














For the many of the BCPs that we detected as regulated in
the proteomic experiments, we identified corresponding
changes in transcript abundance (Fig. S3D and Table S5).
Consistent with the global effects on the transcriptome,
changes in BCP transcript level were generally more pro-
nounced at 12 h (Fig. S3D). However, the dynamics between
transcript level and protein abundance varied among BCPs. In
a certain subset of BCPs, both transcript and protein changes
could be detected after 12 h (PBRM1, BRD1, ZMYND11, and
CREBBP) while in others the change in transcript level pre-
ceded the alteration of protein abundance, which became
apparent only after 48 h (e.g. for SMARCA4) (Fig. 3E and Figs.
S3D and S3E). These variations might reflect different turn-
over rates. For two BCPs, namely BAZ1A and BRD2, protein
abundance changes could not be explained by altered tran-
script level, suggesting the involvement of post-transcrip-
tional mechanisms induced by HDACi. In the case of BRD2,
we even detected significant down-regulation of its transcript
at 12 h, while its protein abundance was increased at both 12
and 48 h after treatment with TSA and NaB (Fig. 3E and Fig.
S3E). These data suggest that, although the reduced abun-
dance of the majority of BCPs often derives from transcrip-
tional regulation induced by HDACi, in some cases, post-
transcriptional regulation also plays an important role.

Depletion of BCPs by Gene Silencing Recapitulates Tran-
scriptional Changes Induced by HDACi—BCPs are known to
affect transcription and chromatin structure, and their deple-
tion occurs as early as 12 h after HDACi treatment (Fig. S3D).
We thus wondered if BCP depletion alone might be able to
induce at least some of the changes in the transcriptome that
were induced by HDACi. We therefore individually depleted
four BCPs by RNAi that were found consistently depleted by
both HDACi classes after 12 h of treatment, namely PBRM1,
BRD1, CREBBP, and ZMYND11 (Fig. S4A). We then selected

eight putative target proteins that were significantly affected
by HDACi at both the protein and transcript level (Table S5).
These include: the polo-like kinase 1 (PLK1), the transcription
factor FOXA1, the chromatin regulator male-specific lethal 1
homolog (MSL1), the retinoic-acid-induced protein 3 (RAI3),
the transcription factor AP2C, the histone demethylase
KDM1B, the spliceosome component gem-associated pro-
tein 4 (GEMI4), and p21. For each target protein, we measured
transcript levels following depletion of BCPs using qPCR and
compared the effect to HDACi treatment. Changes in tran-
script levels were measured relatively to a scrambled siRNA
control. For half of the arbitrarily selected targets (four out of
eight, namely p21, MSL1, GEMI4, and FOXA1), the depletion
of one or more of the selected BCPs was sufficient to induce
significant changes in transcript levels similar to those ob-
served upon HDACi treatment (Figs. 4A–4D). In particular, the
depletion of both PBRM1 and BRD1 induced a twofold in-
crease of p21 transcript level (Fig. 4A), a well-established
response to HDACi treatment (11). Interestingly, both PBRM1
and BRD1 repressed other target genes. PBRM1 drastically
reduced the transcript levels of MSL1 (Fig. 4B) and PLK1
(although not to a significant level, p value .08) (Fig. S4B),
while BRD1 repressed the expression of GEMI4 (Fig. 4C).
Finally, the depletion of both CREBBP and ZMYND11 caused
a decrease of the transcript level of FOXA1 (Fig. 4D). The
remaining three targets (RAI3, KDM1B, and AP2C) were not
affected by the depletion of the selected BCPs (Figs. S4C,
S4D, and S4E). These data imply the potential existence of a
specific regulatory link between the abundance of BCPs and
the expression of target genes affected by HDACi.

DISCUSSION

Changes in the epigenetic landscape are crucial for the
onset and progression of cancer. Histone acetylation is one of
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FIG. 4. Depletion of BCPs by RNAi is sufficient to mimic the effects of HDACi treatment onto selected transcripts (A), (B), (C), and (D)
Bar charts showing transcript abundances of selected target genes (p21, MSL1, GEMI4, and FOXA1) after siRNA-mediated depletion of four
BCPs (PBRM1, BRD1, ZMYND11, CREBBP). Transcript levels were quantified by qPCR, and they are expressed as fold changes relatively to
a scrambled siRNA control (set to one). For comparison, the fold changes induced by TSA and NaB after 12 h of treatment and quantified by
microarray are displayed as dark gray bars. In all the cases shown, the individual depletion of two distinct BPCs induces a change in transcript
level that is consistent and of similar effect size to the one induced by HDACi. All the reported values are averages of three biological replicates
and error bars indicate the standard error of the mean. Asterisks indicate significant cases (Welch two sample t test p value � .05).
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the most critical epigenetic marks that regulate chromatin
state and ultimately gene expression. A sophisticated molec-
ular network composed of several writers (histone acetyl-
transferases), eraser (HDACs), and readers (BCPs) is respon-
sible for fine-tuning the acetylation code on histone tails and
other proteins. Aberrant levels of histone acetylation as well
as altered expression of key regulators have been reported for
several cancer, prompting the development of drug targeting
this system, in particular HDACi. More recently, molecules
targeting the bromodomain and extraterminal family of BCPs
have been studied, and some are already tested in clinical
trials, for the treatment of different types of carcinoma and
inflammation (44). Here, we investigated the proteomics
changes induced by two well-characterized HDACi classes
and found that the most severe effects manifested in the
nucleus, presumably as a consequence of the severe changes
induced on chromatin structure (1, 45). The three tested com-
pounds (TSA, Vorinostat, and NaB) affected the nuclear abun-
dance of several BCPs in a consistent way, unraveling a novel

regulatory circuit that links HDAC activity to the expression of
the readers of acetylated lysines. Interestingly, different fam-
ilies of BCPs were differentially affected by HDACi treatment.
HDACi generally induced a decrease in the abundance of
BCPs across almost all types of domains. In contrast, the
bromodomain and extraterminal domain containing BRD2
and, to a lesser extent, the related BRD3 and BRD4 were
up-regulated. The majority of these changes was specific to
HDACi treatment and not induced by the unrelated apoptosis
inducer CPT. Interestingly though, a subclass of BPCs, in-
cluding TRIM-28 and -33 were significantly up-regulated in
response to TSA, Vorinostat, and CPT, but not NaB (Fig. 2B).
This group of BCPs is likely to be involved in a more general
response to apoptotic stimuli. Notably, TRIM-28 and -33 form
a multiprotein complex together with TRIM-24 that has been
shown to act as tumor suppressor, for example, in the context
of hepatocellular carcinoma (46, 47).

Our work reveals further alterations of the nuclear proteome
that are common between HDACi and CPT and therefore
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FIG. 5. The abundance of nuclear proteasome increases in response to both hydroxamate HDACis and the apoptosis-inducing drug
CPT. The abundance of proteasome subunits increases dramatically in the nuclear fraction after treatment with TSA, Vorinostat, and CPT.
Volcano plots of all proteins quantified in HeLa nuclei in comparison to their respective control for TSA (A), Vorinostat (B), and CPT (C)
treatment. Purple dots indicate the identified subunits of the proteasome. (D) Comparison of the proteasomal distribution within subcellular
fractionated cells upon HDACi treatment using shotgun mass spectrometry. The measured intensity of the proteasome subunits was
normalized to the number of cells or nuclei analyzed. Dark gray bars indicate the cytosolic, light gray bars the nuclear fraction. The
nuclear-localized proteasome increased up to 10-fold in abundance following HDACi treatment, while in the cytosol the abundance of the
proteasome was reduced by 19 and 12% by TSA and Vorinostat, respectively. This indicates that the increase in nuclear-localized proteasome
is mediated by relocalization of the proteasome from the cytosol to the nucleus following drug treatment.
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likely represent general features of apoptosis or stress re-
sponses. In particular, we identified a dramatic increase of
proteasome in the nuclear fraction (up to 10-fold) in response
to TSA, Vorinostat, and CPT (Figs. 5A–5C, but not NaB; data
not shown) that was mediated by a relocalization of part of the
cytoplasmic pool to the nucleus (Fig. 5D). Relocalization of
proteasome to the nucleus was previously observed in cell
lines following glucose-starvation or hypoxia (48), and it might
thus represent a universal stress response.

The time-resolved analysis of proteome and transcriptome
allowed us to define the dynamics of transcript changes and
their effect on protein abundance following exposure to
HDACi. In agreement with previous reports (17, 18), we
showed that the effects of HDACi on transcription are rapid
events occurring within the first 12 h after treatment. In addi-
tion, we were able to show that many of these changes are
transient and revert to nonsignificant levels after 48 h (Figs.
S3B and S3C). Since the levels of histone acetylation induced
by HDACi remain elevated over the 48 h of treatment (Fig. 1C),
we speculate that many of the transcriptional changes in-
duced by HDACi within the first 12 h are mediated by altera-
tions of transcriptional regulators. It appears that the effect of
HDACi occurs in two stages. In the first instance, a series of
chromatin and transcriptional regulators, many of them con-
taining bromodomains, are modulated in their expression,
presumably in response to the aberrant level of histone acety-
lation induced. Then the change in abundance of these pro-
teins has an inducing effect on a second group of transcripts.
This hypothesis is supported by our ability to recapitulate the
transcriptional changes induced by HDACi by depleting single
BCPs. Particularly striking is the fact all four BCPs tested had
an effect on at least one of the selected target genes that was
consistent and of comparable effect size to the one induced
by HDACi (Figs. 4A–4D). In order to check whether the effects
of HDACi on the BPCs that were transcriptionally regulated,
as well as candidate target genes, could also be detected in
other cell lines, we compared the transcriptome changes
observed in HeLa cells to data sets for other cancer cell lines
that are available in public databases (49). In agreement with
a previous report (50), the effects of HDAC inhibition that we
described for HeLa cells are common across cancer cell lines
(Fig. S5), and they might thus represent a universal response
underlying the mode of action of these compounds. These
data might imply that HDACi affect the transcription of these
genes through BCP depletion, but further experiments would
be required to firmly establish a mechanistic link.

In summary, our work provides a time-resolved proteomic
and transcriptomic view of the effect of HDACs inhibition in
mammalian cells, and it reveals the existence of a functional
link between the level of lysine acetylation, the nuclear abun-
dance of its readers, the bromodomain-containing proteins,
and the transcriptional changes induced by HDACi. Some of
these findings might therefore contribute an important base

for the improvement of HDACi-associated therapeutic strate-
gies in solid tumors.
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de la Cruz-Hernandez, E., Perez-Cardenas, E., Taja-Chayeb, L., Arias-
Bofill, D., Candelaria, M., Vidal, S., and Dueñas-González, A. (2011) A
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A., Cammas, F., Davidson, I., and Losson, R. (2011) Transcription co-
factors TRIM24, TRIM28, and TRIM33 associate to form regulatory com-
plexes that suppress murine hepatocellular carcinoma. Proc. Natl. Acad.
Sci. U.S.A. 108, 8212–8217

47. Herquel, B., Ouararhni, K., and Davidson, I. (2011) The TIF1�-related TRIM
cofactors couple chromatin modifications to transcriptional regulation,
signaling and tumor suppression. Transcription 2, 231–236

48. Ogiso, Y., Tomida, A., Kim, H. D., and Tsuruo, T. (1999) Glucose starvation
and hypoxia induce nuclear accumulation of proteasome in cancer cells.
Biochem. Biophys. Res. Commun. 258, 448–452

49. Lamb, J., Crawford, E. D., Peck, D., Modell, J. W., Blat, I. C., Wrobel, M. J.,
Lerner, J., Brunet, J. P., Subramanian, A., Ross, K. N., Reich, M., Hiero-
nymus, H., Wei, G., Armstrong, S. A., Haggarty, S. J., Clemons, P. A.,
Wei, R., Carr, S. A., Lander, E. S., and Golub, T. R. (2006) The connec-
tivity map: Using gene-expression signatures to connect small mole-
cules, genes, and disease. Science 313, 1929–1935

50. Iskar, M., Zeller, G., Blattmann, P., Campillos, M., Kuhn, M., Kaminska,
K. H., Runz, H., Gavin, A. C., Pepperkok, R., van Noort, V., and Bork, P.
(2013) Characterization of drug-induced transcriptional modules: To-
wards drug repositioning and functional understanding. Mol. Syst. Biol.
9, 662

51. Filippakopoulos, P., Picaud, S., Mangos, M., Keates, T., Lambert, J. P.,
Barsyte-Lovejoy, D., Felletar, I., Volkmer, R., Müller, S., Pawson, T.,
Gingras, A. C., Arrowsmith, C. H., and Knapp, S. (2012) Histone recog-
nition and large-scale structural analysis of the human bromodomain
family. Cell 149, 214–231

How HDACi Affect the Proteome of a Cell

1360 Molecular & Cellular Proteomics 14.5

http://www.R-project.org/Ed

