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SUMMARY

Histone deacetylase (HDAC) catalytic activity is re-
gulated by formation of co-regulator complexes
and post-translational modification. Whether these
mechanisms are transformed in cancer and how
this affects the binding and selectivity of HDAC inhib-
itors (HDACis) is unclear. In this study, we developed
a method that identified a 3- to 16-fold increase in
HDACi selectivity for HDAC3 in triple-negative breast
cancer (TNBC) cells in comparison with luminal sub-
types that was not predicted by current practice
measurements with recombinant proteins. We found
this increase was caused by c-Jun N-terminal kinase
(JNK) phosphorylation of HDAC3, was independent
of HDAC3 complex composition or subcellular local-
ization, and was associated with a 5-fold increase in
HDAC3 enzymatic activity. This study points to
HDAC3 and the JNK axes as targets in TNBC, high-
lights how HDAC phosphorylation affects HDACi
binding and selectivity, and outlines a method to
identify changes in individual HDAC isoforms cata-
lytic activity, applicable to any disease state.

INTRODUCTION

Aberrant changes in the epigenetic landscape of chromatin is a

hallmark of cancer (ENCODE Project Consortium, 2012). These

changes are a function of the enzymes that catalyze the reading,

writing, and erasing of the post-translational modifications

(PTMs) on DNA and associated histones. Histone deacetylase

(HDAC) is a family of enzymes responsible for catalyzing the

removal of acetyl marks from histone proteins and, as such,

have been implicated in a number of different cancers, including

breast cancer (Glozak and Seto, 2007). While HDAC inhibitors

(HDACis) have shown promise as breast cancer therapeutics

(Munster et al., 2009; Luu et al., 2008), HDACs are intimately

involved in normal cellular signaling and some of the 18 human

isoforms or classes of these isoforms have been shown to be
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involved with tumor suppression (Taylor et al., 2011; Ropero

et al., 2006; Bhaskara et al., 2010; Heideman et al., 2013; Pulu-

kuri et al., 2007). Given the pleiotropic nature of HDACs in

cancer, the current paradigm is to selectively inhibit one or

more of the 18 human isoforms associated with tumor initiation

and progression (Ontoria et al., 2009; Khan et al., 2008; Fournel

et al., 2008; Balasubramanian et al., 2008). However, it remains

unclear which isoforms are important to target for efficacy in

breast cancer. Correlational studies between individual isoform

expression and disease state in breast cancer have been dispa-

rate (Lapierre et al., 2016; Zhang et al., 2005b; Muller et al., 2013;

Hsieh et al., 2016). In addition to expression, HDAC activity can

be regulated through formation of multi-protein complexes and

PTMs (Zhang et al., 1999, 2005a; Guenther et al., 2000; Pflum

et al., 2001). Whether these mechanisms are transformed in

breast cancer, or any other disease state, remains unclear owing

to a lack of methodology to easily identify changes in HDAC

catalytic activity. If these changes are occurring, it will also be

important to ascertain how this regulation affects HDACi binding

in cells, subsequently termed target engagement.

Considering that photoreactive probes have already proven to

be invaluable tools to label HDACs in live cells (Salisbury and

Cravatt, 2007; Xu et al., 2009), we designed photomate, a

novel photoreactive hydroxamic acid-based HDACi probe. We

compared the inhibition and binding of photomate to recombi-

nant HDACs with engagement of HDACs in a panel of diverse

breast cancer cell lines. We found that a subset of HDAC

isoforms was differentially engaged in a cell type-dependent

fashion, which was not predicted by assays with recombinant

HDACs. Of particular interest, increased engagement of the

class I HDAC3was observed exclusively in triple-negative breast

cancer (TNBC) cell lines. Following up on this observation, we

systematically investigated the mechanisms contributing to

photomate’s divergent engagement of HDAC3 and found that

its phosphorylation, through c-Jun N-terminal kinase (JNK),

regulated HDACi target engagement. Ultimately, these differ-

ences reflected a change in the isoforms catalytic activity. Taken

together we show amechanism by which aggressive TNBC cells

regulate the catalytic activity of an individual HDAC isoform.

Given the efficacy of HDACis in these cell types, this isoform

may serve as a pertinent drug target. In addition, we clearly

show that regulation of this isoform affects inhibitor engagement
17 Elsevier Ltd.
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A Figure 1. Photomate Inhibits and Labels

Class I and II Recombinant HDACs

(A) Comparison of the archetypal pan HDAC in-

hibitor SAHA (Left) and photomate (right).

(B) IC50measurements using recombinant class I or

class II HDACs and fluorogenic substrates.

(C) Gel-based visualization of recombinant proteins

labeled with photomate (lane 1) or photomate and

SAHA (lane 2), followed by click reactionwith azide-

conjugated IRDye (gel is in grayscale).

(D) Relative potency or affinity as measured by

pIC50 or labeling density. pIC50 or labeling density

values were standardized to their mean and devi-

ation and plotted. Data are shown as mean ± SD.

(E) Gel-based visualization as in (C) with standard

dilutions of recombinant HDAC3. All results are

representative of at least three independent

experiments.
and selectivity in cells, which should be useful to increase accu-

racy in predicting HDACi selectivity in vivo. Furthermore, the

pathway responsible for this type of regulation could be used

to attenuate the effect of HDACis given this pathway controls

HDACi engagement.

RESULTS

Design and Synthesis of a Photoreactive Hydroxamate-
Based Probe, Photomate
In general, hydroxamic acid-based HDACis, such as the arche-

typal inhibitor suberoyl anilide hydroxamic acid (SAHA) consist

of three components: (1) a zinc binding group, e.g., hydroxamic

acid, to chelate the catalytic zinc in the active site of HDAC; (2) a

surface binding ‘‘cap’’ group to interact with the rim of the active

site of HDAC; and (3) a ‘‘linker’’ to connect the hydroxamic acid

to the ‘‘cap’’ group (Figure 1A). Photomate incorporates a tetra-

flurophenyl azide (TFPA) photoactivatable moiety, and an alkyne

arm as the ‘‘cap’’ group, joined at a tertiary amine and connected

via a five-carbon ‘‘linker’’ to a hydroxamic acid. This trifunctional

design allows photomate to bind to the active site of HDACs and
Cell Chemical Biolog
form covalent adducts with proximal

proteins upon UV irradiation of the TFPA

moiety. The alkyne arm facilitates the

coupling of probe-protein adducts bio-

orthogonally via copper-catalyzed 1,3-

cycloaddition to an azide-conjugated

fluorescent tag for visualization or biotin

tag for enrichment and analysis.

Photomate Inhibits and Labels
Class I and II HDACs
Using a traditional assay of isoform selec-

tivity, we first verified that photomate was

an inhibitor of recombinant class I and II

HDACs using a fluorogenic assay. We

found that photomate potently inhibits

all class I HDACs with a half maximal

inhibitory concentration (IC50) ranging

from 0.109 mM (HDAC3) to 2.27 mM
(HDAC8), and inhibited HDAC4, a representative class II HDAC

with an IC50 of 20.11 mM (Figure 1B). Next, we explored photo-

mate binding to recombinant HDACs by photolabeling individual

isoforms with photomate, or with photomate and excess SAHA

(Figure 1C). Photomate-protein adducts were reacted with an

azide-conjugated 800CW IRDye for gel-based visualization.

We observed effective labeling of all the recombinant class I

and representative class II HDACs (Figure 1C). Labeling of all

HDAC isoforms was lost upon co-incubation with SAHA

(Figure 1C), indicating the labeling was active site dependent.

In addition, we found that photomate could detect at least

0.1 mg HDAC3 with this method (Figure 1E). Comparison of the

relative potency or affinity based on inhibition or labeling respec-

tively (Figure 1D) shows that photomate is non-selective for

HDAC1, 2, and 3, but shows decreased potency and affinity

with respect to HDAC8 and the class II HDAC4.

Photomate Differentially Targets HDACs Depending on
Cell Type
To characterize the HDAC isoforms targeted by photomate in a

cellular context where the mechanisms that regulate HDAC
y 24, 1356–1367, November 16, 2017 1357
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Figure 2. Photomate Differentially Targets HDACs Depending on Cell Type
(A) Western blot analysis of photomate-enriched fractions from seven breast cancer cell lines labeled in situ with photomate or photomate and excess SAHA.

Samples were reacted with biotin azide tag, and enriched with streptavidin-coated magnetic beads. Antibodies for all class I and II HDACs were used for

detection. Blot shows enriched fraction eluted off beads. Individual HDAC isoforms across all cell lines are blown up to the right and shown in grayscale for clarity.

(B) Ten percent of input from each cell line used for enrichment experiments shown in (A); HDAC antibodies for all class I and II HDACs were used for detection.

(C) Total protein staining of gel featured in (B).

(D) Quantification of enrichment experiments shown in (A, B, and C). Relative total abundance of each isoform across all cell types were normalized to total protein

staining. Quantified enriched amounts of each isoformwere then divided by the normalized total abundance of each isoform per cell line. These normalized values

were then plottedwith respect to themean for each isoform across all cell types. All gels are representative of three individual experiments. Data are expressed as

mean ± SD.

(E) As in (D) but only for HDAC3 and without normalizing to the mean. Significantly different (p < 0.0001) values are separated by color (black and white). Data are

expressed as mean ± SD. For gel-based visualization of photomate targets, see Figure S2.
activity are intact, we conducted in situ photolabeling experi-

ments in a panel of seven breast cancer cell lines (Figure 2).

Altogether these cell lines represent the spectrum of breast

cancer molecular subtypes, including luminal A (MCF-7, T47D),

luminal B (ZR75-1), basal A (BT-20, MDA-MB-468), basal B

(MDA-MB-231), and an additional cell line that does not fit into

the classical breast cancer subtypes (MDA-MB-453). Cells

growing in monoculture were incubated with photomate, photo-

mate and excess SAHA, or vehicle control, followed by irradia-

tion with 365 nm light. We reacted photomate-labeled samples

with an azide-conjugated biotin tag for enrichment with strepta-

vidin-coated beads and identification by western blot (Figure 2)

and tandem mass spectrometry (MS/MS) analysis (MCF-7 cells

only; Table S1; Figure 3C) or with an 800CW IRDye azide tag

for gel-based visualization (Figure S2). Proteins enriched in

photomate-labeled samples were compared with samples

co-treated with excess SAHA, as well as samples treated with

vehicle control, and were considered specific if the fluorescence

density or spectral count was decreased by greater than 50% in
1358 Cell Chemical Biology 24, 1356–1367, November 16, 2017
samples co-treated with photomate and excess SAHA and were

not identified in vehicle controls. To account for variation in pro-

tein expression, we quantified the relative abundance of each

class I and II HDAC in the cell lines (Figure 2B) and normalized

the amount of each isoform that was specifically enriched to its

relative abundance. These normalized values were then plotted

with respect to the mean for each isoform across all cell types

(Figures 2D and 2E).

In general, we found photomate ubiquitously targeted and en-

riched HDAC1, 2, and 9 from every cell line (Figures 2A and 2D).

For these isoforms, the amounts enriched from each cell line

correlated well with their relative expression in that cell line.

This is reflected in the small range and SD of the relative enriched

amounts of these HDAC isoforms across all cell lines, as shown

in Figure 2D. However, all other class I and II HDACs were en-

riched only in a subset of cell types. For HDAC4 and 7, this

was a result of only a subset of cell lines expressing this isoform

(T47D, MDA-MB-468). On the other hand, the amounts of

HDACs 3, 6, 8, 10, and 11 enriched by photomate did not
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Figure 3. Divergent Engagement of HDAC3 Is Independent of Compartmentalization or Protein Complex Composition
(A)Western blot analysis of MCF-7 cells labeled in situwith photomate (lanes 1 and 4), photomate and SAHA (lanes 2 and 5), or DMSO (lanes 3 and 6), reactedwith

biotin azide tag, and enriched with streptavidin-coated magnetic beads. Blot shows enriched fraction eluted off beads and 2.5% of input recognized by anti-

HDAC1, 2, 3, and 8 antibodies.

(B) Graph of the abundance of each class I HDAC in MCF-7 cells quantified by comparison of MCF-7 lysate with a standard curve of each recombinant class I

HDACs; visualized by western blot (Figure S1).

(C) MS/MS analysis of photomate-enriched fractions, as in (A). Pie chart on the right shows total number of proteins identified by MS/MS and the number that

were specifically enriched when compared with a DMSO control and were decreased by at least 50% when co-treated with SAHA. On the left, bioinformatic

annotation of enriched proteins. All specifically enriched proteins are shown in Table S1.

(D) Gel-based visualization of MCF-7 cells labeled with photomate in situ followed by fractionation into cytosol (right) and nucleus (left). Probe staining is shown

above, and antibody recognition of the same gel is shown below. Gels are in grayscale for clarity.

(E) Western blot analysis of HDAC3 co-immunoprecipitates. MDA-MB-231 cells, or MCF-7 cells were lysed and enriched with polyclonal anti-HDAC3 (Abcam) or

rabbit IgG protein A bead conjugates (lanes 2 and 3, respectively). Eluates were analyzed by western blot along with 10% of input (lane 1) and blotted with

antibodies for complex components.

(F) siRNA knock down of NCOR1 in MCF-7 cells. MCF-7 cells were transfected with siNCOR1 or siControl, followed by labeling with photomate and electro-

phoretic separation. Antibody recognition of transfected cells is shown above, followed by gel-based visualization of photomate engagement of HDAC1 and

HDAC3 below. All results are representative of at least three independent experiments.

Cell Chemical Biology 24, 1356–1367, November 16, 2017 1359



correlate with their relative expression. For example, we found

significantly (p < 0.0001) increased amounts of HDAC3 were

enriched from TNBC cell lines (black bars, Figure 2E) in compar-

ison with luminal subtypes, such as MCF-7 (white bars, Fig-

ure 2E), despite increased expression in many of the luminal

subtypes (Figure 2B). To illustrate this point we quantified the ab-

solute abundance of each class I HDAC inMCF-7 cells, a cell line

where we found little to no HDAC3 enrichment by western blot

(Figures 3B and S1). HDAC1, 2, and 3 expression was very

similar, with 1.92 3 106, 5.14 3 105, and 8.37 3 105 copies/

cell, respectively. Notably, HDAC2 abundance is 1.6-fold lower

than that of HDAC3, yet was enriched by photomate in this cell

line while HDAC3 was not (Figures 3A and 3B). This finding is

of particular interest given the trend differentiating TNBC and

luminal subtypes, but also because it contradicts our in vitro

experiments showing that photomate should be equipotent for

HDAC1, 2, and 3. In addition, we comprehensively analyzed

photomate targets in MCF-7 cells by MS/MS (Figure 3C, Table

S1). This experiment matched western blot analysis in that

HDAC1 and 2 were the only HDAC targets in this cell line, and

also helped characterize several other non-HDAC zinc-contain-

ing enzymes or HDAC complex partners.

Divergent Engagement of HDAC3 Is Independent of
Compartmentalization or Protein Complex Composition
Given the variation in HDAC3 and other class I and II HDAC

engagement, we sought to gain insight into the mechanisms

contributing to this variation. We investigated HDAC3 because

its inhibition is generally thought to contribute to the efficacy of

all FDA approved HDACis (Mottamal et al., 2015), and the mech-

anisms regulating its activity have been extensively explored. As

HDAC3 translocates between nucleus and cytosol, we verified if

photomate and HDAC3 have overlapping subcellular distribu-

tion. To do this we labeled MCF-7 cells, a cell line where

photomate did not enrich HDAC3, followed by biochemical

fractionation into cytosolic and nuclear portions (Figure 3D).

Prominent labeling of HDAC1 and 2was observed in the nucleus,

showing that photomate can permeate the nuclear membrane.

Antibody staining of the nuclear fraction showed that themajority

of HDAC3 was in the nucleus as well; however, no labeling event

was observed (Figure 3D).

In addition to subcellular localization, HDAC3 activity is regu-

lated by formation of multi-protein complexes. Given that this

has been shown to affect HDACi selectivity, we analyzed the

stable components of the HDAC3 complex from cell lines that

do (MDA-MB-231) or do not (MCF-7) show distinct photomate

engagement of HDAC3 by co-immunoprecipitation. Figure 3E

shows western blots of the immunoprecipitates enriched by a

polyclonal HDAC3 antibody (Abcam). Known stable protein part-

ners, TBL1, GPS2, and NCOR1, were co-immunoprecipitated

with HDAC3 from MCF-7 cells; however, we noticed that

NCOR1 was not enriched from MDA-MB-231 cells, the cell line

with robust labeling of HDAC3. As NCOR1 and 2 are capable

of directly activating HDAC3 enzymatic activity, we envisioned

that thismight also be capable of influencing photomate engage-

ment of HDAC3. However, small interfering RNA (siRNA) knock

down of NCOR1 in MCF-7 cells did not result in an increase in

HDAC3 labeling (Figure 3F). Together these findings suggest

that NCOR1 and potentially the protein complex composition
1360 Cell Chemical Biology 24, 1356–1367, November 16, 2017
are, in general, not the underlying cause of the lack of HDAC3

labeling.

HDAC3 Engagement Is Correlated with Its
Phosphorylation Status
In addition to transcriptional control of expression, subcellular

localization, and co-repressor complex formation, HDAC3 is

regulated by PTM. Phosphorylation of serine 424 occurs on the

C terminus of HDAC3 and increases its activity (Zhang et al.,

2005a). To investigate differences in HDAC3 phosphorylation,

we utilized a phospho (Ser-424) HDAC3-specific antibody. We

first validated the phospho HDAC3 (pHDAC3) antibodies speci-

ficity by phosphorylating recombinant HDAC3 using casein

kinase II (CK2) (Zhang et al., 2005a). Figure S4A shows that

HDAC3, incubated with CK2 in the presence of ATP, is recog-

nized more by the pHDAC3 antibody, over HDAC3 incubated

with CK2 only. In addition, we found that the polyclonal

HDAC3 antibody from Abcam, used previously in this paper,

equally recognized both the phosphorylated and non-phosphor-

ylated forms of HDAC3, and that an antibody from Millipore

recognized only the non-phosphorylated HDAC3 (Figure S4A).

Using these antibodies,we surveyed the phosphorylation state

of HDAC3 in the panel of cell lines and found that significant (p <

0.0001) differences in the amounts of phosphorylated HDAC3

existed across cell types (FigureS3). Comparison of photomate’s

HDAC3 engagement and total pHDAC3 abundance shows a very

high correlation (R2 = 0.822), suggesting a linear relationship

betweenphotomate engagement ofHDAC3and its phosphoryla-

tion state (Figure 4A). Comparison of photomate’s engagement

of HDAC3 in comparison with HDAC1, normalized to their

respective abundance (Figure 4B), shows that selectivity for

HDAC3 is significantly increased in those cell lines with highly

phosphorylated HDAC3 (p < 0.0001) and in comparison with

in vitro experiments with recombinant HDACs.

HDAC3 Engagement Is Directly Affected by Its
Phosphorylation
To test whether HDAC3 phosphorylation was capable of directly

affecting photomate binding,weevaluated photomate’s ability to

label recombinant phosphorylated HDAC3 in comparison with

recombinant HDAC3. What we observed was a more than

4-fold increase in photomate labeling of phosphorylated

HDAC3 (Figure 4C). This experiment shows that HDAC3 phos-

phorylation alone is capable of causing an increase in photomate

binding to HDAC3. We verified that this was also the case in cells

by transfecting plasmids for either a S424A, S405A, or control

FLAG-tagged HDAC3 into MDA-MB-231 cells followed by

photomate labeling and enrichment with FLAG antibodies. In

agreement with the binding experiments using recombinant

phosphorylated HDAC3, we found the S424A mutant had

decreased photomate labeling in comparison with the S405A

and control FLAG HDAC3, both of which became phosphory-

lated after expression (Figure 4D). This conclusion seems

rational, as others have proposed that HDAC3 activity increases

in cells upon phosphorylation (Zhang et al., 2005a). A change in

HDAC3 enzymatic activity is likely due to changes in its tertiary

structure, which would also interfere with photomate binding.

To verify that theenzymatic activity ofHDAC3 is indeed increased

when phosphorylated, we compared phosphorylated HDAC3’s
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Figure 4. HDAC3 Phosphorylation Directly Increases Inhibitor Binding

(A) Comparison of HDAC3 engagement versus relative abundance of phosphorylated HDAC3 (pHDAC3) protein; as quantified by western blot (Figure S3). Linear

regression and R2 values are shown.

(B) Statistically significant differences in photomate selectivity for HDAC3 compared with HDAC1 across cell lines and in comparison with selectivity based on

in vitro potency. One-way ANOVA shows p < 0.0001. Data are shown as mean ± SD.

(C) Gel-based visualization of recombinant HDAC3 incubated with CK2 and ATP or with CK2 and vehicle followed by labeling with photomate. Probe labeling is

shown at the top followed by staining with antibody below.

(D) Differential labeling of FLAG-tagged HDAC3 mutants. MDA-MB-231 cells were transfected with mutant or control HDAC3 plasmids, labeled with photomate

(all lanes), and enriched with FLAG antibodies. Visualization of probe or antibody signals of the immunoprecipitates are shown above, and input staining of the

phosphorylated HDAC3 below.

(E) Enzymatic activity of HDAC3 and pHDAC3 was analyzed using a synthetic class I HDAC substrate. Activity is expressed in mMsubstrate/hour. Student’s t test

shows p < 0.0001. Data are expressed as mean ± SD. All results are representative of at least three independent experiments.
ability to deacetylate a synthetic fluorogenic substrate to that of

recombinant HDAC3. As seen in Figure 4E, the activity of

phosphorylated HDAC3 is, on average, five times greater than

that of the non-phosphorylated HDAC3. Taken together, these

experiments suggest that phosphorylation of HDAC3 at serine

424 directly affects both photomate binding and HDAC3 activity

in vitro and in cells.

JNK Controls HDAC3 Phosphorylation and Photomate
Engagement of HDAC3
After establishing that phosphorylation of HDAC3 governs

inhibitor binding, we sought to understand the cause of the

differential HDAC3 phosphorylation between cell lines. Because

CK2 readily phosphorylates recombinant HDAC3, we hypothe-

sized that differential CK2 activity leads to the variation in

HDAC3 phosphorylation. To test this hypothesis, we treated

MDA-MB-231 cells with two structurally diverse kinase inhibitors

that have been shown to potently inhibit CK2 activity (TBB and

LY294002) (Gray et al., 2014; Gharbi et al., 2007), followed by

labeling with photomate. Neither of the compounds induced
any change in HDAC3 engagement or phosphorylation state,

despite significantly changing phosphorylation of CK2 sub-

strates AKT or c-Jun (Figures S4B, 6H, and 6I). In addition to

CK2, it has been shown that GSK3b can phosphorylate

HDAC3 in neurons (Bardai and D’Mello, 2011). However, addi-

tion of the GSK3b inhibitor AR-A014418 did not affect HDAC3

phosphorylation or photomate engagement (Figure S5D). This

is in line with the experiment using LY294002, as it has been

shown to increase GSK3b activity through AKT in MDA-

MB-231 cells (Li et al., 2014). Taken together these experiments

suggest that the activity of CK2 or GSK3b does not affect

HDAC3 phosphorylation in MDA-MB-231 cells.

Given the TNBC cell lines show HDAC3 labeling, but estrogen

receptor (ER)-positive luminal cell lines do not, we initially

thought that ERmay play a role in decreasing HDAC3 phosphor-

ylation and photomate engagement. We tested this hypothesis

by incubating MCF-7 cells with tamoxifen, at a concentration

shown to antagonize ER activity in MCF-7 cells (Frasor et al.,

2006), or with siRNA specific for ERa, followed by labeling with

photomate (Figures S4C and S4D). We found no increase in
Cell Chemical Biology 24, 1356–1367, November 16, 2017 1361
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Figure 5. HDAC3 Phosphorylation and Photomate Engagement Is Affected by Cellular Stress

(A) Gel-based visualization of MCF-7 cells either serum starved or grown in medium supplemented with 10% fetal bovine serum (FBS) and labeled in situ with

photomate or photomate and SAHA. Recognition of photomate-labeled HDAC3 with antibodies is shown below.

(B) Western blot analysis of MCF-7 cells, serum starved, labeled with photomate or photomate and SAHA in situ, reacted with biotin azide tag, and enriched with

streptavidin-coated magnetic beads. Blot shows enriched fraction eluted off the beads and 2.5% of input stained with HDAC3 antibodies.

(C) Western blot analysis of pHDAC3 in MCF-7 cells either serum starved or grown in medium supplemented with 10% FBS. Each group was incubated with

lambda phosphatase to remove any phosphate groups from HDAC3.

(D) Gel-based visualization of MCF-7 cells either treated with TNF-a or vehicle and labeled in situ with photomate or photomate and SAHA. Recognition of the

photomate-labeled HDAC3 with antibodies is shown below.

(E) As in (D) with EGF treatment in place of TNF-a. All results are representative of at least three independent experiments (for additional experiments and controls,

see Figures S4 and S5).
HDAC3 labeling or HDAC3 phosphorylation as a result of either

of these experiments, indicating that ER expression or activity

does not affect photomate engagement of HDAC3.

While TNBC cell lines do not rely on ER signaling to proliferate,

many have constitutive activation of MAPK signaling, through

increased expression of epidermal growth factor receptor

(EGFR) or Ras mutation (Cossu-Rocca et al., 2015). As the

NCOR-HDAC3 complex has been shown to be regulated by

MAPK signaling (Jonas and Privalsky, 2004), we hypothesized

that this signaling pathway may increase photomate engage-

ment of HDAC3. To test this hypothesis, we tried either removal

or addition of known MAPK-stimulating agents, followed by

labeling with photomate in MCF-7 cells. In opposition to our

hypothesis, we found that serum starvation, as well as treatment

with the proinflammatory cytokine tumor necrosis factor

alpha (TNF-a), induces specific labeling of HDAC3 inMCF-7 cells

(Figures 5A–5D, S5A, and S5I), whereas the addition of MAPK-

stimulating growth factors, EGF and IGF-1, had no effect despite

inducing changes in phosphorylation of AKT (Figures 5E, S5B,

and S5I). In line with our experiments from Figure 4, showing

that photomate engagement of HDAC3 is associated with

HDAC3 phosphorylation, the increase in HDAC3 labeling

induced by serum starvation corresponded with a concomitant

increase in HDAC3 phosphorylation, which was labile to l-phos-

phatase (Figures 5A and 5C). In addition, we observed that most

MCF-7 cells were aligned in G0/G1 upon serum starvation prior to

labeling with photomate (Figure S5C). Taken together, these

experiments show that mitogen removal and inflammatory

cytokine stimulation induce HDAC3 phosphorylation and photo-

mate engagement of HDAC3, whereas addition of growth factors

has no effect.
1362 Cell Chemical Biology 24, 1356–1367, November 16, 2017
Because removal of serum or inflammatory cytokine signaling

increased HDAC3 phosphorylation and photomate engagement,

we hypothesized that a stress-activated protein kinase pathway,

either nuclear factor kB (NF-kB), p38, or JNKwas responsible. To

test this hypothesis, we used inhibitors of IKK (IKK VII), p38

(SB202190), or JNK (SP600125) at concentrations that altered

phosphorylation of knownsubstrates of their respective enzymes

(Figures 6H and 6I), followed by labeling with photomate. We

found that the JNK inhibitor abolished the labeling ofHDAC3 (Fig-

ures 6A, 6B, S5G, and S5H), whereas the IKK inhibitor had no

change and the p38 inhibitor increased labeling (Figures S5E

and S5F). Because the JNK inhibitor decreased labeling, we

again measured the phosphorylation state of HDAC3 in compar-

ison with control and observed a complete loss of HDAC3 phos-

phorylation (Figures 6A and 6B). In addition to SP600125, we

used another structurally distinct specific JNK inhibitor (TCS

JNK 6o) in conjunction with photomate labeling and found both

HDAC3 labeling and phosphorylation were decreased (Fig-

ure 6C). In agreement with JNK phosphorylating HDAC3, we

identified activated JNK (phosphorylated) in MDA-MB-231 cell

lysates immunoprecipitated with HDAC3 antibodies (Figure 6G).

Furthermore, therewere higher levels of phosphorylated JNKde-

tected in the group of cell lines that were previously shown to

have increasedHDAC3phosphorylation andphotomateengage-

ment (Figure 6F). Finally, we found recombinant JNK1 in the pres-

ence of ATP-phosphorylated recombinant HDAC3 (Figure 6E).

These experiments demonstrate that increased JNK activity

leads to an increase in HDAC3 phosphorylation and HDACi

engagement ofHDAC3 in thebasal typecell lines. To testwhether

JNKactivity also controlsHDAC3phosphorylation in luminal sub-

types,wepretreatedMCF-7cellswith JNK inhibitor (TCSJNK6o)
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Figure 6. JNK Signaling Controls HDAC3 Phosphorylation

(A) Gel-based visualization of MDA-MB-231 cells either treated with SP600125 or vehicle and labeled in situ with photomate or photomate and excess SAHA.

Recognition of photomate-labeled HDAC3 with antibodies is shown below.

(B)Western blot analysis of MCF-7 cells treated with SP600125, labeledwith photomate or photomate and excess SAHA in situ, reacted with biotin azide tag, and

enriched with streptavidin-coated magnetic beads. Blot shows enriched fraction eluted off the beads and 2.5% of input stained with HDAC3 antibodies.

(C) As in (A) substituting TCS JNK 6o for SP600125.

(D) Gel-based visualization of TNF-a-treated cells either pretreated with TCS JNK 6o or vehicle, and labeled in situ with photomate (all lanes). Recognition of

photomate-labeled HDAC3 with antibodies is shown below.

(E) Western blot analysis of recombinant HDAC3 incubated with JNK in the presence or absence of ATP.

(F) Graph showing pJNK abundance in each cell line as quantified from western blot in Figure S3. Data are shown as mean ± SD.

(G) pJNK is detected in HDAC3 co-immunoprecipitates or IgG control. Ten percent of input is shown in lane 1.

(H and I) Western blot analysis of changes in several kinase pathways induced by treatment of MDA-MB-231 cells with all inhibitors used in this study and

(I) quantification of (H) normalized to treatment with vehicle. All results are representative of at least three independent experiments. Data are expressed

as mean ± SD.
and stimulated them with TNF-a. We observed a decrease in

HDAC3 labeling and phosphorylation in comparison with cells

treated with TNF-a alone, and similar levels to cells treated with

neither TNF-a or JNK inhibitor (Figure 6D).

DISCUSSION

It has been shown that HDAC activity is aberrantly regulated in

cancer by specific recruitment to genomic loci, and change in

expression. In addition to these mechanisms, HDAC activity

depends on formation of co-repressor complexes and PTMs;

however, it is unclear whether these mechanisms are trans-

formed in cancer due to a lack of methodology. In this study,
we provide the first evidence that HDAC phosphorylation is

transformed in TNBC cell lines by analyzing the engagement of

a novel photoreactive HDACi probe. This method not only helps

to understand a mechanism by which a subset of breast cancer

cell lines regulate HDAC activity, but has implications for the

future design and current understanding of the way HDACis

exert their effect.

Comparison of photomate’s selectivity, based on inhibition of,

or binding to, recombinant HDACs, versus its engagement of

HDACs in cells, revealed significant differences with respect to

HDAC3 that did not correlate with HDAC3 abundance. While

photomate could bind to and inhibit HDAC3 under the conditions

used for determination of IC50, engagement in MCF-7 cells and
Cell Chemical Biology 24, 1356–1367, November 16, 2017 1363



other luminal cell types could not be detected. In contrast to this,

we found TNBC cells had increased engagement of, and

selectivity for, HDAC3 in comparison with recombinant HDACs.

Differential engagement across cell types was also observed for

most other class I and II HDACs, suggesting that target engage-

ment in cells can differ from in vitro predictions for these isoforms

as well. As the development of selective HDACis is often guided

by studies with recombinant HDACs, this variation clearly

demonstrates that the actual target in a context of interest may

be misrepresented by recombinant-based assays.

Investigation into the mechanisms regulating HDAC3 binding

revealed that HDAC3 phosphorylation, but not subcellular

distribution or protein complex composition, directly controls

photomate engagement. We found that increased HDAC3

phosphorylation strongly correlated with engagement of

HDAC3 in the cell lines under investigation. We validated that

phosphorylation could directly control inhibitor binding, irre-

spective of other HDAC3 complex components, by comparing

photomate binding to phosphorylated and non-phosphorylated

recombinant HDAC3, which showed 4-fold higher photomate

binding to phosphorylated HDAC3. We found that this was true

in cells as well because photomate engagement of a S424A

HDAC3mutant was decreased in comparison with control phos-

phorylated HDAC3. Furthermore, changing HDAC3 phosphory-

lation through inhibition of an HDAC3 kinase also significantly

affects HDAC3 engagement in cells. In addition to differences

in phosphorylation, we found that all known stable HDAC3

complex components were equally accounted for apart from

NCOR1. Elimination of this discontinuity, however, did not influ-

ence photomate binding in cells, but the tertiary structure of the

remaining components, or binding of a transient or unknown

component, could potentially affect photomate binding concur-

rently with HDAC3 phosphorylation. Based on this data, ac-

counting for phosphorylation when conducting in vitro assays

may lead to a more accurate assessment of selectivity in cells.

In addition to its effect on inhibitor binding, we found that

phosphorylation of recombinant HDAC3 exhibits a 5-fold higher

catalytic activity comparedwith the non-phosphorylated protein.

Because TNBC cells have increased HDAC3 phosphorylation in

comparison with luminal subtypes, and thus increased HDAC3

catalytic activity, theymay bemore reliant on its catalytic activity.

As we have observed, photomate (Figure S2B), as well as other

HDACis (Tate et al., 2012; Uehara et al., 2012), have increased

efficacy in TNBC cells, HDAC3 may be a pertinent isoform to

target for treatment of TNBC. However, cell type-based variation

in other isoformswas observed, and likely contributes to the vari-

ation in efficacy as well. A follow-up study with a larger set of cell

lines or patient-derived samples would be necessary to deter-

mine statistically significant correlations between targeted

HDACs and efficacy.

Others have observed cell type-dependent effects of HDACis

in transformed cells as well, which may be explained by the

differences in HDACi selectivity observed in this study. For

example, many cell-based and in vivo studies have shown

different mechanisms of cell death in response to HDACis,

including activation of intrinsic (Insinga et al., 2005; Singh

et al., 2005) versus extrinsic (Chakraborty et al., 2013; Ruefli

et al., 2001) apoptotic pathways, or cell-cycle arrest through in-

duction of CDKN1A (Richon et al., 2000; Sandor et al., 2000),
1364 Cell Chemical Biology 24, 1356–1367, November 16, 2017
leading to cell type-dependent efficacy. To account for these

differences and determine where treatment with HDACis may

be beneficial, diagnostic indicators of HDACi efficacy are

needed. While several genomic approaches correlating HDACi

response with mutational landscape or changes in basal gene

expression serve as invaluable tools to identify prognostic

markers associated with HDACi efficacy (Rees et al., 2016;

Garnett et al., 2012), our study compliments this approach by

identifying direct changes in HDAC binding, selectivity, and

enzymatic activity, which may also affect HDACi efficacy.

Although we explored a number of different key pathways

shown to involve HDAC3, including ER (Liu and Bagchi, 2004),

CK2 (Zhang et al., 2005a), NF-kB (Gao et al., 2005), p38

(Mahlknecht et al., 2004), and other MAPK-mediated signaling,

we found that only the JNK pathway regulates HDAC3 phos-

phorylation. Others have observed a connection between JNK

and HDAC3 as well (Weiss et al., 2003; Zhang et al., 2002); we

add that increased JNK phosphorylation leads to HDAC3

phosphorylation, which affects both enzymatic activity and in-

hibitor binding in basal breast cancer cells in comparison with

luminal subtypes. This is in line with other observations showing

luminal breast cancer cells often have inactivating mutations to

MAP3K1 and MAP2K7, the kinases directly upstream of JNK

that are responsible for its phosphorylation and activation (Ellis

et al., 2012). We envision that measuring HDAC3 phosphoryla-

tion and/or JNK pathway mutations such as MAP3K1 and

MAP2K7 could serve as diagnostic markers for predicting

cellular response to treatment with HDACis. Finally, preclinical

data suggest that inhibition of MAPK signaling, specifically the

EGFR, in conjunction with HDACis is more effective in a broad

range of cancer types (Lai et al., 2010; Bruzzese et al., 2011),

and clinical trials are ongoing. Our study provides a rationale

for co-targeting the JNK pathway, a specific downstream

component of an individual MAPK pathway, with HDAC3 to

enhance the effects of HDACis in cancer therapy.

Beyond breast cancer, comparison of the differences in

photomate binding to recombinant proteins against any disease

state of interest should ultimately serve as a method to deter-

mine differences in catalytic activity of an individual HDAC

isoform between these contexts; exposing novel drug targets

and novel HDAC regulatory mechanisms.

SIGNIFICANCE

Abnormal histone modifications are a hallmark of cancer.

Histone deacetylase is a family of enzymes comprised of

18 human isoforms that catalyze the removal of acetyl marks

from histone tails. HDACs have been shown to be aberrantly

recruited to specific genomic loci, and expression of individ-

ual isoforms is often altered in a number of cancer types.

HDAC catalytic activity is also regulated post translationally

by phosphorylation, subcellular localization, and protein

complex formation. However, it is unclear whether these

mechanisms are utilized in cancer, as no methods to detect

these changes for individual isoforms exist. Given the inter-

est in development of isoform-selective HDACis, it is also

important to determine what affect this type of regulation

has on HDACi target engagement. In this paper, we devel-

oped a novel method that enabled the discovery of divergent



regulation of HDAC3 through phosphorylation by c-Jun

N-terminal kinase (JNK) in TNBC, and observed variable

cellular selectivity that was not predicted by standard

measurement with recombinant enzymes. Identification of

this HDAC3 regulation and its effect on inhibitor binding

will allow development of compounds targeting phosphory-

lated HDAC3 or combination therapies involving the JNK

axis, improve prediction of HDACi selectivity in vivo, and

outline a method for detecting changes in an individual

HDAC isoforms catalytic activity in any disease state of

interest.
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Odyssey Blocking Buffer LiCOR 927-40000

Dynabeads M-280 Streptavidin ThermoFisher 11206D

Dynabeads Protein A ThermoFisher 10002D

Slide-A-lyzer Mini Dialysis Units ThermoFisher 69550
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to Dr. Pavel Petukhov (pap4@uic.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cellular Models
Human cell lines MCF-7 and T47-D were obtained from Dr. Debra Tonetti (University of Illinois at Chicago) and were maintained

in RPMI supplemented with 2 mM L-glutamine, 10% FBS, 1% non-essential amino acids, 1% antibiotics penicillin-streptomycin

and 0.01 mg/ml human recombinant insulin at 37�C in 5% CO2. The cell line ZR75-1 was obtained from ATCC and was maintained

in RPMI supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 10% FBS, 10 mM HEPES, 1% non-essential amino

acids, and 1% antibiotics penicillin-streptomycin at 37�C in 5% CO2. The breast cancer cell lines MDA-MB-231, MDA-MB-468,

MDA-MB-453 and BT20, obtained from Dr. Clodia Osipo (Loyola University Chicago), Dr. Elizaveta Benevolenskaya (University of

Illinois at Chicago), Dr. Angela Tyner (University of Illinois at Chicago) and Dr. James Radosevich (University of Illinois at Chicago)

respectively, were routinely maintained in IMEM media (Corning) supplemented with 2mM L-glutamine, 10 mM HEPES, 10%

FBS, 1% non-essential amino acids and 1% antibiotics penicillin-streptomycin at 37�C in 5% CO2. Cell line authentication is

routinely performed for MCF-7, T47D and MDA-MB-Cells using short tandem repeat (STR) methodology. All cell lines are routinely

evaluated for mycoplasma contamination.

METHOD DETAILS

Fluorogenic Enzymatic Assays for Class I HDAC Isoforms
Photomate IC50 for class I recombinant HDACs was measured using previously published procedures (He et al., 2009;

Neelarapu et al., 2011). All recombinant enzymes were purchased from BPS Bioscience. Photomate inhibits HDAC1, 2, 3 and 8

with LogIC50 of -6.38 ± .08, -6.88 ± 0.06, -6.96 ± 0.06, and -5.64 ± 0.06, respectively. The data is reported as the average ± s. e. (n=3).

General Procedure for Photolabeling in Live Cells
For whole cell analysis: cells were plated in 6 cm dishes and grown to 90% confluence in 2 mL culture medium. The medium was

replaced with 1 mL culture medium and pretreated with competitor (SAHA, 200 mM or DMSO control where applicable and then

treated with 10 mM photomate or DMSO control. After 40 min at 37�C, the cells were cooled to 4�C and irradiated with 366 nm light

(35 J/cm2). The medium was removed and the cells gently washed twice with PBS and then covered with 1 mL PBS. Cells were

scraped from plate into Eppendorf tubes, spun down at 1,000 g for 5 minutes at 4�C, the supernatant removed and the cells resus-

pended in photolabeling lysis buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 0.7% Igepal, 5% glycerol, 1x protease inhibitor cocktail
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(Roche) and 1x phosphatase inhibitor cocktail (ThermoFisher)). Samples were homogenized by vortexing, incubated on a rotating

stand at 4�C for 1 hour, spun down at 20,000 g for 10minutes at 4�Cand the protein concentrations were determined by bicinchoninic

acid assay (BCA). For gel based visualization, 35.2 mg of total lysate was incubated with 800CW azide conjugated IRDye at a

concentration of 1.5x the probe, TCEP (0.25 mM), TBTA (0.1 mM), and CuSO4 (0.50 mM) for 90 minutes at rt. Samples were then

diluted with sample loading buffer, heated to 70�C for 10 minutes and separated by gel electrophoresis. Gels were transferred to

nitrocellulose membranes with iBlot transfer system (P3 for 7 minutes) and visualized with Odyssey Sa imager. Membranes were

then blocked with odyssey blocking buffer for 2 hours at 4�C, incubated with desired antibodies overnight at 4�C, washed 3x

5minutes with PBST, incubated with relevant species of 680RD IRDye conjugated secondary antibody for 1 hour and simultaneously

visualized at 700 and 800 nm with Odyssey Sa imager. Signals that 1) were competed by SAHA by at least 50% (quantified by

densitometry) and 2) co-stained with a specific class I HDAC antibody were further analyzed.

For enrichment on streptavidin coated magnetic beads, 1 mg photomate labeled cell lysate was incubated with azide conjugated

biotin according to 1.5x concentration of probe, TCEP (0.25mM), TBTA (0.1 mM), and CuSO4 (0.50mM) for 90minutes at rt. Samples

were then left at -20�C overnight. Precipitated protein was spun down at 6,000 x g for 4 minutes at 4�C, and resuspended with

brief sonication in 1 mL cold methanol. This was repeated twice and the pellets were resuspended in 1 mL 0.22% SDS in PBS by

brief sonication and 10 minutes of heating at 60�C. Next, 20 uL of Dynabeads M-280 (ThermoFisher) were washed 2 x with

0.22%SDS in PBS, added into each reaction and incubated for 1.5 hours at rt. Beads were removed with a magnet and then washed

2 x with 0.22% SDS in PBS (500 mL), 2 x with modified PBS (500 mM NaCl) and 2 x with PBS.

For Western blot analysis, bound proteins were then suspended in LDS loading buffer and heated at 70�C for 10 minutes. Beads

were removed with magnet and samples separated by gel electrophoresis at 100 volts. Gels were transferred to nitrocellulose

membranes with iBlot transfer system (P3 for 7 minutes), blocked with odyssey blocking buffer for 2 hours at 4�C, incubated with

desired antibodies at 4�C, washed 3x 5 minutes with PBST, incubated with relevant species of 680RD IRDye conjugated secondary

antibody for 1 hour and visualized with Odyssey Sa imager.

For mass spectrometry based analysis, bound proteins were eluted in laemmli sample buffer, boiled for 10 minutes and eluant

collected in a fresh Eppendorf tube. These samples were loaded onto a 15% gel and run into the gel approximately 1 inch at 20 volts

(1 hour). One gel slab per lanewas excised and gel pieceswere destained in 50mMNH4HCO3 in 50%ACN (v/v) until clear. Gel pieces

were dehydratedwith 100 ml of 100%ACN for 5min, the liquid removed, and the gel pieces rehydrated in 10mMDTT and incubated at

5�C for 60min. Gel pieces were again dehydrated in 100%ACN, liquid was removed and gel pieces were rehydrated with 55mM IAA.

Sampleswere incubated at room temperature, in the dark for 45min. Gel pieceswerewashedwith 50mMNH4HCO3 and dehydrated

with 100%ACN. Gel pieces were rehydrated with 10 ng/ml trypsin, resuspended in 50mMNH4HCO3 on ice for 1 h. Excess liquid was

removed and gel pieces were digested with trypsin at 37�C overnight. Peptides were extracted with 50% ACN/5% FA, followed by

100%ACN. Peptides were dried to completion and resuspended in 2%ACN/0.1%FA. Peptides were cleanedwith C18 ZipTips (Milli-

pore) according to the manufacturer’s instructions, followed by LC-MS/MS analysis.

Mass Spectrometry Analysis
The tryptic peptides were dissolved in 0.1% FA, directly loaded onto a reversed-phase pre-column (Acclaim PepMap 100, Thermo

Scientific). Peptide separation was performed using a reversed-phase analytical column (Acclaim PepMapRSLC, Thermo Scientific).

The gradient was comprised of an increase from 6% to 35% solvent B (0.1% FA in 98% ACN) over 12 min and climbing to 80% in

4min then holding at 80% for the last 4min, all at a constant flow rate of 400 nl/min on an EASY-nLC 1000 UPLC system, The resulting

peptides were analyzed by Q ExactiveTM hybrid quadrupole-Orbitrap mass spectrometer (ThermoFisher Scientific). The peptides

were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Q ExactiveTM (Thermo) coupled online to the

UPLC. Intact peptides were detected in the Orbitrap at a resolution of 70,000. Peptides were selected for MS/MS using NCE setting

as 28; ion fragments were detected in the Orbitrap at a resolution of 17,500. A data-dependent procedure that alternated between

one MS scan followed by 20 MS/MS scans was applied for the top 20 precursor ions above a threshold ion count of 1E4 in the MS

survey scan with 15.0 s dynamic exclusion. The electrospray voltage applied was 2.0 kV. Automatic gain control (AGC) was used to

prevent overfilling of the Orbitrap; 5E4 ions were accumulated for generation of MS/MS spectra. For MS scans, the m/z scan range

was 350 to 1800. The resulting MS/MS data were processed using Mascot search engine (v.2.3.0). Tandem mass spectra were

searched against Swissprot Homo Sapeins database. Trypsin/P was specified as cleavage enzyme allowing up to 2 missing cleav-

ages. Mass error was set to 10 ppm for precursor ions and 0.02 Da for fragment ions. Carbamidomethyl on Cys were specified as

fixed modification and oxidation on Met, acetylation on Protein N-term were specified as variable modifications. Peptide ion score

was set > 20. Datasets collected from probe collected samples were compared to DMSO treated samples to remove non-specific

interactions. Proteins that were not enriched in DMSO treated samples were then compared to probe plus SAHA treated samples and

any protein in probe treated samples that was decreased by at least 50% is shown in Table S1. This analysis was done using a

custom Matlab script.

Serum Starvation Followed by Photolabeling
0.8x106 or 0.5x106 MCF-7 cells were plated in 6-well plates (corning) and grown in complete medium for 2 days. After 2 days the

medium was replaced with either serum free medium (into the wells plated with 0.3x106 cells or complete medium (into the wells

plated with 0.15x106 cells). The cells were incubated for an additional 48 hours followed by the ‘‘general procedure for photolabeling

in live cells’’.
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Treatment with Inhibitors, Cytokines and Growth Factors Followed by Photolabeling
0.3x106 MDA-MB-231 cells were plated in 6-well plates and grown in complete medium for 2 days. inhibitors of CK2 (TBB, 50 mM),

JNK (SP600125, 10 mM or TCS 6o 20 mM), p38 (SB202190, 10 mM) and IKK/NF-kB (IKK-16, 10 mM), Pi3K (LY294002, 20mM), GSK3b

(AR-A014418, 20 mM) or cytokines/growth factors EGF, TNF-a, IGF-1 (all at 10 ng/mL) were added to the growth medium at the

indicated concentrations and incubated for 2-12 hours. After incubation, the ‘‘general procedure for photolabeling in live cells’’

was carried out or cells were lysed without further treatment for analysis by Western blot.

Transfection of Mutant HDAC3 Followed by Photolabeling
2.1x106MDA-MB-231 cells were plated in 10 cm plates (corning) and grown in complete medium for 2 days. After 2 days themedium

was removed, the cells washed twice with PBS andmedium containing 5% FBSwithout penicillin/streptomycin was added. 10 mg of

S405A, S424A, or Flag-HDAC3 plasmids were diluted with 500 mL IMEM, and 500 mL of IMEM containing Lipofectamine 2000 was

added and the samples incubated at room temperature for 30 minutes. Plasmid-lipofectamine complexes were added to the 10 cm

plates and cells were transfected for 24 hours. The following day, the medium was removed and the cells washed twice with PBS.

Completemediumwas added and the cells were incubated for 2 hours with completemedium followed by the ‘‘general procedure for

photolabeling in live cells’’.

Western Blotting
Protein samples were diluted with sample loading buffer containing DTT (Invitrogen), heated to 70�C for 10 minutes and separated

by gel electrophoresis at 100 volts. Gels were transferred to nitrocellulose membranes with iBlot transfer system (P3 for 7 minutes)

and visualized with Odyssey Sa imager. Membranes were then blocked with Odyssey blocking buffer for 2 hours at 4�C, incubated
with desired antibodies overnight at 4�C, washed 3x5 minutes with PBST, incubated with relevant species of IRDye conjugated

secondary antibody for 1 hour and visualized with Odyssey Sa imager. If additional antibody probing was necessary, membranes

were stripped with 0.2 N NaOH for 30 minutes and the Western blotting procedure was repeated starting from blocking with

Odyssey buffer.

Quantitation of Class I HDAC Isoforms in Breast Cancer Cell Lines
A standard curve of individual recombinant proteins ranging from1-20 ng aswell as 30 mg cell lysate fromMCF-7 cells were visualized

by Western blotting procedure. Signal was quantified by densitometry, plotted and a linear regression fit using Graphpad Prism 6

software. Relative HDAC3 and phosphorylated HDAC3 abundance in the panel of breast cancer cell lines was quantified in a similar

manner without use of a standard curve.

Photolabeling of Recombinant Proteins
Recombinant class I and II HDACs (500 ng) or standard dilutions ranging from .01 to 1.5 ng, in photolabeling lysis buffer were

pretreated with competitor (SAHA 200 mM) or DMSO control for 15 minutes when applicable and then treated with photomate

(10 mM) or DMSO control. After a 40-minute incubation, samples were cooled to 0�C and irradiated with 366 nm light (35 J/cm2).

Samples were then incubated with azide conjugated 800CW IRDye at a concentration 1.5x the probe, TCEP (0.25 mM), TBTA

(0.1 mM), and CuSO4 (0.50 mM) for 90 minutes at rt. Samples were then diluted with loading buffer, heated to 70�C for 10 minutes

and separated by gel electrophoresis at 100 volts. Gels were transferred to nitrocellulose membranes with iBlot transfer system

(P3 for 7 minutes) and visualized with Odyssey Sa imager. Membranes were then blocked with Odyssey blocking buffer for 2 hours

at 4�C, incubated with antibodies for class I HDACs overnight at 4�C, washed 3x5 minutes with PBST, incubated with anti-rabbit

680RD IRDye conjugated secondary antibody for 1 hour and visualized with Odyssey Sa imager.

Phosphorylation of Recombinant HDAC3
1 mg recombinant HDAC3 was diluted with 20 mL CK2 reaction buffer (New England Biolabs). 100 mM ATP was added, or vehicle for

control reactions, followed by 200 U CK2 or 100 U JNK1. The reactions were incubated for 2 hours at 30�C. Samples were then

dialyzed into photolabeling lysis buffer for use in ‘‘photolabeling of recombinant proteins’’

Enzymatic Activity of HDAC3
Serial dilutions of deacetylated Fluor de Lys substrate (0-40 mM, Enzo Life Sciences) were prepared in KI-143 (25 mM Tris–HCl,

pH 8.0, 137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl2). The amount of acetylated fluor de lys substrate that phosphorylated

HDAC3 and HDAC3 could deacetylate in 30 minutes was compared to this curve. Recombinant proteins were diluted with KI-311

(25 mM Tris–HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl2, 1 mg/mL BSA) buffer to give 1 ng/mL stocks of each.

15 mL of enzyme stock and 25 mL of 5mM substrate was added to a black half area 96well plate (corning) alongside 50 mL of standard

dilutions and incubated for 30 minutes rt. 50 mL of 1 mg/mL trypsin and 5 mMTSA in KI-143 buffer was added. The volume was made

equal with KI-143 and the plate was read at excitation wavelength 360 nm and emission wav elength 460nm using a Synergy 4 hybrid

microplate reader from BioTek. Activity was determined using GraphPad Prism 6. Activity of 0.84 ± .006 and 0.17 ± .005 mM

substrate/hour were found for phosphorylated HDAC3 and non-phsophorylated HDAC3 respectively. The data is reported as the

average ± s. e. (n=3).
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Immunoprecipitations
Six 10 cm plates were seeded with 0.8x106 MDA-MB-231 or MCF-7 cells and grown to 90% confluence. Cells were washed with

PBS (2x 5 mL) followed by addition of 1 mL PBS. Cells were scraped from plate into Eppendorf tubes, spun down at 1000 rpm for

5 minutes at 4�C, the supernatant removed, and the cells resuspended in hypotonic buffer (10 mM Hepes (pH 7.5), 10 mM KCl,

0.05% (for MDA-MB-231 cells) or 0.4% (for MCF-7 cells) Igepal CA-630, 1x Protease inhibitor cocktail and 1x phosphatase inhib-

itor cocktail) until cell walls were compromised (verified by microscopic inspection). The mixture was spun down at 1,000 g for

5 minutes to provide the cytosol (supernatant) and nuclei (pellet). The nuclei were than homogenized in 200 mL pull-down lysis

buffer (20 mM Hepes (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 0.5% Igepal CA-630, 1x protease inhibitor cocktail and

1x phosphatase inhibitor cocktail) and incubated for 1 hour at 4�C on a rotating stand. Lysed nuclei were than centrifuged at

20,000 g for 10 minutes at 4�C to provide nuclear fraction (supernatant). Protein concentration was determined using Bradford

assay and then diluted to 2 mg/mL with pull-down lysis buffer. 0.8 mg of lysate was incubated with 35 mL protein A Dynabeads

for 3 hours at rt and then stored for use at -20�C. For antibody bead conjugation, 60 mL dynabeads (per reaction) were washed

with PBS and separated into 2x 30 mL aliquots. 15 mg anti-HDAC3 (Abcam) antibodies or 15 mg rabbit IgG control, each diluted

with 150 uL PBS, were added to either 30 mL washed dynabead aliquot and incubated at rt for 2 hours. Bead antibody conjugates

were then washed with 2x 1 mL PBS, 1 mL 0.2 N triethnolamine (pH 8.2) and incubated with 1 mL 25 mM dimethyl pimelidate in

0.2 N triethnolamine (pH 8.2) for 45 minutes at rt. After crosslinking bead-antibody conjugates were washed with 2x 1 mL 0.2 N

triethanolamine (pH 8.2), resuspended in 0.1 N triethnolamine and incubated for 30 minutes at rt. Bead conjugates were then

washed with 3x 1 mL PBS, 1 mL 0.2 N glycine (pH 2.6). Bead conjugates were then resuspended in 30 mL PBS, added into

0.8 mg of a pre-cleared, 2 mg/mL nuclear extract described above, and incubated overnight at 4�C. The following day, beads

were washed with 3x 1 mL pull-down lysis buffer and eluted with 3 x 50 mL 0.2 N glycine (pH 2.6). Eluates were pooled and

37.5 mL TCA (100 w/v) solution was added followed by 15 uL 1 M Tris (pH 8.5). Samples were incubated for 1.5 hours at 4�C
and spun down at 20,000 g for 10 minutes at 4�C. The supernatant was removed and pellet was resuspended in 20 mL Laemmli

buffer. Samples were boiled for 5 minutes and electrophoretically separated. Proteins were transferred to nitrocellulose mem-

branes with iBlot transfer system (P3 for 7 minutes), blocked with odyssey blocking buffer for 2 hours at 4�C, incubated with

antibodies overnight at 4�C, washed 3x 5 minutes with PBST, incubated with anti-rabbit IRDye conjugated secondary antibody

for 1 hour and visualized with Odyssey Sa imager.

Compound Synthesis
All chemicals were purchased from commercial sources (Aldrich, Matrix Scientific). All solvents were dried prior to use. Reactions

were monitored by thin-layer chromatography (TLC) or by liquid chromatography (Waters, XSelect HSS CYANO 3.6 mm mass

spectrometry (LC/MS) (Shimadzu LCMS-2020). NMR spectra were obtained in deuterated chloroform or deuterated dimethylsulfox-

ide on a Bruker DPX-400 MHz spectrometer. NMR chemical shifts are reported in d ppm downfield relative to TMS and J values

are reported in Hz. High resolution mass spectrometry experiments (HRMS) were performed at the Mass spectrometry, Metabolo-

mics and Proteomics Facility at University of Illinois at Chicago on a Thermo Finnigan LTQ FT ICR Hybrid Mass Spectrometer.

Abbreviations DCM, dichloromethane, EtOAc, ethyl acetate, EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiiimide, HOBt,

hydroxybenzotriazole, DMAP, 4-dimethylaminopyridine, DMF, dimethylformamide.
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Methyl 6-(((perfluorophenyl)methyl)amino)hexanoate (1)

Pentafluorbenzaldehyde (10 mmol, 1.96 g) and amino methyl ester hydrochloride (10.6 mmol, 1.93 g) and Triethylamine (20 mmol,

2.02 g) was stirred in Methanol (40 mL) with molecular sieves under Nitrogen for 3 hours until imine formation was complete as

monitored by TLC. After the imine had formed, the reaction was cooled to 0�C and NaBH4 (16 mmol) was added portionwise

over 20 minutes. The reaction was stirred for 24 hours, made basic by addition of 10% NaOH, and extracted with DCM (3x30mL).

The DCM extract was dried over Na2SO4, and concentrated in vacuo. The crude product was purified by Silica chromatography

eluting with gradient from 0-40% EtOAc in Hexanes to give compound 1 (2.6 g, 80%, colorless liquid).

1H NMR (400 MHz, CDCl3) d 3.91 (s, 2H), 3.66 (s, 3H), 2.56 (t, J = 7.0 Hz, 2H), 2.30 (t, J = 7.4 Hz, 2H), 1.70 – 1.56 (m, 2H),

1.48 (m, 2H), 1.40 – 1.29 (m, 2H).

13C NMR (101 MHz, CDCl3) d 174.05, 51.47, 48.57, 40.50, 33.92, 29.54, 26.71, 24.74.

19F NMR (376 MHz, CDCl3) d -144.78 (dd, J = 22.8, 8.7 Hz, 2F), -156.24 (t, J = 20.7 Hz, 1F), -162.62 (td, J = 22.6, 8.8 Hz, 2F).

HRMS (ESI-TOF+) m/z calc’d for C14H16F5NO2 [M+H]+ : 326.1179, found: 326.1193

Methyl 6-(((perfluorophenyl)methyl)(prop-2-yn-1-yl)amino)hexanoate (2)

The secondary amine 1 (2.7 mmol, 0.88 g) was dissolved in acetonitrile (30 mL), K2CO3 (3.6 mmol, 0.5 g) and propargyl bromide

(3mmol) was added, and the mixture was stirred for 12 hrs. The reaction volume was reduced in vacuo, diluted with water, and ex-

tracted with DCM (3x30mL). The organic phasewas concentrated and the crude product was purified with silica gel chromatography

eluting with gradient 5-35% EtOAc in hexanes to give compound 2 (0.88 g, 90%, glassy solid).

1H NMR (400MHz, CDCl3) d 3.74 (s, 2H), 3.66 (s, 3H), 3.36 (s, 2H), 2.55 (t, J = 7.1 Hz, 2H), 2.29 (t, J = 7.5 Hz, 2H), 2.21 (t, J = 2.2 Hz,

1H), 1.66 – 1.54 (m, 2H), 1.49 (m, J = 14.5, 7.4 Hz, 2H), 1.32 (m, J = 15.0, 7.4 Hz, 2H).

13C NMR (101 MHz, CDCl3) d 174.07, 73.22, 52.65, 51.45, 44.88, 41.90, 33.98, 26.96, 26.63, 24.70.

19F NMR (376 MHz, CDCl3) d -142.06 (dd, J = 22.3, 8.1 Hz, 2F), -155.29 (t, J = 20.7 Hz, 2F), -162.41 (dt, J = 22.6, 8.0 Hz, 2F).

HRMS (ESI-TOF+) m/z calc’d for C17H18F5NO2 [M+H]+ : 364.1336, found: 364.1353

6-(((Perfluorophenyl)methyl)(prop-2-yn-1-yl)amino)hexanoic acid (3)

The tertiary amine 2 (2.4 mmol, 0.87 g) was dissolved in methanol:water (1:1, 30 mL) and NaOH (6 mmol, 0.24 g) was added. The

reaction was stirred at room temperature under nitrogen for 3 hrs. Upon completion, as monitored by TLC, the reaction was brought

to pH 4-5 with 10 % HCl and extracted with DCM (3x30 mL). The crude product was used in the next reaction without further

purification (0.76 g, 90%, white solid).

1H NMR (400 MHz, CDCl3) d 3.76 (s, 2H), 3.37 (s, 2H), 2.57 (t, J = 6.9 Hz, 2H), 2.33 (t, J = 7.3 Hz, 2H), 2.21 (s, 1H), 1.62 (m, 2H),

1.55 – 1.44 (m, 2H), 1.36 (m, 2H).

13C NMR (101 MHz, CDCl3) d 179.56, 73.53, 52.75, 44.97, 42.02, 34.06, 26.99, 26.71, 24.58.

19F NMR (376 MHz, CDCl3) d -141.91 (dd, J = 15.7, 6.8 Hz, 2F), -155.12 (t, J = 20.3 Hz, 1F), -162.34 (td, J = 21.3, 7.6 Hz, 2F).

HRMS (ESI-TOF+) m/z calc’d for C16H16F5NO2 [M+H]+ : 350.1179, found: 350.1196

6-(((Perfluorophenyl)methyl)(prop-2-yn-1-yl)amino)-N-(trityloxy)hexanamide (4)

To amixture of intermediate 3 (2 mmol, 0.70 g), EDC (3mmol, 0.47 g), HOBt (2.2mmol, 0.34 g) and DMAP (2.2 mmol, 0.27 g) in CHCl3

(30mL) was added Et3N (3mmol) followed by immediate addition of o-tritylhydroxylamine (2.5mmol, 0.68 g). Themixture was stirred

at room temperature under nitrogen for 18 hrs. Upon completion, as monitored by TLC, the crude product was concentrated in

vacuo, diluted with water, made acidic with 10 % HCl, washed with CHCl3, neutralized with 10% NaOH (pH 7) and extracted with

DCM (3x30 mL). The organic layers were collected and dried over Na2SO4. The crude product was then purified by silica chroma-

tography eluting with a gradient of 5-35% EtOAc in hexanes to give compound 4 (75%, 0.91 g, white solid).

1H NMR (400 MHz, DMSO) d 10.13 (s, 1H), 7.32 (m, 15H), 3.69 (s, 2H), 3.28 (s, 3H), 3.14 (s, 1H), 2.37 (t, J=6.9 Hz, 2H), 1.76 (t, J =

7.2 Hz 2H), 1.26 (m, 2H), 1.16 (m, 2H), 0.94 (m, 3H).

13C NMR (101 MHz, DMSO) d 170.65, 142.87, 129.35, 127.88, 127.77, 92.09, 78.60, 76.29, 52.56, 44.81, 41.57, 32.36, 26.75,

26.34, 24.98.

19F NMR (376 MHz, DMSO) d -142.41 (dd, J = 24.3, 6.5 Hz, 2F), -156.15 (t, J = 22.1 Hz, 1F), -163.01 – -163.26 (m, 2F).

HRMS (ESI-TOF+) m/z calc’d for C35H31F5N2O2 [M+H]+ 607.2384, found: 607.2439.

6-((4-Azido-2,3,5,6-tetrafluorobenzyl)(prop-2-yn-1-yl)amino)-N-(trityloxy)hexanamide (5)

NaN3 (1.5 mmmol, 0.91 g), Bu4NN3 (0.077 mmol, 0.02 g) and intermediate 4 (0.75 mmol, 0.45 g) were heated in DMF at 75�C for

18 hrs. The crude product was concentrated in vacuo, and then diluted with water. The water layer was extracted with DCM

(3x30 mL) and the organic phases combined and concentrated to afford a brown solid. The solid was then passed through a short

silica column eluting with 37.5% EtOAc in Hexanes to give compound 5 (0.19 g, 40%, colorless solid).

1H NMR (400 MHz, DMSO) d 10.14 (s, 1H), 7.32 (s, 15H), 3.67 (s, 2H), 3.28 (s, 2H), 3.15 (s, 1H), 2.37 (t, J = 6.9 Hz, 2H), 1.76 (t, J =

7.2 Hz, 2H), 1.25 (m, 2H), 1.16 (m, 2H), 0.94 (m, 2H).

13C NMR (101 MHz, DMSO) d 170.71, 142.93, 129.41, 127.94, 127.83, 112.72, 92.15, 78.69, 76.34, 52.52, 45.01, 41.71, 32.42,

26.81, 26.40, 25.03.

19F NMR (376 MHz, C6D6) d -143.32 (dd, J = 22.1, 9.5 Hz, 2F), -152.84 (dd, J = 22.4, 9.8 Hz, 2F).

HRMS (ESI-TOF+) m/z calc’d for C35H31F4N5O2 [M+H]+ : 630.2488, found: 630.2545
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6-((4-Azido-2,3,5,6-tetrafluorobenzyl)(prop-2-yn-1-yl)amino)-N-hydroxyhexanamide (6)

To a solution of Intermediate 5 (0.3 mmol, 0.19 g) in DCM was added MgBr2 (3 mmol, 0.55 g). The reaction was stirred at room

temperature under nitrogen for 15 minutes and then diluted with water and extracted with DCM (3x 30 mL). The pooled extracts

were concentrated, dried over Na2SO4 and purified by silica chromatography eluting with a gradient of 0-10% MeOH in DCM to

give compound 6 (80%, 0.09 g, colorless solid).

1H NMR (400 MHz, DMSO) d 10.30 (s, 1H), 8.63 (s, 1H), 3.69 (s, 2H), 3.35 – 3.27 (m, 2H), 3.13 (t, J = 2.1 Hz, 1H), 2.44 (t, J = 7.0 Hz,

2H), 1.91 (t, J = 7.3 Hz, 2H), 1.46 (m, 2H), 1.42 – 1.34 (m, 2H), 1.21 (m, 2H).

13C NMR (101 MHz, DMSO) d 169.06, 112.27, 78.32, 75.95, 52.16, 44.61, 41.32, 32.27, 26.41, 26.24, 24.98.

19F NMR (376 MHz, DMSO) d -143.32 (dd, J = 22.4, 9.8 Hz), -152.82 (dd, J = 22.7, 10.0 Hz).

HRMS (ESI-TOF+) m/z calc’d for C16H17F4N5O2 [M+H]+ : 388.1388, found: 388.1418

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism 6 software. All data are shown as mean ± s.e. Student’s t-test (two-tailed)

was used tomeasure statistically significant differences between groups. p value < 0.0005 was considered statistically significant for

this study. One way Anova was used to determine statistically significant variance. p < .0001 was considered statistically significant.

DATA AND SOFTWARE AVAILABILITY

Datasets for photomate selectivity, and Matlab script for MS/MS protein ID are available upon request.
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