
approved in 2009) (Mann et al., 2007; Hughes, 2010), refractory
peripheral T-cell lymphoma (Belinostat, approved 2014) (Lee
et al., 2015) and multiple myeloma (Panobinostat, approved in
2015) (Bailey et al., 2015), with many more compounds still in
clinical development (Manal et al., 2016). HDACis also show ben-
eficial effects in other disease settings, including neurodegenera-
tion, inflammation, and cardiovascular diseases (Falkenberg and
Johnstone, 2014; Yoon and Eom, 2016). It is estimated that ~8—
20% of genes are transcriptionally regulated by HDAC-mediated
modification of histone tails (Peart et al., 2005; Zhang and Zhong,
2014). In addition, the biological actions of HDACs have been
extended from the regulation of histone acetylation to an array of
other biological effects, mediated by the deacetylation of nonhis-
tone proteins including transcription factors, cell cycle regulators,
DNA repair factors, and metabolic enzymes (Xu et al., 2007;
Choudhary et al., 2009; Witt et al., 2009; Zhao et al., 2010). More-
over, HDACi treatment can lead to reactive oxygen species (ROS)
generation, thereby contributing to proapoptotic signaling
(Falkenberg and Johnstone, 2014).

Here we have used two intersecting approaches to uncover
small molecules that cause Golgi dispersal. On one hand, we
have performed transcriptomics using three well-described
Golgi-dispersing tool compounds to identify gene signatures as-
sociated with Golgi disintegration. We subsequently compared
these gene expression profiles to the Library of Integrated Net-
work-based Cellular Signatures (LINCS) L1000 database to iden-
tify compounds that induce similar gene expression profiles. On
the other hand, we developed an image-based screening plat-
form for Golgi structure alterations that led to the identification
of HDACis, DNA-damaging agents and inhibitors of transcrip-
tion as novel inducers of Golgi scattering. We further utilized this
platform to identify HDAC1/HDACY9 as well as BRD8 and DNA-
PK as major regulators of Golgi morphology. Finally, we found
that multiple cancer cell lines display enhanced Golgi dispersal
on combinatorial treatment of the bromodomain inhibitor (+)-
JQ1 and HDAC inhibitors, which was associated with synergistic
cell death.
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RESULTS

Transcriptomics and connectivity map analysis of
Golgi-disrupting compounds

In an effort to find new Golgi morphology modulators, we per-
formed gene expression profiling of A549 cells treated with brefeldin
A (BFA), golgicide A (GCA), or monensin (MON) using DNA microar-
rays. All three of these small molecules have been previously de-
scribed to induce Golgi fragmentation as demonstrated by immu-
nofluorescence experiments using several Golgi markers (Fujiwara
et al., 1988; Pan et al., 2008; Sdenz et al., 2009; van der Linden
et al., 2010; Chia et al., 2012; Reiling et al., 2013). The gene signa-
ture associated with each drug was used to query the LINCS L1000
database, a large-scale multi-center collaborative project to cata-
logue gene expression profiles of a multitude of conditions, similar
to the original Connectivity Map (CMap) project but far more com-
prehensive (Lamb, 2006). During the revision of this article, the
LINCS resource was replaced by the web application clue.io. The
program compares the input gene signature to the database of
gene expression signatures and outputs a list of compounds with
connectivity scores that range from -100 to 100, indicating com-
plete correlation (100) or complete anti-correlation (-100) of the two
gene expression signatures in a panel of four different cell lines. A
high positive connectivity score indicates that the corresponding
compound induced a similar expression profile to that of the query
signature. Compounds that entail similar transcriptional responses
are likely to share a common mechanism of action (Scherf et al.,
2000; Lamb, 2007; Hu and Agarwal, 2009; lorio et al., 2009, 2010).
To facilitate the analysis and downstream efforts, we focused our
analysis on the top 50 correlated compounds (of a total of 2974
compounds) (Figure 1). As expected, the analysis revealed a strong
correlation between all three of our query compounds (BFA, GCA,
and MON) and the L1000 signature for brefeldin-a, indicating that
the results are biologically meaningful. The second-highest scoring
compound was AG-1478/tyrphostin, a compound that was origi-
nally described as an epidermal growth factor receptor (EGFR) in-
hibitor but was also shown to induce Golgi fragmentation in a man-
ner similar to BFA (Pan et al., 2008; van der Linden et al., 2010). The
gene expression profiling data also revealed high similarity between
our query Golgi disruptors and several DNA damage-inducing
agents, the latter of which were enriched in the top 50 hit list (5/50
of 30 DNA damage inducers in 2974 compounds, p < 1.40 x 1074,
see Material and Methods). A recent study reported that the DNA
double-strand-break inducers doxorubicin, camptothecin, or ioniz-
ing radiation induce Golgi dispersal (Farber-Katz et al., 2014). Our
analysis of the L1000 database suggests that these properties ex-
tend also to DNA cross-linkers and additional topoisomerase inhibi-
tors. Another striking finding of our analysis was the enrichment of
HDACIs in the top 50 correlated compounds (8/50 of 30 HDAC in-
hibitors in 2974 compounds, p < 1.58 x 1078), none of which has
previously been described to alter Golgi morphology.

Image-based screen identifies HDAC inhibitors and DNA
damage inducers as Golgi disruptors

In a parallel approach to our transcriptomic analysis coupled to the
interrogation of the LINCSCLOUD resource, we screened a custom-
assembled library of 307 compounds (see Materials and Methods)
using a fluorescence-based, high-content imaging platform, which
allowed us to test whether our bioinformatics approach accurately
predicted novel Golgi disruptors (Figure 2A). To this end, A549 cells
were incubated in the presence of each test compound for 72 h
before fixation. We subsequently stained the nucleus (Hoechst) to
identify the seed region, the cis-Golgi (GM130) to quantify the Golgi
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compounds, including the eight positive
controls. Thus, our screen identified 12
novel Golgi-dispersing compounds, which
are mainly part of two compound classes:
DNA damage inducers and HDAC inhibi-
tors, thereby corroborating the predicted
results from our in silico analysis. The gen-
eral CDK inhibitor Flavopiridol, which acts
as a transcription inhibitor and is in clinical
development as an anti-tumor agent
(Zeidner and Karp, 2015), was also found to
disrupt the Golgi (Figure 2D). Among the
DNA damage inducers, Bleomycin, a DNA
single- and double-strand-break inducer
(Ewig and Fornace, 1976), and the nucleo-
side analog Gemcitabine (Hertel et al.,
1990; Hecht, 2000) were identified as novel
Golgi-fragmenting agents. While not part
of the original screen, we also tested sev-
eral other DNA damage-inducing agents,
including irinotecan, teniposide, etoposide,
mitomycin-c, cisplatin, 5-fluorouracil (5-FU),
and hydroxyurea, all of which induced Golgi
dispersal (Supplemental Figure S1). Inter-

e estingly, without exception, we found that
| lestaurtinib
AR-A014418
-99.99 99.99

| I BRD-K94493764
Similarity Score

FIGURE 1: Connectivity map analysis of classical Golgi-fragmenting drugs predicts HDAC

DNA damage-inducing agents caused sig-
nificant increases in cell size concomitantly
with structural reorganization of the Golgi, a
phenotype that, to our knowledge, has not
been described previously (Figure 2D and

inhibitors and DNA-damaging agents as compounds with a similar mode of action. The gene
expression signatures of A549 cells treated for 20 h with 71 nM BFA, 5 uM GCA, or 10 yM
monensin were determined and used to query the LINCS L1000 database to identify
compounds with similar gene expression profiles. (A) Heat map representation of all the gene
expression signatures in the L1000 database and their connectivity scores in comparison with
our own BFA, GCA, and monensin input expression profiles. The data were sorted based on the
similarity score for BFA. (B) Detailed view of the top 50 correlations identified in this analysis and
sorted by their similarity to the BFA profile. Blue boxes indicate DNA-damaging agents; red
boxes indicate HDAC inhibitors. (C) Pie chart summarizing the compounds in the top 50 hit list.

Supplemental Figure S1). In most other
cases, Golgi-dispersing agents had no ef-
fect or were associated with cell size de-
creases. Our results therefore significantly
extend the panel of previously reported
DNA-damaging drugs, which cause dou-
ble-strand breaks and fragment the Golgi

area, the actin cytoskeleton (phalloidin) to evaluate cell size and
morphology, and GRP78 to assess endoplasmic reticulum (ER) stress
induction. Images from 20 fields per well were acquired for each
condition in triplicate (i.e., 60 fields in total), enabling the quantifica-
tion of ~1500 cells for each condition. The Golgi area was defined
as the proportion of each cell in which GM130 signal can be de-
tected. The screening set included several positive control com-
pounds known to disperse the Golgi, such as BFA (Fujiwara et al.,
1988), nocodazole (Turner and Tartakoff, 1989), and doxorubicin
(Farber-Katz et al., 2014). Of all compounds tested, 107 caused a
significant increase in the Golgi area (Figure 2, B and C). The ob-
served increase in Golgi area correlated with a corresponding de-
crease in cell counts (Figure 2C), indicating a potential link between
loss of Golgi apparatus integrity and cell viability (Ignashkova et al.,
2017). We set the cutoff for the hit selection at a 1.5-fold increase of
the Golgi area compared with the vehicle control, because this num-
ber corresponded to the smallest significant Golgi-dispersing fold
change obtained from the replicates of cells treated with 40 nM
BFA. To minimize the inclusion of false-positive candidates, only
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(Farber-Katz et al., 2014), to DNA cross-link-

ers, additional topoisomerase inhibitors
other than doxorubicin and camptothecin, as well as anti-metabo-

lites. Of the eight HDAC inhibitors included in our screen, all but
one (Entinostat) of which are pan-HDAC inhibitors (Pracinostat, Givi-
nostat, Trichostatin A, 4-lodo-SAHA, Oxamflatin, Vorinostat [SAHA],
and Scriptaid), caused significant Golgi dispersal, thereby identify-
ing HDAC inhibitors as novel Golgi disruptors (Figure 2, C and D).
Entinostat was reported to display higher selectivity toward HDAC1
and HDACS3 (Hu et al., 2003; Hess-Stumpp et al., 2007; Bieliauskas
and Pflum, 2008; Khan et al., 2008). Unlike the control compounds
BFA, AMF-26, GCA, or monensin, neither of the DNA damage in-
ducers nor the HDACis caused noticeable up-regulation of the ER
stress marker GRP78 (Figure 2D). Taken together, these results

strongly suggest that HDAC activity is involved in the regulation of
Golgi morphology.

Effects of additional HDACis and genetic HDAC depletion
on Golgi structure

We next tested two additional HDAC inhibitors that were not part
of the primary screen. First, we checked Panobinostat (LBH-589)

Molecular Biology of the Cell
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Image-based chemical compound screen identifies HDAC inhibitors and DNA-
damaging agents as novel Golgi-dispersing compounds. To identify novel compounds that
modulate Golgi morphology, a screening platform was established. (A) Screening pipeline
including cell seeding (A549 cells), treatment with compound library, staining for the cis-Golgi
(GM130), the nucleus (Hoechst), the ER stress marker (GRP78), cytoplasm (Phalloidin), and image
acquisition and processing. (B) Representative images of the negative control (vehicle-treated
cells) as well as positive controls (BFA, doxorubicin, and nocodazole) and newly discovered
Golgi-fragmenting drugs (Bleomycin, Vorinostat, 4-iodo-SAHA, Trichostatin A, Givinostat, and
Pracinostat) are displayed. (C) Following image analysis, to exclude potential plate effects, the
Golgi area of cells treated with the chemical library was normalized to the vehicle-treated
sample present within the same plate. The corresponding survival ratios of treated cells are also
shown. (D) Detailed view of compounds are shown, of which at least two of three replicates
caused a 21.5-fold increase in Golgi area. The compound panel includes positive controls
and novel Golgi-fragmenting compounds, which were selected for further investigation.

***p < 0.001 vs. #; see Materials and Methods.

(Figure 3A). To evaluate ultrastructural alter-
ations, Golgi morphology of A549 cells fol-
lowing Panobinostat treatment was as-
sessed by transmission electron microscopy
(TEM). Multiple sections of HDACi-treated
cells revealed disorganized Golgi mem-
branes and an expanded area covered by
distinctively altered Golgi compartments
displaying an enhanced presence of many
large vesicular and tubular structures poten-
tially representing dilated cisternae and or
vesicles not observed in control cells. Unlike
BFA, Panobinostat treatment did not cause
an increased formation of lipid droplets,
suggesting that both compounds have dif-
ferent metabolic effects (Supplemental
Figure S2A). Tubastatin A was also tested
because of its specificity toward HDAC6
(Butler et al., 2010), which is known to regu-
late microtubule dynamics through the
deacetylation of tubulin (Hubbert et al.,
2002). Interestingly, Tubastatin A did not
trigger an increase in Golgi area compara-
ble to other HDACis, despite the use of
high drug concentrations (Figure 3A). Of
note, all of the HDACIs evaluated in this
study induced an increase in cellular pan-
acetyl lysine levels with the concentrations
used in our screen and follow-up experi-
ments (Figure 3A). Most prominent were
acetylated lysine signals in the range of
10-15 kDa, a molecular weight range in
which histones are expected to be de-
tected. Only Tubastatin A treatment re-
sulted in an increase in acetylated lysine
signal at a molecular weight of around 50-
55 kDa, at which size a signal for tubulin is
to be expected (Figure 3A). These data sug-
gest that either simultaneous inhibition of
multiple HDACs and/or specifically HDAC1
3, but not HDAC6, may trigger Golgi disin-
tegration. Further, we conclude that the
regulation of microtubule dynamics via acet-
ylation is not involved in this HDACi-medi-
ated Golgi dispersal. To more broadly test
whether total cellular levels of acetylated
lysines impact the extent of pharmacologi-
cally induced Golgi disruption, A549 cells
were cotreated with the histone acetyl-
transferase (HAT) inhibitor (HATi) CBP300 to
reduce acetylation and BFA or HDACis, re-
spectively. Interestingly, the addition of
CBP30 suppressed to a certain extent Golgi
disintegration induced by both BFA or Pan-
obinostat treatment alone (Supplemental
Figure S2B). In the case of Panobinostat, this
partial suppression of Golgi dispersal was
indeed associated with reduced levels of ly-

because of its clinical prevalence and potency in the nanomolar  sine acetylation (Supplemental Figure S2C). A time-course experi-
range (Atadja, 2009; Laubach et al., 2015; Nervi et al., 2015; Manal ment of A549 cells treated with Panobinostat revealed that, unlike
et al., 2016). Strikingly, Panobinostat treatment of A549 cells led  BFA, which is able to completely disperse the Golgi structure within
to similar changes in Golgi architecture as the other HDACis minutes (Sciaky et al., 1997), the extent of HDACi treatment-induced
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HOECHOTIENIE0 Figure S2D). Thus, compared with BFA
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chitecture are discernible only after sub-
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— e §8 % play a major role in the process of HDACi-

iHDA% 0 mediated Golgi dispersal.
= ==—Fpcin
=l HDAC inhibition leads to increased
protein trafficking rate but does not
Effects of individual HDAC depletion and additional HDACis on Golgi structure. The  negatively affect glycosylation or
HDAC:s identified in the screen in addition to Panobinostat (pan-HDAC), Entinostat (HDAC1i Golgi dynamics
and HDACS3i), and Tubastatin (HDAC6i) were tested for their ability to disrupt the Golgi.
(A) Quantification of immunofluorescence stainings of Golgi area of A549 cells treated with the
indicated chemicals for 72 h. Representative images of the individual compounds are shown on
the right. The levels of acetylated lysines were evaluated for each treatment condition by
immunoblotting. Pictures of one representative experiment of three independent experiments

siHDAC9

Previous reports have shown that Golgi
fragmentation can occur during the execu-
tion phase of apoptosis (Lane et al., 2002).
Considering that knockdown of HDAC1 or

are displayed. The levels of acetylated lysines were assessed by immunoblotting for each HDAC2 both resulted in comparable loss of
treatment condition. (B) Individual HDACs were depleted from A549 cells using siRNA; viability while displaying significantly differ-
48 h posttransfection Golgi area alterations were evaluated via immunofluorescence. ent increases in Golgi area, these data sug-
(C, D) Knockdown efficiency was tested 48 h posttransfection for the indicated genes by gested that the observed Golgi scattering is
Western blot (C) or gRT-PCR (D). (C) HDAC knockdown and siControl lysates were run on the not due to induction of apoptosis (Figure

same gel; dashed line in blot indicates where unrelated samples were cropped out of the image. 3B and Supplemental Figure S2E). In further

***p < 0.001 vs. # or control siRNA; see Materials and Methods. support of this, neither cell survival nor the

degree of Golgi dispersal caused by 72 h
Golgi dispersal increased over the course of 72 h, showing only a  Panobinostat treatment are consistently and noticeably rescued in
minor impact on Golgi structure and viability after 24 h, which were,  the presence of the pan caspase inhibitor Z-VAD-FMK unlike with
however, significantly further enhanced (Golgi area) or decreased BFA (Figure 4A). Thus, the absence of cell death after 24 h of Pano-
(viability), respectively, over the following 24-48 h (Supplemental binostat treatment (Supplemental Figure S2D) plus the lack of
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HDACi-mediated Golgi dispersal is not caused by apoptosis and does not alter lateral protein diffusion or
glycosylation. (A) Quantification of Golgi area and survival ratios of A549 cells treated with Z-VAD-FMK alone or in
combination with either Panobinostat or BFA for 72 h; representative images are shown on the right. (B) Fluorescence
recovery after photobleaching performed with GalT-EGFP overexpressing A549 cells. Cells were treated for 72 h with
vehicle, Panobinostat, or BFA before image acquisition. The average of seven measurements (orange line) plus SD (black
error bars) normalized to initial intensity are shown. (C) Western blot analysis of glycosylation pattern of
immunoprecipitated LAMP1-mRFP-flag, transiently expressed in HEK293T after treatment with either 20 nM
Panobinostat, 50 nM BFA, or 500 nM Tunicamycin for the indicated amount of time. (D) Secretory activity of A549 cells
transiently transfected with pCMV-GLuc for 48 h before treatment with vehicle, Panobinostat, or BFA for another 24 h.
Representative data of two experiments are shown for A, C, and D and of one experiment for B. *p < 0.05 vs. #;

**p < 0.01 vs, #; ***p < 0.001 vs. #; see Materials and Methods.
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protective effect on viability or Golgi shape on combination with Z-
VAD-FMK indicates that Golgi dispersal mediated by HDACi is not
a result of apoptotic disassembly. To gain more insight into whether
HDACI-induced Golgi structural changes impact lateral diffusion
and mobility of proteins, we used fluorescence recovery after pho-
tobleaching (FRAP) of A549 cells that were stably transduced with
the trans-Golgi marker GalT-EGFP (Ignashkova et al., 2017) and
treated with Panobinostat. The analysis shows that, relative to vehi-
cle or 50 nM BFA treatment, no difference in the GFP recovery rate
or the mobile fraction was observed at the end of monitoring indi-
cating that proteins within and migrating to the Golgi apparatus are
equally mobile in all of the conditions tested (Figure 4B). We further
assessed Golgi functionality in response to HDACi by assessing the
glycosylation pattern of LAMP1 (Terasawa et al., 2016), which is sub-
ject to both N- and O-linked glycosylation (Wilke et al., 2012; Li
et al., 2015). To this end, LAMP1-mRFP-flag was transiently overex-
pressed in HEK293T cells, which were then treated with vehicle,
Panobinostat, BFA, or tunicamycin before Flag immunoprecipitation
and subsequent treatment of half of the samples with a mixture of
endo- and exoglycosidases that remove both N- and O-linked gly-
cans. Relative to control condition treatment with the N-glycosyl-
ation inhibitor tunicamycin led to a collapse of glycosylated LAMP1
forms into one band. On incubation of tunicamycin-treated immu-
nopreciptates with the deglycosylation mix LAMP1 protein species
were further modified, leading to the elimination of the higher-mo-
lecular-weight band, suggesting that removal of N- and O-linked
sugars caused these shifts in electrophoretic mobility. On the other
hand, neither Panobinostat nor BFA treatment caused discernible
glycosylation alterations as judged by the band patterning and in-
tensity on Western blot of exogenously expressed LAMP1 indicative
of an absence of glycosylation defects following HDACi treatment
(Figure 4C). Moreover, we interrogated the protein secretion ability
of A549 cells transiently overexpressing Gaussia luciferase (GLuc).
On BFA treatment, a decrease in secretory activity was observed as
was also demonstrated previously (Ignashkova et al., 2017). Surpris-
ingly, in response to Panobinostat, the amount of GLuc secretion
increased at all concentrations tested compared with vehicle treat-
ment, indicating that protein transport along the secretory pathway
is not blocked but rather enhanced on HDACi (Figure 4D). This ef-
fect could be related to previously reported findings on unstacking
of Golgi cisternae following GRASP55/65 depletion, which resulted
in enhanced protein trafficking (Xiang et al., 2013; Bekier et al.,
2017).

Effect of HDAC inhibition on organelles

By analyzing the localization of the early Golgi protein GM130, we
have already shown that HDACi leads to cis-Golgi dispersal (Figures
2B and 3, A and B). Next, we assessed the trans-Golgi subcompart-
ment and trans-Golgi network (TGN) by IF microscopy using two
additional Golgi markers. Staining with an antibody against endog-
enous TGN46, or stable expression of GalT-EGFP (Ignashkova et al.,
2017) revealed that in both cases Panobinostat treatment induced
dispersal of the late Golgi comparable to GM130 IF (Supplemental
Figure S3, A and B). Similarly, the staining pattern of ER-Golgi inter-
mediate compartment (ERGIC) ERGIC-53, which marks the ERGIC,
an organelle derived from the homotypic fusion of COPII vesicles
and that lies between the ER and cis-Golgi (Hauri et al., 2000), sug-
gested an expanded area on Panobinostat treatment leading to an
increased cytoplasmic distribution (Supplemental Figure S3C). To
see whether HDACi treatment alters ER morphology, Panobinostat-
and vehicle-treated cells were stained for protein disulfide isomer-
ase (PDI). Compared to vehicle treatment, an expanded reticular-

M. Gendarme et al.

3762 |

like pattern of PDI was apparent on treatment with Panobinostat,
suggestive of a more elaborate ER network, which could be due to
ER stress induction (Supplemental Figure S4A). Interestingly, in our
original phenotypic screen, several HDACis did not cause induction
of another ER stress-responsive protein, the molecular chaperone
GRP78, however, Panobinostat was not included in this analysis
(Figure 2D). Taken together, from the ER to the trans-Golgi, all ana-
lyzed compartments displayed increases in their quantified area,
which might support enhanced protein secretion (Figure 4D). More-
over, by immunostaining we further investigated the expression and
localization of early endosomes using the EEA1 marker (Liberali
et al., 2014). Although not as apparent by visual inspection, auto-
mated image-based quantification of EEAT suggests an enhanced
area covered by early endosomes on HDACi and BFA treatment
(Supplemental Figure S4B). Immunocytochemical labeling of actin
filaments using phalloidin furthermore showed no differences in cell
morphology and size of Panobinostat vs. vehicle- or BFA-treated
cells (Supplemental Figure S4B). These data suggest that HDACi-
mediated Golgi shape alterations are not due to indirect effects on
the actin cytoskeleton. Last, incubation of A549 cells with Mito-
tracker Orange dye in the absence or presence of HDACi treatment
did not noticeably change mitochondria mean signal intensity and
only slightly increased quantified Mitotracker area, potentially sug-
gesting that there is no apparent impact of Panobinostat on mito-
chondrial membrane potential in the surviving cells (Supplemental
Figure S4C).

Combinatorial inhibition of HDACs and bromodomain
containing proteins leads to enhanced Golgi dispersal and
increased loss of viability

We have shown above that either chemical inhibition or genetic
depletion of HDACs, which are also referred to as erasers of acety-
lated lysines, leads to Golgi morphology perturbation. We next
asked whether inhibition of the readers of this epigenetic modifi-
cation, the bromodomain containing proteins (BCPs) that act as
principal acetylation recognition proteins, is similarly associated
with changes in Golgi shape and/or could alter the observed Golgi
phenotype in response to HDACis. To prevent the binding to acet-
ylated lysine residues of the most studied family of proteins among
the BCPs, we made use of the small molecule (+)-JQ1, which in-
hibits the bromodomain and extraterminal domain family (BET) of
proteins (Ferri et al., 2015). (+)-JQ1 has shown promising in vitro
and in vivo anti-cancer effects and has a specific inhibitory profile
for BETs (Filippakopoulos et al., 2010; Dittmann et al., 2014).
Whereas (+)-JQ1 treatment on its own did not show noticeable
effects on Golgi area and survival of A549 cells, the combination of
(+)-JQ1 with the pan-HDAC inhibitor Panobinostat led to an en-
hancement of the HDACi-induced Golgi dispersal of A549 cells
(Figure 5, A—E) and resulted in a decrease in cell survival compared
with cells treated with Panobinostat alone (Figure 5C). Similar re-
sults were obtained when we combined Givinostat or Entinostat
with (+)-JQ1. In both cases, the addition of (+)-JQ1 resulted in a
further increase in Golgi area compared with single HDACi treat-
ment (Supplemental Figure S5, A and B), coinciding with a signifi-
cant decrease in viability (Supplemental Figure S5, C and D). These
findings suggest that (+)-JQ1 can function as a modulator of Golgi
morphology. We therefore decided to evaluate its properties also
in combination with the Golgi disruptor BFA. Surprisingly, cotreat-
ment of BFA and (+)-JQ1 significantly reduced BFA-induced Golgi
fragmentation (Figure 5, B and E), while increasing the surviving
fraction of the cells (Figure 5D). It was previously demonstrated
that HDACs play a role in the DNA damage response (DDR) to
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and Methods.

support nonhomologous end joining, and several HDACis were these cells (Tjeertes et al., 2009; Miller et al., 2010). To evaluate
shown to cause increased yH2AX levels, chromatin markers of dou- whether BCP inhibition influences this response, A549 cells were
ble-strand breaks presumably due to unresolved DNA damage in treated with (+)-JQ1, Panobinostat, or a combination thereof. The
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Knockdown of 43 bromodomain containing proteins identifies BRD8 as a potential mediator of BFA- and

HDACi-induced Golgi dispersal. Based on the enhancement and mitigation of Golgi dispersal on combination of (+)-JQ1

and HDACi or BFA, respectively, systematic knockdown of individual BCPs was performed in A549 cells. Cells were

transfected and incubated with siRNA for 48 h before treatment with either 50 nM BFA or 15 nM Panobinostat for

72 h. Cells were fixed

and imaged for Golgi area measurements. (A) Quantification of Golgi area following

stained,
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results presented in Supplemental Figure SS5E demonstrate that (+)-
JQ1 enhances YH2AX levels in the presence of Panobinostat, which
is indicative of elevated levels of DNA damage on cotreatment.
BFA is known to target certain ADP-ribosylation factor (ARF)-
guanine nucleotide exchange factor complexes (Peyroche et al.,
1999), and alterations in the expression levels of different ARFs have
been shown to selectively induce resistance or sensitivity to BFA.
Knockdown of ARF1 induces sensitivity, while knockdown of ARF4
leads to BFA resistance (Reiling et al., 2013; Ignashkova et al., 2017).
Even though BFA and HDACi treatments resulted in seemingly simi-
lar Golgi dispersal phenotypes, they appear to not follow identical
mechanisms of action, since loss of ARF levels induced cellular sen-
sitivity (shARF1) or resistance (shARF4) to BFA but did not change
the cellular response to HDACi treatment (Supplemental Figure Sé).
On the basis of the data presented so far, indicating a correlation
of total acetylated histone levels induced by HDACi and the extent
of Golgi dispersal (Figure 3A and Supplemental Figure S2, B and C)
as well as the long treatment duration necessary to observe this
phenotype (Supplemental Figure S2D), we hypothesized that these
Golgi shape alterations may be transcriptionally mediated. Hence,
we evaluated the effects of the transcription inhibitors a-Amanitin
and Triptolide alone or in combination with Panobinostat on Golgi
structure (Bensaude, 2011). Single o-Amanitin treatment caused a
minor Golgi disruption (Supplemental Figure S7A). Remarkably, this
response was even more pronounced with Triptolide, which led to
significant Golgi dispersal by itself, and no additive effects were ob-
served when it was combined with Panobinostat (Supplemental
Figure S7B). The lack of cumulative effects suggests a shared mode
of action between the HDACis and Triptolide, which could be due
to similar transcriptional regulation of one or more genes whose
products are involved in maintenance of Golgi structure in response
to both compound classes. Further underscoring the importance of
transcriptional regulation for Golgi structure maintenance might be
the fact that the cyclin-dependent kinase/transcription inhibitor Fla-
vopiridol, one of our phenotypic screening hits, also caused Golgi
dispersal (Figure 2D). In the future, it will be of interest to identify the
key genes regulated either at the transcriptional or posttranscrip-
tional level that mediate the Golgi-dispersing effects of HDACis.

Knockdown of BRD8 mimics the effect of (+)-JQ1 in

combination with either Panobinostat or Brefeldin A

The finding that the BET inhibitor (+)-JQ1 was able to modulate the
Golgi morphology phenotype induced by HDAC inhibition or BFA
treatment (Figure 5) prompted us to investigate which BCPs might
mediate this effect. We thus assembled an siRNA library containing
nontargeting controls, and siRNA pools targeting all known 42 BCPs
(Fujisawa and Filippakopoulos, 2017) as well as ARF1 and ARF4 as
positive controls for sensitivity and resistance to BFA, respectively. In
addition, an siRNA pool targeting DNA-PK was included in our small-
scale screen, because this protein kinase contains a bromodomain-
like module, which specifically recognizes H2AX acetyl-lysine 5, in

turn regulating Ser139-H2AX phosphorylation (yH2AX) by DNA-PK.
Moreover, (+)-JQ1 can directly bind the BRD domain of DNA-PK,
leading to the inhibition of its enzymatic activity (Wang et al., 2015).
We then assessed Golgi morphology changes in response to indi-
vidual knockdown as well as in combination with Panobinostat or
BFA. Depletion of several BCPs significantly decreased cell viability
and/or increased the Golgi area, even without the addition of HDACi
or BFA (Figure 6A and Supplemental Figure S8A). To exclude cell-
death-related effects on Golgi morphology as a consequence of
knockdown of some of the BCPs, we considered only those siRNA
pools that had more than 150 surviving cells per well remaining. This
yielded a list of 36 BCPs plus the two ARF isoforms that significantly
altered the extent of Golgi spreading induced by BFA or Panobino-
stat (Figure 6, A-C, and Supplemental Figure S8B). The depletion of
ARF4 protected the cells from BFA-induced Golgi dispersal as de-
scribed previously (Reiling et al., 2013). Remarkably, knockdown of
BRD8 (Supplemental Figure S8C) showed an inverse phenotype
when combined with either of the two Golgi disruptors, that is, loss
of BRD8 enhanced the Golgi area increase caused by Panobinostat
alone (Figure 6, B and D), while it completely prevented BFA-in-
duced Golgi fragmentation (Figure 6, C and D). These results mimic
our earlier results using (+)-JQ1. However, BRD8 was not reported
thus far to be a direct (+)-JQ1 target. This suggests that Golgi mor-
phology alterations in response to the combination of HDACi or BFA
and (+)-JQ1 are linked to BRD8 inhibition. BRD8 expression has pre-
viously been shown to be down-regulated on pan-HDAC inhibition
(Trichostatin A and Vorinostat) (Mackmull et al., 2015). In this study,
we corroborated these results by extending them to other HDACis
(Panobinostat and Entinostat) (Supplemental Figure S8D). If loss of
any individual BCP closely mimics the phenotype observed with BFA
or Panobinostat treatment of wild-type cells, then this BCP might be
involved in the signal transduction cascade triggered by the com-
pounds. To further identify crucial contributors to the phenotypes
observed with BFA or Panobinostat treatment, a machine-learning
approach to classify the individual BCP knockdown without treat-
ment was utilized. We trained a random forest algorithm using the
data obtained for the nontargeting siRNA pools treated with vehicle,
50 nM BFA, or 15 nM Panobinostat to define the classifiers “vehi-
cle,” "BFA,” or "Panobinostat.” We then applied the trained classi-
fier on the data obtained for each vehicle-treated BCP knockdown
to quantify which proportion of the cells derived from each knock-
down corresponds to which predicted treatment class. This ap-
proach led to most of the cells being classified as “vehicle,” with the
remaining fraction classified as either “BFA" or “"Panobinostat,” the
distribution of which determined whether the observed phenotype
mostly resembled BFA or Panobinostat treatment (Figure 6E). As
expected, loss of ARF1 led to a substantial fraction of cells to be
classified as “BFA,” a result that is in line with published data de-
scribing ARF1 as a major mediator of the effects of BFA (Reiling
et al., 2013). Knockdown of BRD8 caused a large fraction of cells to
be classified as “Panobinostat,” suggesting that BRD8 is involved in

siRNA-mediated knockdown normalized to the Golgi area of the control siRNA pools. (B) Quantification of Golgi area in
response to individual gene knockdown and treated with 15 nM Panobinostat normalized to its own Golgi area under
vehicle treatment conditions. (C) Quantification of Golgi area following individual knockdown treated with 50 nM BFA
normalized to vehicle treatment of the same gene knockdown. (D) Representative images of selected knockdowns
alone or with the indicated compound treatments are shown. (E) Assignment of individual phenotype classifiers (vehicle,
BFA, or Panibinostat like) to (vehicle) knockdown cells using a machine-learning approach. The classifiers were obtained
by training a random forest algorithm using images of cells transfected with nontargeting control siRNAs and treated
with the corresponding small molecules. *p < 0.05 vs. # or control-siRNA; ***p < 0.001 vs. # or control-siRNA; see

Materials and Methods.
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the process of HDACi-mediated Golgi dispersal. Surprisingly, of all
genes tested, knockdown of PRKDC (Supplemental Figure S8B), en-
coding the catalytic subunit of the DNA damage-repair protein
DNA-dependent protein kinase (DNA-PK), caused the greatest ex-
tent of Golgi dispersal (Figure 6, A-D). Among all knockdowns, loss
of DNA-PK was responsible for the highest fraction of cells to be
classified as "Panobinostat,” suggesting that DNA-PK is critically in-
volved in the process of HDACi-mediated Golgi dispersal (Figure
6E). It was recently reported that DNA damage inducers including
doxorubicin, camptothecin, or ionizing radiation trigger Golgi dis-
ruption via DNA-PK-mediated GOLPH3 phosphorylation, the latter
of which is a trans-Golgi-localized oncoprotein (Farber-Katz et al.,
2014). We therefore tested whether both factors are also involved in
Golgi dispersal induced by HDACi treatment, which was evaluated
in parallel to doxorubicin treatment. Relative to A549 cells treated
with a control siRNA pool, knockdown of DNA-PK or GOLPH3 sig-
nificantly increased Golgi area in the absence of compound treat-
ment when markers for the cis-Golgi (GM130) or TGN (TGN46) were
quantified by IF staining (Supplemental Figure S9). Interestingly,
compared with control knockdown cells depletion of DNA-PK or
GOLPH3 both prevented a further Golgi area increase induced by
Panobinostat or doxorubicin as assessed by TGN46 staining (Sup-
plemental Figures S9, A-D, and S11), a phenotype that was not as
consistently observed using the GM130 Golgi marker although
GOLPH3 knockdown also significantly protected from Panobinostat-
induced cis-Golgi breakdown. Similar phenotypes albeit less pro-
nounced were also observed in Hela cells (Supplemental Figures
S10 and S11). These observations suggest that GOLPH3 and DNA-
PK play important roles in HDACi-mediated dispersal predominantly
of the trans-Golgi/TGN. The results are consistent with previous
findings demonstrating that GOLPH3 localizes to the trans-Golgi
and that its knockdown phenotypically mostly affected trans-Golgi
cisternae (Dippold et al., 2009).

We further complemented our genetic knockdown analysis using
pharmacological DNA-PK inhibition in the context of HDACi-in-
duced Golgi dispersal. To this end, A549 cells were cotreated with
the DNA-PK inhibitor NU7441 and Givinostat. Reminiscent of cells
simultaneously treated with (+)-JQ1 and HDACis, NU7441 in combi-
nation with HDACi treatment led to a moderate enhancement of
Golgi scattering (Supplemental Figure S12A). The extent of total lev-
els of phosphorylated H2AX on DNA-PK inhibitor plus Givinostat
cotreatment was also increased compared with Givinostat alone but
less than the combination of this HDACi and (+)-JQ1 (Supplemental
Figure S12B). We also tested KU55933, an inhibitor of the DDR ki-
nase ATM, which can also phosphorylate H2AX (Burma et al., 2001).
In line with the results obtained with DNA-PK inhibition, ATM block-
ade slightly increased Golgi area and enhanced Golgi dispersal in
combination with Givinostat (Supplemental Figure S12C). Confirm-
ing previous findings (Farber-Katz et al., 2014) and underscoring the
specificity of the observed phenotypes following HDACi, opposite
effects (i.e., Golgi compaction) were observed after a combination of
doxorubicin treatment and ATM or DNA-PK inhibition (Supplemen-
tal Figure S12D). Altogether, our results suggest that readers of acet-
ylated lysines such as BRD8 and DNA-PK, previously recognized to
be critically involved in DDR signaling (Gong et al., 2016), are likely
also involved in the process of HDACi-induced Golgi disintegration.

(+)-JQ1 and HDAC: synergistically disperse the Golgi and
reduce viability in a panel of cancer cell lines

We have shown that the simultaneous treatment of pan-HDACi
and BETi leads to increased Golgi dispersal and associated loss of
viability in the non-small cell lung adenocarcinoma cell line A549
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compared with either single treatment (Figure 5, A, C, and E). This
result prompted us to investigate other cancer cell line models. We
therefore tested the combination of Panobinostat with (+)-JQ1 also
in U251 (glioblastoma astrocytoma), PANC1 (pancreatic ductal ad-
enocarcinoma), MDA-MB-231 (breast adenocarcinoma), and DU145
(prostate carcinoma) cells. Strikingly, a similar phenotypic pattern as
with A549 cells was observed. U251 (Figure 7A), PANC1 (Figure 7B),
MDA-MB-231 (Figure 7C), and DU145 (Figure 7D) cells displayed
sensitization toward Panobinostat when combined with (+)-JQ1 as
well as a higher degree of Golgi dispersal. We also observed that
(+)-JQ1 alone lead to a significant increase in the proliferation of
PANC1 cells, whereas the combination with Panobinostat induced
synergistic loss of viability. Some studies already demonstrated the
efficacy of the combination of Panobinostat and (+)-JQ1 for over-
coming cellular resistance to certain kinase inhibitors (Fiskus et al.,
2014; Sun et al., 2015) or showed increased cell death induction
through decreased MYC expression (Mazur et al., 2015; Shahbazi
et al., 2016). Our data might complement the aforementioned
studies by suggesting that (+)-JQ1 facilitates the loss of integrity of
the Golgi apparatus mediated by HDACi. This could be another
reason why cells cotreated with BETi plus HDACi display synergistic
lethality.

DISCUSSION

In this study, we have identified HDAC inhibitors and several DNA
damage inducers as novel Golgi-disrupting compounds by two
different approaches, namely 1) by gene expression profiling and
comparative analysis with classical inducers of Golgi fragmentation
(BFA, GCA, monensin) and 2) by phenotypic image-based high-
content screening. Our results show that similarity in gene expres-
sion profiles in response to drug treatment can serve as an indica-
tor for the manifestation of comparable phenotypic changes,
validating once more the hypothesis that compounds with similar
gene expression profiles are likely to share a related mechanism of
action (Scherf et al., 2000; Lamb, 2007; Hu and Agarwal, 2009; lo-
rio et al., 2009, 2010). Ultrastructural analysis of the Golgi appara-
tus of HDACi-treated cells showed an accumulation of dilated and
disorganized Golgi elements likely representing expanded cister-
nae, tubules, and associated vesicles (Supplemental Figure S2A).
Several of the compounds identified as Golgi disruptors, such as
Pracinostat (SB939) (Manal et al., 2016), Panobinostat (Laubach
etal., 2015; Nervi et al., 2015; Manal et al., 2016), cisplatin (Kelland,
2007), 5-FU (Lee et al., 2016), irinotecan (Wagner, 2015), tenipo-
side (Kamal et al., 2015), or etoposide/VP-16 (Yan et al., 2016) are
of high clinical relevance in the field of anti-cancer therapy, and it
is intriguing to hypothesize that the effect on the Golgi contributes
to their therapeutic potential. Remarkably, all of the HDACis used
in this study led to comparable levels of Golgi dispersal, with the
exception of Tubastatin A, an HDAC6-specific inhibitor. Reminis-
cent of Golgi complex perturbations caused by DNA damage in-
ducers (Farber-Katz et al., 2014), HDACi-induced Golgi dispersal is
independent of apoptosis (Figure 4A), suggesting that Golgi struc-
tural rearrangements occur upstream of caspase activation, which
then could either elicit adaptive or prodeath signal responses de-
pending on the severity of the stress. Entinostat, which is more
selective toward HDAC1 and HDAC3 (Hu et al., 2003; Hess-
Stumpp et al., 2007; Bieliauskas and Pflum, 2008; Khan et al.,
2008), also induced Golgi dispersal, suggesting an important role
for HDAC1 and/or HDAC3 in this process. Knockdown experi-
ments confirmed the importance of HDAC1 for normal Golgi orga-
nization since loss of HDAC1 led to a dramatic increase in Golgi
area akin to our observations using chemical HDAC inhibition. On

Molecular Biology of the Cell



A U251 B PANC1
# %
S 1004ty b - - - - == - - o)
5 £ 100 fqH---------
g NS 2
G k] #—l
* R
°:’ # 9: !
_g - g - f—
s #1513 I:I L
= >
T T T T 17T 177 UL L L L L
= =
S 500 3 5001
= |- =
> 400 > 400 r"' #
k] s B 5 [_...#
= 300 i = 300 -
s = #
S 200 r=. # gZOO*,j
< # z #
;  maluatel ;o
o] [<}
O] 0 Q 0
L L L L L L L L L
[} - - - [} - - —
832032020 832020320
Ewo oo Ewo oo ?
AN+ + 0 + SN+ +0 +
> - o i b >o . - py
SE=2T=2T=2 c®B=8=®=
SFTFERT OBRcCgcRc
zicfels “ig8sls
e3888%s 88538 T
cC uwcCc wnucun Cg%ggg
cedea s CefELE
o) Qo Q -3 ) Qo
o o o o [ [<}
E 5 5 £ 5 5
e & & g & &

C MDA-MB-231 D DU145
—
E ﬂs g # NS
2 100 pghS--------- 2 100 gz mm -
5 # g
k] ] k]
2\1 "j i‘\i #j
g #Nsl_| g ’“‘#’jt
> Ij # NS g D
=
3 0
D 9 oo 0 O
N N BN BN BN N B R
— () —
3 500 - L #NS 8 5004
® I ®
2 400 ¥ > 4001
o o
= 300 = = 300 #
8 200 =. # § 200 . S #
< # < #
5 100 —'l - 5 100 —ll -
o o
O] 0 o 0
) - s - -
322320320 53232333
- ) | s
§&.°-+8+8+ §§~0—+8+3+
Es=5=8= SE=EEIE=s
S858c8o 258585
SETENET g eNcw
Do 0% © T ©
cededed 2327 2%
© O @ O @ O © ©C @ © ® O
acacac e cacacs
¥-1 e} Qo
o o []
E £ ¢ -
o o o o [+ o

FIGURE 7: (+)-JQ1 and HDACi synergistically disperse the Golgi and reduce viability in a panel of cancer cell lines. The
combination of Panobinostat and (+)-JQ1 was tested in a panel of cancer cell lines to evaluate the effects on Golgi
morphology and viability (see also Figure 5). (A-D) Quantification of Golgi area and nuclei count of the indicated cell
lines treated with (+)-JQ1 alone or in combination with Panobinostat for 72 h. Survival ratios of A549 cells treated with
(+)-JQ1 alone or in combination with Panobinostat for 72 h were derived from nuclei counts of immunofluorescence
experiments by dividing the number of nuclei present at the end of drug treatment by the number of nuclei present in
the absence of drug treatment. Results from one representative example of two independent experiments are shown:
*p < 0.05 vs. #; **p < 0.01 vs. #; ***p < 0.001 vs. #; see Materials and Methods.

the other hand, compared with Entinostat treatment siRNA-medi-
ated knockdown of HDAC3 led to the opposite phenotype, that is,
a marginal but significant compaction of the Golgi, thereby further
emphasizing the critical contribution of HDAC1 but not HDACS3 to
Golgi dispersal following Entinostat treatment. Interestingly, rival-
ing the effect of HDAC1 (class | HDAC) knockdown, loss of HDAC9
also led to a large increase in Golgi spreading, indicating a critical
role also for this class Il HDAC in modulating Golgi shape. In addi-
tion to the putative HDACs leading to Golgi dispersal, we also
present evidence suggesting that the phenotypic alterations are
brought about by transcriptional changes, because 1) several tran-
scription inhibitors tested cause Golgi disruption, 2) the combina-
tion of HDACi with Triptolide did not result in further enhancement
of Golgi disintegration, and 3) significant HDACi-induced effects
on Golgi morphology can only be observed after several hours of
treatment but not in response to short-term incubation. We also
show that HDACi-mediated Golgi dispersal affects both cis- and
trans-Golgi/TGN compartments in addition to the ERGIC and also
increased PDI ER marker staining and early endosomal area. On
the other hand, no obvious alterations to the actin cytoskeleton
were detected. It appears that in our experimental setup Panobi-
nostat treatment has no negative impact on protein glycosylation
but causes enhanced trafficking of a reporter protein through the
Golgi, suggesting that normal transport of certain proteins or lip-
ids might be altered following HDACi. Moreover, FRAP experi-
ments revealed that lateral diffusion within the Golgi is unchanged
compared with vehicle treatment.
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Importantly, the combination of HDACis with (+)-JQ1, an inhibi-
tor of the BET family of BCPs, enhanced HDACi-mediated Golgi
dispersal and was associated with a substantial decrease in viability.
The strong attenuation of viability on combination of (+)-JQ1 and
Panobinostat or SAHA in human acute myelogenous leukemia, neu-
roblastoma, or pancreatic ductal adenocarcinoma has recently been
described (Fiskus et al., 2014; Mazur et al., 2015; Shahbazi et al.,
2016) and involves the HDACi-induced down-regulation of c-Myc or
N-Myc, respectively. We complement these observations with a new
proposal: the cells might be more susceptible to the combination
treatment because of a synergistic effect on loss of Golgi integrity.
Enhanced Golgi dispersal associated with lower survival in response
to HDACI/(+)-JQ1 treatment was found in several cancer types
(lung, pancreas, prostate, breast, glioblastoma), which is suggestive
of a more general phenomenon. In contrast to Panobinostat, the
combination of which with (+)-JQ1 resulted in enhanced Golgi dis-
ruption, the co-treatment of BFA, and (+)-JQ1 suppressed Golgi
fragmentation typically mediated by BFA alone. Indeed, the pheno-
type induced by simultaneous exposure to BFA and (+)-JQ1 is
strictly opposite compared with coincubation of cells with Panobi-
nostat and (+)-JQ1. These data suggest that the same factors are
involved in the mode of alterations to Golgi structure triggered by
both drugs but leading to differing phenotypes when combined
with (+)-JQ1. Additionally, we observed that pharmacological inhi-
bition of DNA-PK also enhanced the dispersal mediated by HDAC;,
similarly to (+)-JQ1 but less severe (Supplemental Figure S12A).
Furthermore, DNA-PK knockdown cells displayed a fragmented
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Golgi phenotype that our machine-learning approach classified as
Panobinostat-like. DNA-PK and GOLPH3 were previously impli-
cated in DNA damage-induced Golgi dispersal (Farber-Katz et al.,
2014). We found that in response to HDACi, DNA-PK and GOLPH3
exert a pronounced effect on the late Golgi, because knockdown of
either gene prevented further Panobinostat-induced trans-Golgi/
TGN dispersal. These data suggest that DNA-PK is also mechanisti-
cally involved in HDACi-mediated Golgi morphology alterations.
DNA-PK contains a noncanonical bromodomain involved in DNA
damage signaling that can be targeted by (+)-JQ1 (Wang et al.,
2015). Indeed, inhibition of either the catalytic site or the bromodo-
main of DNA-PK resulted in an aggravation of the HDACi-mediated
Golgi dispersal paralleled by increased y-H2AX levels (Supplemen-
tal Figure S12B). To assess whether BCPs, which recognize acety-
lated lysine residues in histone and nonhistone proteins, mediate
Golgi dispersal downstream of HDACI, an image-based phenotypic
small-scale siRNA screen was performed. The systematic knock-
down of BCPs revealed that, of all BCPs tested, BRD8 depletion
mimics most closely the effects of (+)-JQ1, both in the context of
Panobinostat- and BFA-mediated Golgi dispersal. Loss of BRD8 led
to an enhancement of Panobinostat-mediated Golgi disruption
while attenuating the fragmentation induced by BFA. Taken to-
gether, these data suggest 1) that BRD8 is a putative target of (+)-
JQ1 and 2) that BRD8 is responsible for the changes in Golgi disper-
sal triggered by the BET inhibitor in combination with BFA or
HDACi. Despite the fact that the binding of (+)-JQ1 to BRD8 has not
been reported thus far (Filippakopoulos et al., 2010), the amino acid
similarity between the two (+)-JQ1-binding bromodomains of BRD4
and the first bromodomain of BRD8 are between 32 and 45% (Sup-
plemental Figure S13A), which may be sufficient for (+)-JQ1 bind-
ing. Indeed, all bromodomains of the BET family BCPs display high
similarity to the first bromodomain of BRD8 (Supplemental Figure
S$13B). On the basis of these similarities and the results of this study,
we hypothesize that BRD8 is a putative new target of (+)-JQ1. Inter-
estingly, the phenotypic effects obtained through the use of (+)-JQ1
or RNAi-induced BRD8 knockdown seem to differ as the former
causes a slight Golgi compaction (Figure 5, A and B) and the latter
Golgi dispersal (Figure 6A). It could be that the scaffolding functions
of BRD8 may still be functional on BET inhibition using (+)-JQ1
when the dispersal is not occurring, whereas upon knockdown, this
function becomes rate-limiting, and loss of normal Golgi structure
ensues. Another mutually nonexclusive possibility is that (+)-JQ1
targets multiple BCPs (Filippakopoulos et al., 2010), the combined
inhibition of which results in a somewhat different phenotype than
single BRD8 knockdown. Most importantly, the HDACi-mediated
down-regulation of BRD8 (Supplemental Figure S8D) could explain
why we observe an enhancement of Panobinostat-mediated Golgi
dispersal by BET inhibition or BRD8 knockdown: in a context of
HDACi-induced transcriptional BRD8 down-regulation, the remain-
ing fraction of BRD8 is inhibited by the BET inhibitor that exacer-
bates the Golgi disruption. In fact, BRD8 knockdown increases the
fraction of cells classified as “Panobinostat-like”-treated cells de-
spite the absence of the chemical (Figure 6E). This phenotypic
similarity suggests a role for BRD8 in Panobinostat-mediated Golgi
dispersal, especially in combination with (+)-JQ1.

The discovery of pan-HDACi-mediated Golgi dispersal might of-
fer new therapeutic avenues for treating cancer. We show here that
facilitating the loss of Golgi integrity with a BETi sensitizes cells to
pan-HDAC: in several different cancer types. Using this approach, a
smaller dosage of pan-HDACi is needed to achieve the same effects
of higher doses of pan-HDACi alone and could, consequently, de-
crease toxic side effects associated with current HDACi treatment
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regimens. The prevention of negative side effects could substan-
tially improve the quality of life of patients without sacrificing treat-
ment efficacy.

MATERIALS AND METHODS

Cell culture and reagents

All cell lines described were grown in high-glucose DMEM (Life
Technologies) with 10% heat-inactivated fetal bovine serum (FBS) in
the presence of 100 U/ml penicillin and 100 pg/I streptomycin (Life
Technologies). Compounds were obtained from the following com-
panies: brefeldin A (Sigma-Aldrich), golgicide A (Santa Cruz Bio-
technology), monensin (Enzo Life Sciences), AG-1478 (Sigma), tu-
nicamycin (Santa Cruz Biotechnology), thapsigargin (Santa Cruz
Biotechnology), nocodazole (Santa Cruz Biotechnology), (+)-JQ1
(Cayman Chemical), CBP30 (TargetMol), doxorubicin (Sigma), eto-
poside (Sigma), teniposide (Santa Cruz Biotechnology), mitomycin-
C (Santa Cruz Biotechnology), cisplatin (Santa Cruz Biotechnology),
hydroxyurea (Sigma), 5-fluorouracil (Sigma), gemcitabine (Santa
Cruz Biotechnology), irinotecan (Santa Cruz Biotechnology), bleo-
mycin (Santa Cruz Biotechnology), NU7441 (Selleckchem), KU55933
(Sigma), Flavopiridol (Santa Cruz Biotechnology), phorbol 12-my-
ristate 13-acetate (PMA,; Santa Cruz Biotechnology), Panobinostat
(Selleckchem), Tubastatin (Selleckchem), Entinostat (Santa Cruz Bio-
technology), Pracinostat (Selleckchem), Givinostat (Selleckchem),
Triptolide (Santa Cruz Biotechnology), o-Amanitin (Santa Cruz Bio-
technology), and Z-VAD-FMK (Santa Cruz Biotechnology). For the
genetic knockdown experiments using siRNA, the pools of four dif-
ferent siRNAs targeting the same gene were purchased from Dhar-
macon. For the high-content screen, an epigenetic library (Cayman
Chemical; #11076), a custom-assembled kinase inhibitor library
(Merck-proprietary compounds), and Mini Library (more information
at www.merckgroup.com/en/research/open-innovation/biopharma-
open-innovation-portal/biopharma-mini-library.html)  were used.
The latter two libraries were obtained from Merck KGaA. For most
knockdown experiments siRNAs were used with the exception of
Supplemental Figure Sé, wherein lentiviral hairpins were used to
knockdown ARF1 or ARF4. shRNAs with the following TRC hairpin
IDs (Mission shRNAs, Sigma-Aldrich) were used:

shARF1#1: TRCN0000039874 shARF1#2: TRCN0000039876
shARF4#1: TRCN0000039876 shARF4#2: TRCNO000047938

siRNA transfection

Pools of four different siRNAs targeting the same gene were pur-
chased from Dharmacon. All siRNA experiments to knockdown indi-
vidual genes were performed as reverse transfections. DharmaFECT
1 Transfection Reagent (Dharmacon; #1-2001-01) was mixed with
DharmaFECT Cell Culture Reagent (Dharmacon; #B004500100) to
obtain a 1% solution. siRNAs were added to this mixture (25 nM final
concentration) and incubated for 20 min at room temperature. The
transfection mix was added to the corresponding well or dish. Cells
were dispensed on top of the transfection mix at a concentration
described in the corresponding experimental methods section.

Immunofluorescence

For immunofluorescence microscopy, 1500 cells were seeded per
96-well plate in 80 pl media and treated as indicated. After incuba-
tion for the desired time under the treatment conditions specified
for each experiment, cells were fixed using 4% paraformaldehyde
(Electron Microscopy) for 20 min at room temperature. Wells were
washed twice using phosphate-buffered saline (PBS) before
permeabilization using 0.05% Triton X-100 (Amresco) in PBS for
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20 min at room temperature. Afterward, wells were washed twice
with PBS before adding the primary antibody against GM130
(1:100, sc-16268; Santa Cruz Biotechnology), TGN46 (1:2000; Bio-
Rad), ERGIC-53 (1:100; Santa Cruz Biotechnology), EEA1 (1:500;
Cell Signaling Technology), or PDI (1:500; Cell Signaling Technol-
ogy) and were diluted in 5% normal donkey serum (NDS; Jackson
Immune Research) in PBS. Samples were incubated overnight at
4°C. Samples were washed thrice with PBS before incubation with
the appropriate secondary antibody; coupled to Alexa Fluor 488,
568, or 647 (1:2000; Life Technologies); combined with Hoechst
(1:2500; Life Technologies; #33342) and/or Phalloidin (1:500; Life
Technologies; #A12380); and diluted in 5% NDS in PBS for 1 h at
room temperature. After staining, samples were washed four times
with PBS. Images were acquired with an Olympus Biosystems 1X81
wide-field inverted microscope (equipped with an electron-multi-
plying charge-coupled device [EM-CCD] Hamamatsu C9100-2
camera) at 20x magnification (UPLSAPO 20x air objective, aper-
ture of 0.75). The acquisition was performed at room temperature
using the software Olympus ScanR version 2.5.0. For the high-
content screen performed using 96-well plates (Greiner Bio-One),
20 fields per well were acquired; for validation experiments, 16
fields were acquired per well. For mitochondria staining, cells were
incubated with 100 nM of MitoTracker Orange CMTMRos (Invitro-
gen) at 37°C and 5% CO; for 1 h before fixing the cells and stain-
ing for other cellular compartments as described above.

Fluorescence recovery after photobleaching

For FRAP, 3500 A549 cells stably overexpressing GalT-EGFP (EGFP
C-terminally fused to the 60 first amino acids of B-1,4-
galactosyltransferase 1 [BAGALT1]) were plated in 300 pl media in
eight-well p-slides (ibidi) and allowed to adhere overnight. The cells
were then treated with indicated drug concentrations for 72 h. A
Leica TCS SP5 confocal microscope was used to photobleach a frac-
tion of the Golgi of seven different cells per condition tested as
shown in previous studies (Picaud et al., 2013). The objective used
was an HCX Plan APO 40x oil immersion with a high-numerical-
aperture (N.A. 1.3). At least 60% of the initial signal was depleted
after photobleaching. The recovery of the fluorescence signal was
monitored over 213 s after photobleaching. Cells were maintained
at 37°C and 5% CO, during the entire acquisition procedure.

Deglycosylation assay

The amount of 500,000 HEK293T cells per condition were tran-
siently transfected with LAMP1-mRFP-flag (0.5 pg DNA with 1.5 pl
of TransIT-LT1 [Mirus]). Twenty-four hours after transfection, cells
were treated with the indicated compounds and concentration for
24, 48, or 72 h before cells lysis and Flag immunoprecipitation.
LAMP1-mRFP-flag was immunopreciptated using anti-FLAG M2
Affinity Gel (Sigma-Aldrich). Afterward, samples were prepared
using the Deglycosylation Mix Il (#P6044S; New England Biolabs)
according to the manufacturer's recommendation. After treatment
with the deglycosylation mix II, samples were immunoblotted with
the indicated antibody.

Gaussia luciferase secretion assay

The amount of 500,000 A549 cells were reverse-transfected with
0.5 pg of pCMV-GLuc using 1.5 pl of TransIT-LT1 (Mirus) in 10-cm
dishes. Twenty-four hours after transfection, 5000 cells were plated
in 100 pl medium per well in 96-well plates. Twenty-four hours after-
ward, cells were treated for another 24 h with the indicated com-
pounds, after which 50 pl of culture supernatant was transferred to
a white, opaque 96-well plate. Freshly prepared Gaussia luciferase
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flash assay reagent (20 pl; Pierce) was added, and the luminescence
signal was read after 10 s of integration time using a Glomax Multi
Detection plate reader (Promega). The level of secretory activity of
cells was determined as a ratio calculated by normalizing all samples
to the vehicle control after a background signal subtraction step.

Transmission electron microscopy

A549 cells were embedded in epoxy resin for ultrathin sectioning
according to standard procedures: cells grown on punched Aklar
slips were fixed in buffered aldehyde (2% formaldehyde, 2% glutar-
aldehyde, 2 mM MgCl; in 100 mM Na-phosphate, pH 7.2), and post-
fixed in buffered 1% osmium tetroxide followed by en bloc staining
in 1% uranylacetate/75% ethanol. Following dehydration in graded
steps of ethanol, the adherent cells were flat-embedded in Epoxide
(Glycidether, NMA, DDSA: Serva, Heidelberg, Germany). Ultrathin
sections at nominal thickness of 60 nm and contrast-stained with
lead-citrate and uranylacetate were analyzed using a Zeiss EM 910 at
120-kV electron microscope (Carl Zeiss), and micrographs were taken
with image-plates, scanned at 30-pm resolution (Ditabis micron).

Image processing and feature extraction

Images were processed and data analyzed using the KNIME Analyt-
ics Platform (Petri and Meister, 2013; Dietz and Berthold, 2016). Seg-
mentation and feature extraction was performed similarly to previous
work (Carpenter et al., 2006; Held et al., 2010). Briefly, nuclei were
segmented using an Otsu thresholding method (Otsu, 1979). Then
nuclei were extended to the border of the cell body using a Voronoi
algorithm set to stop when the intensity dropped below a defined
threshold. The vesicles composing the Golgi apparatus were identi-
fied with an Ostu global thresholding method (Otsu, 1979) com-
bined with a Bersen local thresholding method (Chen and Leung,
2004). The structures identified in this manner were then mapped
back to their corresponding cell using the predefined cellular masks.

Phenotypic classification

Classification of phenotypes was done within the KNIME Analytics
Platform (Petri and Meister, 2013; Dietz and Berthold, 2016) using a
random forest algorithm (Touw et al., 2013; Hedberg-Buenz et al.,
2016). The cells transfected with nontargeting control siRNAs and
treated with vehicle, 50 nM BFA, or 15 nM Panobinostat were used
to train the model. Eighty percent of the training set was used to train
the model and the remaining 20% used for cross-validation. This
step was repeated five times with a new random split at each itera-
tion. The model obtained was then used to classify the cells trans-
fected with the siRNA pools targeting the genes of interest and left
untreated to assign them to the classes “vehicle,” “BFA,” or “Pano-
binostat.” The classification was also repeated 5 times before calcu-
lating the mean of each predicted class. Classes are expressed as a
fraction of the total cell population for each individual knockdown.

Viability assays

For viability assays, cells were plated in 96-well plates (Greiner Bio
One) and allowed to adhere overnight. After incubation for the de-
sired time under the treatment conditions specified for each experi-
ment, CellTiter-Blue viability stain (Promega) was used to quantify
live cells. Fluorescent end product resorufin was measured using a
Glomax Multi Detection plate reader (Promega), and all values were
normalized to the appropriate vehicle control.

Western blotting
Immunoblotting experiments were performed using standard pro-
tocols. Cells were lysed in RIPA buffer containing protease and
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phosphatase inhibitors (Roche Applied Science) and proteins were
resolved by SDS-PAGE on 4-12% NuPAGE Novex gradient Bis—
Tris gels (Thermo Fisher Scientific) and transferred to polyvinyli-
dene difluoride (PVDF) membranes (Immobilon). Membranes were
blocked in Licor Odyssey Blocking Buffer (LI-COR). Primary anti-
body incubation was performed in blocking buffer containing
0.1% Tween overnight at 4°C. Proteins were visualized using spe-
cies-specific far-infrared dye-coupled secondary antibodies (Li-
COR) on a LI-COR Odyssey Sa scanner using Image Studio soft-
ware (LI-COR). The following primary antibodies were used: p84
(1:1000, GTX70220, Genetex), pan-Ac-Lys (1:5000, #9441; Cell
Signaling), cleaved poly ADP-ribose polymerase (PARP; 1:750,
#5625; Cell Signaling), pH2AX (1:1000, #9718; Cell Signaling), and
B-actin (1:15,000, #3700; Cell Signaling).

Statistical methods

The significance of the compound enrichment in the top 50 hits of
the connectivity map analysis was calculated by comparing the rep-
resentation factor of the observed compound groups to that of ran-
domly chosen compound groups from the total number of com-
pounds in the analysis.

Statistical significance of immunofluorescence measurements
was calculated using the entire cell populations of the three repli-
cates within one representative experiment of three independent
experiments. Significance was assessed using the independent
groups t test by comparing samples of interest either to vehicle
control or to #-labeled samples (*p < 0.05 vs. vehicle or #; **p <
0.01 vs. vehicle or #; ***p < 0.001 vs. vehicle or #). The data are
displayed as mean and SD.

Survival ratios were determined either by the CellTiter-Blue assay
described above or by nuclei counts obtained from immunofluo-
rescence experiments. Significance was assessed using one-way
analysis of variance by comparing samples either to vehicle control
or to #-labeled samples (*p < 0.05 vs. vehicle or #; **p < 0.01 vs.
vehicle or #; ***p < 0.001 vs. vehicle or #). The data are displayed as
mean and SD of the three replicates within one representative ex-
periment of three independent experiments.

Statistical significance for mMRNA expression levels obtained by
real-time quantitative reverse transcription PCR (qRT-PCR) were cal-
culated by paired t test using the mean of three independent ex-
periments comparing either to vehicle control or to control-siRNA
transfected sample (*p < 0.05 vs. vehicle or control-siRNA; **p <
0.01 vs. vehicle or control-siRNA; ***p < 0.001 vs. vehicle or control-
siRNA). The data are displayed as mean and SD of three indepen-
dent experiments.
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