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Abstract

Lysine Specific Demethylase 1 (LSD1) catalyzes the demethylation of histone 3 to regulate gene 

expression. With a fundamental role in gene regulation, LSD1 is involved in multiple cellular 

processes, including embryonic development, cell proliferation, and metastasis. Significantly, 

LSD1 is overexpressed in multiple cancers and has emerged as a potential anticancer drug target. 

LSD1 is typically found in association with another epigenetic enzyme, histone deacetylase 

(HDAC). HDAC and LSD1 inhibitor compounds have been tested as combination anticancer 

agents. However, the functional link between LSD1 and HDAC has yet to be understood in detail. 

Here, we used a substrate trapping strategy to identify cellular substrates of HDAC1. Using 

inactive HDAC1 mutants, we identified LSD1 as an HDAC1 substrate. HDAC1 mediated 

deacetylation of LSD1 at K374 in the substrate binding lobe, which affected the histone 3 binding 

and gene expression activity of LSD1. The mechanistic link between HDAC1 and LSD1 

established here suggests that HDAC inhibitors influence LSD1 activity, which will ultimately 

guide drug design targeting epigenetic enzymes.
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Multiple epigenetic enzymes regulate histone modifications to finely tune gene expression.1 

Histone methylation and acetylation represent well-studied epigenetic modifications. For 

example, histone 3 (H3) lysine 9 can be methylated or acetylated, with methylation linked to 

repression of transcription and acetylation correlated with transcriptional upregulation.2 In 

contrast, H3 lysine 4 methylation or acetylation are both associated with upregulation of 

gene expression.3,4 As these two examples illustrate, the interplay between methylation and 

acetylation combine to regulate gene expression.

Histone methyltransferase and histone demethylase proteins govern methylation, whereas 

histone acetyltransferase and histone deacetylase proteins control acetylation. Remarkably, 

histone demethylase and deacetylase enzymes are found in the same cellular complexes. For 

example, the CoREST and NuRD corepressor complexes contain two deacetylase isoforms, 

histone deacetylase 1 (HDAC1) and HDAC2, and one demethylase protein, lysine specific 

demethylase1 (LSD1).5 In addition, both histone demethylases and deacetylases are 

aberrantly overexpressed in many diseases, including cancer.6–11 Given the co-

overexpression and colocalization of HDAC and LSD1, understanding the functional 

relationship between these epigenetic enzymes will reveal new cell biology and mechanisms 

of disease progression.

Inhibitors of HDAC and LSD1 have been helpful in studying the role of histone 

modifications in gene expression. Gene profiling studies with HDAC inhibitors revealed that 

HDAC proteins regulate genes linked to cell cycle (p21 and p27, for example) and apoptosis 

(Fas, FasL, TRAIL, and DR-5, for example), which are dysfunctional in cancers.12–14 With 

their role in cancer formation, four HDAC inhibitors have been approved by the FDA as 

cancer therapeutics, including Vorinostat (SAHA, Suberoyl Anilide Hydroxamic Acid, 

Zolinza) for the treatment of cutaneous T-cell lymphoma.15 Related to the methylation and 

acetylation crosstalk, HDAC inhibitors influenced H3 methylation,16 which is consistent 

with a functional link between HDAC and LSD1. In fact, coadministration of HDAC and 

LSD1 inhibitors shows some promise as a combination anticancer therapy.17 The possible 

use of HDAC and LSD1 inhibitors for cancer treatment further highlights the importance for 

studying the functional interplay between histone methylation and acetylation.

Here, we studied the functional link between histone methylation and acetylation by 

identifying LSD1 as a cellular substrate of HDAC1 using a previously developed mutant 

trapping approach.18 The data indicated that HDAC1-mediated deacetylation regulates the 

acetylation state, H3 substrate binding, and gene repression function of LSD1. Therefore, 

the study uncovered a novel crosstalk between HDAC1 and LSD1. Considering the HDAC 
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inhibitor-mediated derepression of LSD1 target genes identified here, HDAC inhibitors 

likely block the aberrant activity of both HDAC1 and LSD1 in cancer. This work highlights 

the importance of characterizing the functional interaction of HDAC1 and LSD1 in 

physiological and pathological conditions, which will assist in drug development targeting 

epigenetic enzymes.

RESULTS AND DISCUSSION

HDAC1 regulates gene expression by deacetylating histone proteins.19 Beyond histones, the 

large and growing list of acetylated proteins20 implicates nonhistone proteins as substrates of 

HDAC proteins. In fact several nonhistone substrates have been identified for two HDAC 

family members, HDAC6 and HDAC8, using genetic and pharmacological methods.21–23 

However, genetic and pharmacological methods have been ineffective with HDAC1 due to 

compensation by HDAC2 and lack of HDAC1-selective inhibitors. Consequently, only a few 

validated substrates of HDAC1 are reported.24,25 Given the steadily growing list of 

acetylated proteins, HDAC1 is likely to have additional nonhistone substrates. New 

strategies to identify HDAC1 substrates are needed to characterize the full biological 

activities of HDAC1.

Substrate trapping mutants have been widely used to identify phosphatase substrates.18 In 

the trapping strategy, catalytically inactive mutant enzyme binds to substrates relatively 

stably compared to wild type (Figure 1A,B), allowing effective isolation. Given the 

significance of identifying nonhistone substrates to explore the role of HDAC1 in the cell, 

here we used inactive HDAC mutants as traps to identify new substrates from HEK293 cells.

Substrate Trapping Identified LSD1 As a Candidate Substrate of HDAC1

Prior work from our lab characterized a variety of inactive HDAC1 mutant proteins,26,27 

which could be substrate traps. Among the inactive mutants, we selected three mutants 

(H141A, F150A, and C151A) for this study (Figure S1A). All three amino acids (H141, 

F150, and C151) are highly conserved among all the HDAC proteins. Importantly, mutation 

of all three residues to alanine resulted in roughly 5 times lower activity compared to the 

wild type,26,27 which suggests that they could trap substrates.

For the trapping study, wild type HDAC1 and inactive HDAC1 mutants were overexpressed 

in HEK293 cells, and then cells were treated with SAHA to induce robust acetylation. Wild 

type and mutant HDAC1 were immunoprecipitated from the lysates in the presence or 

absence of active site inhibitor. The active site inhibitor competed with bound substrates and 

assisted in distinguishing substrates from interacting proteins. Bound substrates present in 

the mutant but not wild type or inhibitor competition immunoprecipitates were visualized 

using gel methods (Figure 1C). Among the three inactive HDAC1 mutants screened (Figure 

S1B), C151A HDAC1 displayed the best substrate trapping properties and was used in 

subsequent experiments. Three new bands (p100, p55, and p38) appeared in the C151A 

mutant, but not in the wild type immunoprecipitates (Figure 1D, compare lanes 1 and 2). 

The p100, p55, and p38 bands disappeared when HDAC inhibitor SAHA (Figure S2) was 

used as an active site competitor (Figure 1D, compare lanes 2 and 4), suggesting that these 

proteins interacted directly with the active site of HDAC1 and could be potential substrates. 
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We also used the HDAC1/HDAC2-selective inhibitor (SHI-1:2) and HDAC6-selective 

inhibitor tubastatin (Figure S2) as trapping competitors. The p100, p55, and p38 bands were 

observed in the presence of tubastatin (Figure S1C, lane 4) but not SHI-1:2 (Figure S1C, 

lane 3), which indicated that the proteins are substrates of HDAC1 and not HDAC6. As a 

final control, we compared the level of overexpressed HDAC1-FLAG to endogenous 

HDAC1 and HDAC2 expression to assess the physiological conditions of the trapping study. 

The amount of overexpressed HDAC1 was similar to the levels of endogenous HDAC1 and 

HDAC2 (Figure S1D), confirming that use of overexpressed HDAC1 mutants in substrate 

trapping studies reasonablely reflects cellular conditions.

To characterize the p100, p55, and p38 proteins interacting with C151A HDAC1, gel bands 

were excised and trypsin digested and subjected to liquid chromatography tandem mass 

spectrometric (LC-MS/MS) analysis. With high confidence, p100, p55, and p38 were 

identified as lysine specific histone demethylase 1 (LSD1 or KDM1A), RuvB-like 2 (Reptin 

52), and rRNA 2′-O-methyltransferase fibrillarin (histone-glutamine methyltransferase), 

respectively (Table S1 and Figures S3–S14). As mentioned earlier, LSD1 is typically found 

in association with HDAC1 to modulate H3 methylation and gene expression.5 Previous 

reports also indicated that LSD1 activity and substrate specificity could be regulated by 

interacting proteins.5,28,29 For example, HDAC-mediated deacetylation of H3 also enhanced 

histone demethylation by LSD1,30 which suggested a functional link between HDAC and 

LSD1. Therefore, we selected LSD1 for further validation to characterize a possible novel 

mechanism of crosstalk between histone methylation and acetylation involving HDAC1-

mediated LSD1 deacetylation.

LSD1 Is a Substrate of HDAC1

To initially confirm that the trapped p100 protein (Figure 1D, lane 2) is LSD1, we performed 

substrate trapping with subsequent Western blot analysis. Wild type and C151A mutant 

HDAC1 were overexpressed in HEK293 cells and immunoprecipitated in the presence or 

absence of SHI-1:2, before bound p100 was analyzed by Western blotting with an LSD1 

antibody (Figure 2A). Consistent with the LC-MS/MS data, LSD1 was trapped only by the 

C151A mutant but not by the WT HDAC1 (Figure 2A, top, compare lanes 2 and 3). In 

addition, SHI-1:2 treatment decreased LSD1 trapping (Figure 2A, top, compare lanes 3 and 

5), suggesting that LSD1 interacts with the active site of HDAC1. The Western blot analysis 

confirmed that the HDAC1 C151A mutant trapped LSD1 in an inhibitor-dependent manner.

Since LSD1 must be acetylated to act as an HDAC1 substrate, we analyzed the acetylation 

status of LSD1. FLAG-tagged LSD1 was expressed in HEK293 cells, and then cells were 

treated with SHI-1:2, as well as the broad spectrum HDAC inhibitor SAHA, to induce 

acetylation. FLAG-tagged LSD1 was immunoprecipitated, and the immunoprecipitates were 

analyzed using an acetyl lysine antibody. The pan HDAC inhibitor SAHA enhanced LSD1 

acetylation (Figure 2B, top, compare lanes 2 and 4), confirming that HDAC proteins regulate 

acetylation of LSD1. Importantly, SHI-1:2 also induced LSD1 acetylation (Figure 2B, top, 

compare lanes 2 and 3), consistent with the hypothesis that LSD1 is an HDAC1 substrate.

To confirm that HDAC1 deacetylates LSD1, we performed in vitro deacetylation assays 

using recombinant LSD1 (rLSD1) and recombinant HDAC1 (rHDAC1). Acetylated rLSD1 
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was incubated in the absence or presence of rHDAC1. As a control, rHDAC1 was 

preincubated with SAHA prior to the incubation with acetylated rLSD1. Acetylation of 

rLSD1 was significantly reduced in the presence of rHDAC1 (Figure 2C, top, compare lanes 

1 and 2), but not with SAHA-treated rHDAC1 (Figure 2C, top, compare lanes 1 and 3), 

indicating that HDAC1 deacetylates LSD1. Quantification of the acetylated LSD1 signal in 

three independent trials also confirmed that HDAC1 reproducibly reduced LSD1 acetylation 

(Figures 2D and S15). The data indicate that LSD1 is a substrate of HDAC1.

To further validate that LSD1 is a substrate of HDAC1 in cellulo, we performed 

deacetylation assays using cellular LSD1 and HDAC1. FLAG-tagged LSD1 was 

overexpressed in the absence or presence of wild type or C151A mutant HDAC1. LSD1 was 

immunoprecipitated from HEK293 cells, separated by SDS-PAGE, and analyzed by Western 

blotting with an acetyl lysine antibody. Acetylation of LSD1 was reduced in the presence of 

WT HDAC1 (Figure 2E, top, compare lanes 2 and 3), but not with the catalytically inactive 

mutant (Figure 2E, top, compare lanes 2 and 4). Quantification of the acetylated LSD1 

signal from three independent trials also confirmed that HDAC1 significantly reduced LSD1 

acetylation (Figures 2F and S16). The fact that LSD1 acetylation depended on the presence 

of active HDAC1 supports the conclusion that LSD1 is a substrate of HDAC1.

HDAC Inhibitors Affected LSD1 Activity in Cellulo

Acetylation can regulate protein activity, stability, and interactions.31 As a first step to 

characterize LSD1 acetylation, we studied the effect of HDAC-mediated acetylation on 

LSD1 demethylase activity. FLAG-tagged LSD1 was overexpressed in HEK293 cells before 

cells were treated with HDAC inhibitors to induce robust LSD1 acetylation (Figure S17A, 

AcLys blot). After cell lysis, FLAG-LSD1 was immunoprecipitated with anti-FLAG agarose 

beads and then tested in demethylase assays using a dimethylated histone 3 lysine 4 

(H3K4me2) peptide substrate. LSD1 activity was comparable in SHI-1:2-treated, SAHA-

treated, and untreated samples (Figure S17). The data indicated that acetylation of LSD1 

does not significantly alter its in vitro demethylation activity.

In addition to the in vitro demethylase assay, which utilizes an H3 peptide substrate, we 

analyzed LSD1 activity in cellulo by monitoring the methylation state of full length H3. 

LSD1 catalyzes demethylation of H3K4me2,32 making H3K4me2 a cellular marker of 

LSD1 activity. HEK293 cells were treated with SHI-1:2 or SAHA to promote robust 

acetylation. Cell lysates were then analyzed for the presence of H3K4me2 using Western 

blotting (Figure 3A). HDAC inhibitors enhanced H3K4me2 levels compared to untreated 

cells (Figure 3A, H3K4me2 blot, compare lane 1 to lanes 2–4). Interestingly, SHI and 

SAHA had differing effects on H3K9ac, H3K4me2, and H3K9Me2 marks (Figure 3A, 

compare lanes 2 and 3 to 4), which suggest that HDAC isoforms other than HDAC1 and -2 

also act upon these modifications. In addition to HEK293 cells, two other cell lines were 

tested to assess the cell line specificity of HDAC inhibitor-dependent H3 methylation. 

Similar to HEK293 cells, MCF7 and HeLa cells treated with SHI-1:2 or SAHA showed 

elevated H3K4 dimethylation compared to untreated cells (Figure 3B, H3K4me2 blot, 

compare lane 1 to lanes 2 and 3; Figure 3C, H3K4me2 blot, compare lane 2 to lanes 3 and 

4). For these cell lines, SHI-1:2 and SAHA had similar effects on all modifications, 
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suggesting that HDAC1 and -2 are primarily responsible for the modifications. In contrast to 

H3K4 dimethylation, the effect of HDAC inhibitors on dimethylated lysine 9 of H3 

(H3K9me2) was inconsistent (Figure 3A and B, H3K9me2 blots), although H3K9 

acetylation was consistently elevated (Figure 3, H3K9ac blots). Given that LSD1 mainly 

targets the H3K4me2 mark when in complex with HDAC1 and -2, we did not study the 

H3K9me2 mark further.

The results demonstrated that HDAC inhibitors have a direct impact on H3K4 dimethylation, 

suggesting that LSD1 activity is influenced by acetylation. However, the earlier peptide-

based demethylation assays indicated that HDAC inhibitor-induced H3K4 methylation is not 

due to a direct effect on LSD1 catalytic function (Figure S17). We speculate that use of the 

H3K4me2 peptide substrate in the in vitro assay may not accurately reflect LSD1 activity 

with the native nucleosome. Instead, acetylation-dependent LSD1 activity might require 

nucleosomal substrate rather than peptide substrate, which is consistent with prior work.5,33 

Given the requirement of full length H3 protein, all subsequent experiments were conducting 

in cells.

LSD1 Acetylation Altered H3 Binding

In cellulo demethylation assays indicated that HDAC inhibitors influence H3 substrate 

methylation (Figure 3), although through a mechanism not involving loss of LSD1 catalytic 

function (Figure S17). LSD1 is typically found in association with HDAC1, HDAC2, 

BRAF35, and CoREST.5 Previous reports indicated that LSD1 activity and substrate 

specificity could be regulated by its interacting proteins.5,28,29 For example, CoREST 

promotes the nucleosome binding and demethylase activity of LSD1 and protects LSD1 

from proteasomal degradation.5 Interestingly, HDAC5 also interacted and protected LSD1 

from proteasomal degradation to promote breast cancer progression, although not through 

direct HDAC5-mediated deacetylation.34 Given that acetylation can regulate protein–protein 

interactions,31 we hypothesized that HDAC1-mediated LSD1 acetylation affects its protein–

protein interactions to reduce demethylase activity and elevate H3K4 methylation.31

To assess if LSD1 activity is reduced due to changes in protein–protein associations, 

coimmunoprecipitation studies were performed. FLAG-tagged LSD1 was overexpressed in 

HEK293 cells, and cells were treated with HDAC inhibitors to induce acetylation. Cells 

were then harvested and lysed before LSD1-FLAG was immunoprecipitated. LSD1-bound 

proteins from the immunoprecipitates were separated by SDS-PAGE and immunoblotted 

with antibodies to CoREST, along with antibodies to the H3 substrate as a control (Figure 

4). Acetylation did not affect the LSD1/CoREST interaction (Figure 4A, CoREST blot, 

compare lane 2 to lanes 3 and 4). Instead, HDAC inhibitors altered the interaction between 

LSD1 and its cellular substrate H3 (Figure 4A, H3 blot, compare lane 2 to lanes 3 and 4). 

The data suggested that HDAC inhibitor-mediated acetylation of LSD1 stabilized interaction 

between LSD1 and H3. Further, inhibitor-treated, immunoprecipitated H3 displayed elevated 

methylation at lysine 4 compared to DMSO control (Figure 4A, H3K4me2 blot, compare 

lane 2 to lanes 3 and 4), while not affecting lysine 9 methylation (Figure 4A, H3K9me2 blot, 

compare lane 2 to lanes 3 and 4). The elevated methylation at H3K4 suggested a loss of 
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LSD1 enzyme function. Combined, the data implicate a hypothesis where LSD1 acetylation 

alters its H3 substrate interaction, which affects the methylation state of H3K4.

To further study acetylation-dependent LSD1/H3 binding, we analyzed the effect of HDAC 

inhibitors on the H3 interaction with endogenous LSD1. Endogenous LSD1 was 

immunoprecipitated from HDAC inhibitor treated HEK293 or HeLa cell lysates and 

analyzed by Western blot (Figure 4B and C). Similar to overexpressed LSD1, endogenous 

LSD1 interacted more robustly with H3 and methylated H3K4 upon HDAC inhibitor 

treatment (Figure 4B and C, H3 and H3K4me2 blots, compare lane 2 with lanes 3 and 4). 

The data were consistent with the hypothesis that LSD1 acetylation altered interaction with 

H3 and methylation of H3K4. In addition, the similar results with both HEK293 and HeLa 

cells showed that the acetylation dependence of H3 binding and methylation is general.

Acetylation of LSD1 at K374 Affected H3 Binding

LSD1 consists of three domains—the SWIRM, amine oxidase (AOD), and Tower domains. 

The AOD comprises the FAD and substrate binding lobes.35 Two alpha helices (Sα1 and 

Sα3) rich in acidic residues comprise the substrate binding lobe. The presence of acidic 

residues in the substrate binding lobe promotes interaction with the basic residues of H3 and 

positions the methylated lysine correctly for catalysis.36,37 We wondered if LSD1 

acetylation occurred on or near the substrate binding lobe, which would explain the 

influence of acetylation on H3 binding.

To identify the location of acetylated lysines on LSD1, we utilized a mass-spectrometry-

based approach. FLAG-tagged LSD1 was expressed in HEK293 cells before treatment with 

or without HDAC inhibitors to monitor HDAC-dependent acetylation. After lysis, 

immunoprecipitation, and SDS-PAGE separation, protein bands corresponding to LSD1 

were excised from the gel, trypsin digested, and subjected to LC-MS/MS analysis. Both 

SAHA and SHI-1:2 enhanced acetylation of LSD1 at K374 compared to untreated samples 

(Table S2 and Figure S18), suggesting that K374 is the target site for HDAC1-mediated 

deacetylation. K374 is a solvent-exposed amino acid that lies in the Sα1 helix of the 

substrate binding lobe of LSD1 (Figure 5A). Previous studies documented involvement of 

the Sα1 helix (372–394 residues) in H3 binding, with a conformational change induced 

upon binding to H3.36–39 Given the placement of K374 in the H3 binding Sα1 helix (Figure 

5A, yellow helix), we hypothesized that K374 acetylation is regulated by HDAC1 to 

influence LSD1/H3 interactions.

To probe the hypothesis, we initially studied whether acetylation at K374 is a major site 

regulated by HDAC1 using a full length FLAG-tagged LSD1 K374R mutant expression 

construct. Following transfection of the wild type and K374R LSD1 expression plasmids 

into HEK293 cells, HDAC inhibitors were added to induce LSD1 acetylation. Then, LSD1 

was immunoprecipitated and immunoblotted with an acetyl lysine antibody to detect 

acetylation. The level of acetylation of the K374R mutant was significantly reduced after 

HDAC inhibitor treatment compared to that of wild type LSD1 (Figure 5B, top, compare 

lanes 3 to 6 and lanes 4 to 7). The data suggest that K374 is a major HDAC-dependent 

acetylation site on LSD1.

Nalawansha and Pflum Page 7

ACS Chem Biol. Author manuscript; available in PMC 2018 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To test the effect of acetylation at K374 on LSD1/H3 interaction, HEK293 cells were 

transfected with the WT or K374R mutant LSD1-FLAG constructs, treated with SHI-1:2 or 

SAHA to induce acetylation, and harvested, before LSD1 was immunoprecipitated and 

analyzed by Western blotting (Figure 5C). The K374R LSD1 mutant coimmunoprecipitated 

reduced H3 compared to wild type after inhibitor treatment (Figure 5C, H3 blot, compare 

lanes 3 to 6 and lanes 4 to 7). In addition, the quantity of H3 coimmunoprecipitated was 

similar comparing inhibitor treated versus untreated LSD1 K374R mutant (Figure 5C, H3 

blot, compare lanes 5 to 6 and 7), indicating that a low level of H3 binding by the mutant is 

independent of HDAC-mediated acetylation. Moreover, methylated lysine 4 of H3 

(H3K4me2) was reduced in inhibitor-treated mutant K374R LSD1 compared to wild type 

(Figure 5C, H3K4me2 blot, compare lanes 3 and 4 to lanes 6 and 7). In addition, H3K4me2 

levels were similar between untreated and inhibitor treated LSD1 K374R mutants (Figure 

5C, H3K4me2 blot, compare lanes 5 to 6 and 7), which suggested that the mutant 

maintained demethylase activity to efficiently release demethylated H3K4 product. In total, 

the coimmunoprecipitation data indicated that K374 of LSD1 is critical for altered H3 

binding and H3K4 methylation after HDAC inhibitor treatment. The data are consistent with 

the hypothesis that K374 acetylation results in nonproductive binding between LSD1 and 

H3, thereby leading to elevated H3 methylation. This hypothesis is supported by a recent 

report that documents the effect of three disease related mutations of LSD1 (E379K, D556G, 

Y761H).40 Among these, E379 lies in the Sα1 helix and is important for H3 binding. The 

E379K LSD1 mutant displayed reduced Vmax and altered KM, suggesting that amino acids 

in the Sα1 helix are critical for full enzymatic activity.

Acetylation of LSD1 at K374 Reactivated Expression of Target Genes

LSD1 represses target genes through demethylation of H3K4.32 Given the HDAC inhibitor 

and K374R mutant-dependent alteration of H3 binding and H3K4 methylation observed 

here, we tested whether acetylation of LSD1 affected the expression of downstream target 

genes. SCN3A and SCN2A are two known target genes of LSD1 that have been studied in 

prior LSD1 gene expression studies.5,32 Importantly, the protein products of SCN3A and 

SCN2A are voltage-gated sodium channels that are aberrantly expressed in prostate cancers 

and are associated with metastasis,41,42 making them interesting biological targets. 

Expression of SCN2A and SCN3A was monitored after overexpression of wild type and 

K374R mutants and HDAC inhibitor treatment using a real time–polymerase chain reaction 

(RT-PCR). HEK293 cells were transfected with WT or K374R mutant LSD1-FLAG, treated 

with SHI-1:2, and lysed, before RNA was isolated, converted to cDNA, and then used as the 

template in PCR reactions using gene-specific primers. SHI-1:2 treatment of wild type 

LSD1-containing cells resulted in increased expression of both SCN2A (5.4 ± 1 fold, Figure 

S19) and SCN3A (2.4 ± 0.1 fold, Figure S19) compared to the DMSO control (Figures 6A 

and 7B, column 3 compared to column 2), which confirmed that LSD1-mediated gene 

expression is HDAC inhibitor-dependent. In contrast, SHI-1:2 treatment of K374R mutant 

LSD1-containing cells showed values comparable to the DMSO control (Figure 6B, column 

4 compared to column 2, and Figure S19). The combined data indicated that K374 is critical 

for efficient HDAC inhibitor-dependent LSD1 gene regulation.
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A Model of HDAC1/LSD1 Crosstalk

The experimental data showed that HDAC1 deacetylated LSD1 both in vitro and in cellulo, 

and LSD1 is acetylated at K374 to regulate productive binding of H3. Moreover, 

nonproductive H3 binding is accompanied by reduced LSD1 demethylation of H3K4, which 

leads to a derepression of LSD1 target gene expression. On the basis of the data, we propose 

a model where deacetylated LSD1 binds to H3 in a productive conformation to promote the 

demethylation and repression of LSD1 target genes (Figure 7A). Simultaneously, HDAC1 

can also deacetylate H3 to further down-regulate transcription. The combined activity of 

LSD1 and HDAC1 promotes H3K4 demethylation and H3K9/H3K14 deacetylation, 

respectively, to fully control gene repression.30 Given the overexpression of HDAC1 and 

LSD1 in multiple cancer cell types,7–11,43–48 elevated HDAC1 and LSD1 activities result in 

repressed expression of tumor suppressor genes, which promote cancer progression (Figure 

7A). The model suggests a functional synergy between HDAC1 and LSD1 activities in 

promoting cancer progression.

The overexpression of HDAC activity in cancer tissues has led to the development of 

multiple HDAC inhibitors as anticancer agents.15,49–51 The mechanism of HDAC inhibitor 

action is generally attributed to elevated acetylation of H3K9 and H3K14 due to inhibition 

of HDAC activity, which consequently mediates re-expression of tumor suppressor genes 

(Figure 7B).52 Here, we uncovered a secondary mechanism of HDAC inhibitor action due to 

enhanced LSD1 acetylation. The data are consistent with a model where HDAC inhibitor-

mediated LSD1 acetylation at K374 alters LSD1/H3 binding, reduces its demethylase 

activity, augments the active chromatin mark H3K4me2, and reactivates the expression of 

LSD1 target genes (Figure 7B). Moreover, the combined inhibition of HDAC and LSD1 

activities leads to accumulation of active chromatin marks and derepression of tumor 

suppressors, which fully inhibits cancer progression. The model suggests that HDAC 

inhibitors take advantage of the functional synergy between HDAC1 and LSD1 to fully 

repress tumorigenesis. Combined, the data uncovered that HDAC1 acts upstream of LSD1 to 

regulate its activity through acetylation, which is a previously unidentified mechanistic 

relationship between HDAC1 and LSD1.

Although LSD1 acetylation is relatively underexplored, a recent paper documented that 

LSD1 acetylation suppressed epithelial to mesenchymal transition (EMT).33 MOF (male 

absent on the first) acetyltransferase was responsible for acetylation of LSD1 in epithelial 

cells, whereas acetylation was not observed in mesenchymal cells. The lack of acetylation in 

mesenchymal cells could be partly due to the overexpression of HDAC1.33 Acetylation of 

LSD1 disrupted nucleosomal binding, inhibited demethylase activity, and reactivated LSD1 

target genes, which is consistent with the model proposed here (Figure 7). Using in silico 
analysis and global proteomics data, three lysines in the tower domain of LSD1 (K432, 

K433, and K436) were speculated to be critical for H3 binding.33 Although these lysines are 

sites for MOF-mediated acetylation, we propose that acetylation of LSD1 at K374 also 

contributes to the LSD1 activity observed. Further studies are needed to identify the 

acetyltransferase responsible for mediating K374 acetylation in LSD1. The combined 

studies suggest that acetylation of LSD1 affects H3 binding, impairs demethylase activity, 

and mediates derepression of target genes involved in important processes, such as cell cycle 
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and EMT. Given that HDAC1 is highly expressed in cancer cells, HDAC1 might compete 

with MOF to regulate LSD1 acetylation and influence tumor progression.

In this report, we document for the first time use of inactive HDAC1 mutants for trapping 

and identification of substrates. HDAC1 substrate identification suffers from a lack of 

discovery tools, making the trapping strategy valuable and enabling. The C151 residue is 

strictly conserved among all HDAC isoforms,27,53 suggesting that the method can be applied 

to identify cellular substrates of other HDAC isoforms. Given the role of HDAC proteins in 

cancer formation and use of HDAC inhibitor drugs in anticancer therapy, substrate trapping 

studies will have a direct impact on cancer biology and drug design research by revealing 

new functional roles of HDAC proteins in cellular events.

In summary, a novel mechanism of crosstalk between HDAC and LSD1 was uncovered 

using an HDAC1 substrate trapping mutant stratetgy. The findings document the importance 

of discovering new substrates to fully characterize HDAC activity in cells. Significantly, the 

study revealed a connection between histone acetylation and methylation in epigenetic 

regulation of gene expression. As a result, a new mechanistic model of HDAC inhibitor 

action through the combined activities of HDAC and LSD1 is proposed (Figure 7B). With 

the involvement of HDAC1 and LSD1 in cancer formation and use of HDAC inhibitors as 

anticancer drugs, these studies broaden our understanding of the diverse functional roles 

played by HDAC1 and LSD1 in pathological conditions and assist in deciphering the 

anticancer drug mechanism of action.

METHODS

Antibodies and Reagents

FLAG (catalog number: F3165), HDAC1 (catalog number: H3284), HDAC2 (catalog 

number: H3159), and LSD1 (catalog number: L4418) antibodies, as well as anti-FLAG 

agarose beads (catalog number: A2220) and proteomic grade trypsin (catalog number: 

T6567), were purchased from Sigma. Acetyl lysine (catalog number: 9814S), histone 3 

(catalog number: 4499), acetyl-H3 (catalog number: 9649P), H3K4me2 (catalog number: 

9725P), H3K9me2 (catalog number: 4658P), GAPDH (catalog number: 5174P), and 

secondary HRP conjugated rabbit (catalog number: 7074) antibodies were purchased from 

Cell Signaling. The CoREST antibody was obtained from Bethyl laboratories (catalog 

number: A300-130A-T). Protein A/G plus agarose beads were purchased from Santa Cruz. 

Secondary rabbit (Alexa fluoro 488; catalog number: A11008) and mouse (Alexa Fluoro 

647; catalog number: A21235) antibodies were obtained from Molecular Probes. 

Recombinant HDAC1 (catalog number: 50051) was purchased from BPS Biosciences. A 

first strand cDNA synthesis kit was purchased from New England Bioloabs, and a Trizol 

plus RNA easy kit was purchased from Invitrogen. Fast Sybr green master mix (catalog 

number: 4385612) and the 96 well PCR reaction plates (catalog number: 4360954) were 

purchased from Applied Biosystems. A LSD1 fluorometric drug discovery kit was 

purchased from Enzo Life Sciences (catalog number: BML-AK544-0001).
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Expression Plasmids, Cell Culture, and Transient Transfections

HDAC1 single point mutants were generated as previously described.26,27 The pCAGGs-

LSD1-FLAG expression construct was a generous gift from Dr. Ryuji Hamamoto 

(University of Chicago).54 The pCAGGs-LSD1-FLAG K374R mutant was created by Quick 

change site directed mutagenesis using pCAGGS-LSD1-FLAG as a template (K374R 

forward primer, 5′-GGA CAA GCT GTT CCT AAA GAG AGA GAT GAA ATG GTA 

GAG CAA GAG-3′; K374R reverse primer, 5′-CTC TTG CTC TAC CAT TTC ATC TCT 

CTC TTT AGG AAC AGC TTG TCC-3′), and the mutation was confirmed by DNA 

sequencing. HEK293 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum (Life technologies) and 1% antibiotic/

antimycotic (Hyclone) at 37 °C in a 5% CO2 incubator. HeLa cells were grown in Ham’s 

F12 medium supplemented with 10% Fetal Bovine Serum (Life technologies) and 1% 

antibiotic/antimycotic (Hyclone) at 37 °C in a 5% CO2 incubator. MCF7 cells were 

maintained in Eagle’s Minimum Essential Medium (EMEM) supplemented with 10% Fetal 

Bovine Serum (Life Technologies) at 37 °C in a 5% CO2 environment. Jetprime reagent 

(VWR) was used for tranfection of pasmid DNA (5 μg) into HEK293 cells (20 × 106) at 

60% confluency. After a 48 h growth period, cells were harvested and washed 2 times with 

DPBS (Hyclone, Dulbecco’s Phosphate Buffered Saline, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4), and either used immediately or stored at 

−80 °C as a cell pellet. For inhibitor treatments, cells were grown in the presence of an 

inhibitor (10 μM in growth media containing <2% DMSO) for an additional 24 h after the 

48 h growth period.

Substrate Trapping and Inhibitor Competition

Following transfection of HEK293 cells with pBJ5-HDAC1 wild type or mutant 

plasmids,26,27 as described above, cells were grown for 48 h and then subsequently treated 

with SAHA (10 μM in growth media containing DMEM, 10% FBS, 1% antibiotic/

antimycotic, and <2% DMSO) for another 24 h before harvesting. Cells (20 × 106) were 

lysed in lysis buffer (500 μL; 50 mM Tris-Cl at pH 8.0, 150 mM NaCl, 10% glycerol, and 

0.5% triton-X100) containing 1× protease inhibitor cocktail (GenDEPOT) at 4 °C for 30 min 

with rotation. The supernatant was collected using centrifugation at 13.2 × 103 rpm for 10 

min at 4 °C. Prior to immunoprecipitation, anti-FLAG agarose beads (20 μL bead slurry) 

were washed with cold TBS (tris buffered saline; 20 mM Tris-Cl at pH 8.0, 150 mM NaCl) 

two times with spinning at 5000 rcf for 1 min at 4 °C. Wild type or mutant HDAC proteins 

were immunoprecipitated using the prewashed anti-FLAG agarose beads by incubating at 

4 °C overnight with rotation. For inhibitor competition experiments, SHI-1:2 (10 μM in lysis 

buffer) or tubastatin (10 μM in lysis buffer) was included during immunoprecipitation. After 

immunoprecipitation, beads were washed three times with lysis buffer (1 mL), and bound 

proteins were eluted by incubating for 30 min at 4 °C using 3× FLAG peptide (APEXBIO; 

50 μL; 0.25 mg mL−1 in TBS). The eluted proteins were mixed with 4× SDS loading dye 

(25 μL; 100 mM Tris-Cl at pH 6.8, 4% SDS, 20% glycerol, 0.008% bromophenol blue, and 

10% v/v β-mercaptoethanol), separated by 10% SDS-PAGE, and visualized with Sypro 

Ruby total protein stain (Molecular Probes) according to the manufacturer’s instructions.
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Mass Spectrometric Analysis

To identify proteins bound to the HDAC1 mutant, LC-MS/MS analysis was performed. Gel 

bands corresponding to p100 (from three independent trials) or p55 and p38 (from two 

independent trials) were excised from the Sypro Ruby stained gel, washed with destaining 

buffer (50 μL; 1:1 (v/v) acetonitrile/50 mM ammonium bicarbonate in water) for 15 min at 

RT, and dehydrated in acetonitrile (50 μL). The gel pieces were incubated (rehydrated) with 

50 mM ammonium bicarbonate (50 μL). After rehydrating for 5 min, an equal volume (50 

uL) of acetonitrile was added. Gel pieces were incubated at RT for 15 min and dehydrated 

again in acetonitrile (50 μL). Following removal of the acetonitrile, gel slices were dried 

using a speedvac concentrator (ThermoSavant). Then, gel pieces were swelled with reducing 

buffer (100 μL; 50 mM TCEP in 25 mM ammonium bicarbonate) for 10 min at 37 °C. After 

incubation, reducing buffer was removed and gel slices were mixed with alkylation buffer 

(100 μL; 55 mM iodoacetamide in 25 mM ammonium bicarbonate) for 1 h at RT in the dark 

while shaking. Then, gel pieces were washed two times with destaining buffer (50 μL) for 5 

min at RT, dehydrated with acetonitrile (50 μL), and dried. To digest proteins, gel slices were 

incubated in the digestion buffer (50 μL; 20 ng/μL trypsin in 40 mM ammonium bicarbonate 

and 9% acetonitrile) overnight at 37 °C. The resultant digest solution was removed and 

tranferred to a new tube. The remaining proteins in the gel pieces were extracted using 

extraction buffer (50 μL; 50% acetonitrile and 0.2% formic acid). The peptides in the 

combined digestion and extraction solutions were dried and stored at −20 °C in preparation 

for LC-MS/MS analysis at the Wayne State University and Karmanos Cancer Center 

Proteomics Core facility.

Dried peptides were resuspended in a solution of 5% acetonitrile, 0.1% formic acid, and 

0.005% trifluoroacetic acid. Samples were separated by ultra high pressure reverse phase 

chromatography using an Acclaim PepMap RSLC column and an Easy nLC 1000 UHPLC 

system (Thermo). Peptides were analyzed with a Q-Exactive mass spectrometer (Thermo) 

with a 70 000 resolution MS1 scan over 375–1600 m/z, followed by 17 500 resolution MS2 

scans using a 1.6 m/z window and 29% normalized collision energy for HCD on the top 15 

ions. Dynamic exclusion was turned on (15 s). Peak lists were generated with Proteome 

Discoverer (ver 1.4; Thermo), and peptides scored using Mascot (ver 2.4; Matrix Science) 

and SEQUEST. The search parameters included parent and fragment ion tolerances of 10 

ppm and 0.02 Da, respectively, fixed modification of +57 on C (carbamidomethylation), 

variable modifications of +16 on M (oxidation) and +80 on STY (phosphorylation), and a 

tryptic digest with up to two missed cleavages. MS2 spectra were searched against a 

consensus human protein database from UniProt and simultaneously against a scrambled 

database to calculate the false discovery rate (FDR). Results were imported into Scaffold 

(ver 4.3; Proteome Software). Protein identification was considered to be positive if at least 

one unique peptide was scored as ≤1% FDR, and the protein threshold was ≤1% FDR (Table 

S1).

LSD1 Validation

For LSD1 validation, trapping experiments were performed as described above, with 

SHI-1:2 used as an immunoprecipitation competitor. Eluted proteins were separated by 10% 
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SDS-PAG, transferred to a PVDF membrane (Immobilin P), and immunoblotted with LSD1 

and FLAG antibodies.

LSD1 Acetylation Assessment

The FLAG-tagged LSD1 expression plasmid was transfected into HEK293 cells (20 × 106) 

and grown for 48 h. After 48 h, cells were incubated without (growth media containing <2% 

DMSO) or with SHI-1:2 (10 μM in growth media containing <2% DMSO) or SAHA (10 μM 

in growth media containing <2% DMSO) for another 24 h, harvested, and lysed as described 

earlier. FLAG-tagged LSD1 was immunoprecipitated using prewashed anti-FLAG agarose 

beads (20 μL bead slurry) at 4 °C overnight with rocking. After immunoprecipitation, beads 

were washed three times with lysis buffer (1 mL), and bound proteins were eluted using 4 × 

SDS loading dye (25 μL), separated by 10% SDS-PAGE, transferred to a PVDF membrane 

(Immobilon P), and immunoblotted with the FLAG and acetyllysine antibodies.

Deacetylation Assays

For in vitro deacetylation assays, recombinant LSD1 (gift from Dr. Ryuji Hamamoto)54 was 

subjected to chemical acetylation using acetic anhydride. Recombinant LSD1 (20 μg) was 

incubated with acetic anhydride (0.2 mM) in ammonium bicarbonate buffer (50 mM, pH 

7.0) containing 0.002% methanol (100 uL total volume) for 1 h at RT. Excess acetic 

anhydride was removed using centriprep columns (3 kDa molecular weight cutoff, Amicon 

Ultra). Acetylated LSD1 was then used in in vitro deacetylation assays. Prior to the addition 

of acetylated LSD1, recombinant HDAC1 (4 μg, BPS Biosciences) was first incubated 

without (2% DMSO) or with SAHA (1 mM in 2% DMSO) in the HDAC assay buffer (50 

uL; 50 mM Tris-Cl at pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2) for 1 h at 37 °C 

while shaking at 400 rpm. After the preincubation period, acetylated recombinant LSD1 (1 

μg) was incubated with HDAC1 with or without SAHA for another 2.5 h at 37 °C while 

shaking at 400 rpm. A negative control without HDAC1 contained recombinant LSD1 (1 μg) 

resuspended in HDAC asssay buffer (48 uL) only. The reactions were stopped by adding 4 × 

SDS loading dye (10 μL), and the reaction mixture was separated by 10% SDS-PAGE, 

transferred to a PVDF membrane (Immobilin P), and immunoblotted with acetyl lysine, 

LSD1, and HDAC1 antibodies.

For in cellulo deacetylation assays, pBJ5 expression constructs of wild type or C151A 

mutant HDAC1 were cotransfected with the pCAGG construct of FLAG tagged LSD1 into 

HEK293 cells, as described, and grown for 48 h. For the HDAC negative control, FLAG-

tagged LSD1 alone was overexpressed in HEK293. After the 48 h growth period, cells were 

incubated with SAHA (10 μM in growth media containing <2% DMSO) for another 24 h, 

before harvesting and lysis, as described. FLAG-tagged HDAC1 and LSD1 proteins were 

immunoprecipitated using prewashed anti-FLAG agarose beads (25 μL bead slurry) at 4 °C 

overnight with rocking. Bound beads were washed three times with lysis buffer (1 mL), and 

bound proteins were eluted using 3 × FLAG peptide, as described, separated by 10% SDS-

PAGE, transferred to a PVDF membrane (Immobilin P), and immunoblotted with acetyl 

lysine and FLAG antibodies.
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In Vitro Demethylation Assay

The pCAGGs-LSD1-FLAG construct was transfected into HEK293 cells (20 × 106) and 

grown for 48 h, as described. A negative control reaction was also performed where no 

expression construct was present for the transfection. After 48 h, cells were incubated 

without HDAC inhibitor (growth media containing <2% DMSO) or with SHI-1:2 (10 μM in 

growth media containing <2% DMSO) or SAHA (10 μM in growth media containing <2% 

DMSO) for another 24 h, harvested, and lysed, as described earlier. FLAG-tagged LSD1 

protein was immunoprecipitated using prewashed anti-FLAG agarose beads (20 μL bead 

slurry) at 4 °C overnight with rocking. After washing three times with lysis buffer (1 mL), 

beads were divided into two halves. One half of the immunoprecipitate was used for in vitro 
demethylation assays using the LSD1 fluorometric drug discovery kit according to the 

manufacturer’s instructions (Enzo Life Sciences). The other half was eluted using 2 × SDS 

loading dye (25 uL; 50 mM Tris-Cl at pH 6.8, 2% SDS, 10% glycerol, 0.004% bromophenol 

blue, and 10% v/v β-mercaptoethanol), separated by 10% SDS-PAGE, and immunoblotted 

with FLAG antibody. The fluorescence signal from the demethylation assay was background 

corrected using a reaction with all the components except the LSD1 enzyme. Then, the 

background-corrected signal of each sample was normalized to LSD1 immunoprecipitated 

from untreated cells (no inhibitor, set to 100%). The mean and the standard error from at 

least three independent trials are shown in Figure S17.

In Cellulo Demethylation Assay

HEK293, HeLa, and MCF7 cells were treated with HDAC inhibitors for 24 h. For HEK293 

and HeLa, SHI-1:2 or SAHA were used at a 10 μM concentration in <2% DMSO, whereas 5 

μM in <2% DMSO was used with MCF7. For the no inhibitor control, cells were treated 

with <2% DMSO only. After the 24 h incubation period, cells were harvested and lysed, as 

described, before lysates (50 μg) were mixed with 4 × SDS loading dye (3 μL), separated by 

12% SDS-PAGE, transferred to a PVDF membrane (Immobilon P), and immunoblotted with 

H3K9ac, H3K4me2, H3K9me2, H3, and GAPDH antibodies.

Coimmunoprecipitation

For coimmunoprecipitation experiments using overexpressed LSD1 protein, pCAGGs-

LSD1-FLAG was transfected into HEK293 cells and grown for 48 h, as described. Cells 

were subsequently treated without inhibitor (<2% DMSO in growth media), or with SHI-1:2 

(10 μM in growth media containing <2% DMSO) or SAHA (10 μM in growth media 

containing <2% DMSO) for an additional 24 h. Cells were lysed as described before 

proteins were immunoprecipitated using prewashed anti-FLAG agarose beads (20 uL bead 

slurry) overnight at 4 °C with rocking. For endogenous LSD1 coimmunoprecipitation 

experiments, HEK293 or HeLa cells were treated with SHI-1:2 (10 μM in growth media 

containing <2% DMSO) or SAHA (10 μM in growth media containing <2% DMSO) for 24 

h before harvesting and lysis. Cell lysates were then incubated with LSD1 antibody (5 μg) at 

4 °C for 1 h and then further incubated with prewashed protein A/G plus agarose beads (20 

μL bead slurry) overnight at 4 °C. Bound proteins were washed three times with lysis buffer 

(1 mL) and eluted using 4 × SDS loading dye (25 μL), separated by 10% SDS-PAGE, 
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transferred to a PVDF membrane (Immobilon P), and immunoblotted with acetyllysine, 

FLAG, CoREST, LSD1, H3, H3K4me2, and GAPDH antibodies.

Identification of Acetylated Lysines in LSD1

To identify acetylated lysines on LSD1 that are regulated by HDAC1, HEK293 cells at 60% 

confluency (20 × 106) were transfected with the pCAGGs-LSD1-FLAG plasmid and allowed 

to grow for 48 h. After the 48 h recovery period, cells were treated without (growth media 

containing <2% DMSO) or with SHI-1:2 (10 μM in growth media containing <2% DMSO) 

or SAHA (10 μM in growth media with <2% DMSO) for an additional 24 h before 

harvesting and washing, as described. Cells were lysed as described, and LSD1 was 

immunoprecipitated using prewashed anti-FLAG agarose beads (25 uL bead slurry), 

separated by SDS-PAGE (10%), and visualized by Sypro Ruby total protein stain (Molecular 

Probes) according to the manufacturer’s instructions. Bands corresponding to LSD1 were 

excised from the gel and subjected to in-gel trypsin digestion, as described above. Peptides 

were analyzed with an Orbitrap Fusion mass spectrometer (Thermo) with a 120 000 

resolution MS1 scan over 375–1600 m/z, followed by 30 000 resolution MS2 scans using a 

1.6 m/z window and 30% normalized collision energy for CID. Dynamic exclusion was 

turned on (20 s). Peak lists were generated with Proteome Discoverer (ver 1.4; Thermo) and 

peptides scored using Mascot (ver 2.4; Matrix Science) and SEQUEST. The search 

parameters included parent and fragment ion tolerances of 10 ppm and 0.6 Da, respectively, 

a fixed modification of +57 on C (carbamidomethylation); variable modifications of +16 on 

M (oxidation), + 1 on NQ (deamidation), and +42 on K (acetylation); and a tryptic digest 

with up to two missed cleavages. MS2 spectra were searched against a consensus human 

protein database from UniProt and simultaneously against a scrambled database to calculate 

the false discovery rate (FDR). Results were imported into Scaffold (ver 4.3; Proteome 

Software). Protein identification was considered to be positive if at least one unique peptide 

was scored as ≤1% FDR, and the protein threshold was ≤1% FDR (Table S2).

RT-PCR

Wild type or K374R mutant pCAGGs-LSD1-FLAG plasmids were transfected separately 

into HEK293 cells (20 × 106) and grown for 48 h. A negative control reaction was also 

performed where no expression construct was present for the transfection (NT: not 

transfected). Following the 48 h growth period, cells were incubated without (growth media 

containing <2% DMSO) or with SHI-1:2 (10 μM in growth media containing <2% DMSO) 

for an additional 24 h. RNA was isolated using a Trizol plus RNA purification kit 

(Invitrogen). Then, the RNA (1 μg) was used to synthesize cDNA using a first strand cDNA 

synthesis kit (NEB). A real time PCR reaction (20 μL) included cDNA (50 ng), forward and 

reverse primers (0.5 μM), and SYBR green reagent (1×, Applied Biosystems). PCR was 

performed on a FAST 7500 instrument (Applied biosystems). Gene specific primers for 

SCN2A, SCN3A, and GAPDH are listed here (SCN2A forward primer, 5′-GAT GAG GAT 

GAT GAA AAT GGC-3′; SCN2A reverse primer, 5′-CTA ATT TTC TAA TAG GGT TGA 

AGG G-3′; SCN3A forward primer, 5′-CAC CAC TTC CTA CTT TAA TGG CA-3′; 
SCN3A reverse primer, 5′-AAA TAG AGA CAG GAA AGC CCA G-3′; GAPDH forward 

primer, 5′-GAA GGT GAA GGT CGG AGT C-3′; GAPDH reverse primer, 5′-GAA GAT 

GGT GAT GGG ATT TC-3′).32 Expression values were normalized to the GAPDH control, 
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and fold change was calculated compared to DMSO treated wild type LSD1, which was set 

to 1.0. The mean and the standard error from at least three independent trials are shown in 

Figures 6 and S19.

Statistical Analysis

All the data were presented as mean ± standard error from at least three independent trials. A 

one way ANOVA test was used to compare the data sets using GraphPad Prism software 

(version 5.01).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Substrate trapping by HDAC1 mutants in HEK293 cells. (A) Catalytically active wild type 

(WT) HDAC1 binds substrates transiently. (B) Inactive HDAC1 mutants (MT) bind more 

stably, which allows immunoprecipitation and identification of novel substrates. (C) After 

immunoprecipitation, bound proteins were analyzed by SDS-PAGE. Protein bands present 

only in the mutant HDAC1 (MT) could be potential substrates (see arrows), which was 

further confirmed by using an active site HDAC inhibitor (Inh) as a competitor. (D) Wild 

type (WT) or C151A mutant HDAC1 were expressed as Flag-tagged proteins in SAHA-

treated HEK293 cells, immunoprecipitated with anti-Flag agarose in the absence or presence 

of SAHA, separated by 10% SDS-PAGE, and visualized with Sypro Ruby total protein stain. 

Arrows indicate immunoprecipitated HDAC1 along with possible substrates (p38, p55, and 

p100) observed in the absence but not presence of competitive active site inhibitor.
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Figure 2. 
LSD1 is a substrate of HDAC1. (A) Wild type (WT) or C151A HDAC1 were expressed as 

Flag-tagged fusion proteins in HEK293 cells, and then cells were treated with 10 μM SAHA 

for 24 h prior to harvesting. After lysis, FLAG-tagged wild type and mutant HDAC1 were 

immunoprecipitated with anti-Flag agarose in the presence or absence of 10 μM SHI-1:2, 

separated by SDS-PAGE, and immunoblotted with LSD1 and FLAG antibodies. (B) 

HEK293 cells were transfected with the LSD1-FLAG expression construct and grown for 48 

h. Then, 10 μM SHI-1:2 or 10 μM SAHA was added for another 24 h. Cells were harvested 

and FLAG-LSD1 was immunoprecipitated with anti-FLAG agarose beads. 

Immunoprecipitates were analyzed by Western blotting with FLAG and acetyl lysine 

antibodies. (C) Acetylated recombinant LSD1 was incubated with or without recombinant 

HDAC1 and SAHA for 2.5 h at 37 °C, separated by SDS-PAGE, and analyzed with AcLys, 

HDAC1, and LSD1 antibodies. (D) Quantification of the AcLys LSD1 signal from part C. 

Three independent trials are shown as mean ± standard error in Figure S15A and B. The 

LSD1-FLAG blot (bottom) was used as a loading control, and quantification is shown in 

Figure S15C and D. ***p < 0.001, **p < 0.01, ns: not significant. (E) FLAG-tagged wild 

type (WT) or C151A mutant HDAC1 were cotransfected with FLAG-tagged wild type 

LSD1 into HEK293 cells. Both FLAG tagged proteins were immunoprecipitated using anti-

FLAG agarose beads, separated by SDS-PAGE, and immunoblotted with acetyl lysine 

(AcLys) and FLAG antibodies. (F) Quantification of the AcLys LSD1 signal from part E. 
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Three independent trials are shown as mean ± standard error in Figure S16A and B. LSD1 

blot was used as a loading control, and quantification is shown in Figure S16C and D. ***p 
< 0.001, ns: not significant.
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Figure 3. 
HDAC inhibitors increased H3K4 dimethylation. HEK293 (A), MCF7 (B), or HeLa (C) 

cells were treated with 10 μM SHI-1:2 or 10 μM SAHA for 24 h, harvested, and lysed before 

proteins were separated by SDS-PAGE and immunoblotted with LSD1, H3, H3K4me2, 

H3K9me2, H3K9ac, or GAPDH antibodies.
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Figure 4. 
Acetylation of LSD1 induced LSD1/H3 interaction. (A) LSD1-FLAG was overexpressed in 

HEK293 before cells were treated with HDAC inhibitors to induce acetylation. Cells were 

harvested and lysed, with LSD1-bound proteins immunoprecipitated with anti-FLAG 

agarose beads. Immunoprecipitates were analyzed by Western blotting with FLAG, acetyl 

lysine, H3, H3K4me2, H3K9me2, CoREST, and GAPDH antibodies. (B,C) HEK293 cells 

(B) or HeLa cells (C) were treated with HDAC inhibitors, harvested, and lysed before 

endogenous LSD1 was immunoprecipitated. Western blotting was performed with LSD1, 

H3, H3K4me2, and GAPDH antibodies. GAPDH was used as a loading control in all 

experiments.
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Figure 5. 
Acetylation at K374 altering the LSD1/H3 interaction. (A) Crystal structure of LSD1 

(2V1D, green) bound to histone H3 (red spheres) and FAD (dark blue), with dimethylated 

lysine 4 of H3 (pink) shown. K364 (light blue) is solvent-exposed and present in the Sα1 

helix (yellow) of the substrate binding lobe. (B,C) FLAG-tagged wild type or K374R mutant 

LSD1 were transfected into HEK293 cells, and cells were treated with HDAC1/2 selective 

inhibitor SHI-1:2 or broad inhibitor SAHA. LSD1-FLAG was immunoprecipitated with a 

FLAG antibody and subjected to SDS-PAGE separation and immunoblotting with the 

indicated antibodies.
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Figure 6. 
Acetylation of LSD1 at K374 altered expression of target genes. HEK293 cells were not 

transfected (NT) or transfected with WT or K374R mutant LSD1-FLAG, treated with either 

DMSO (column 2) or SHI-1:2 (columns 3 and 4), and lysed, before RNA was isolated from 

cells, converted to cDNA, and then used as the template in PCR reactions using gene 

specific primers for SCN2A (A), SCN3A (B), and GAPDH genes. Fold change was 

calculated compared to DMSO treated WT LSD1 transfected sample, which was normalized 

to 1.0 (column 2). Relative mRNA expression was calculated from four independent trials 

with mean and standard error shown in Figure S19. **p < 0.01, ***p < 0.001, ns: not 

significant.
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Figure 7. 
Schematic model depicting the combined activities of HDAC1 and LSD1 on gene 

expression and tumorigenesis. (A) In cancer cells, HDAC1 activity is elevated to deacetylate 

LSD1, which leads to proper binding and demethylation of H3 at lysine 4 (H3K4) to repress 

target genes and promote tumorigenesis. HDAC1 also mediates gene repression through 

deacetylation of H3 at lysine 9 (H3K9) and lysine 14 (H3K14). (B) HDAC inhibitors 

enhance LSD1 acetylation, leading to reduced LSD1 activity, elevated H3K4 methylation, 

and derepression of target genes to inhibit tumorigenesis. HDAC inhibitors also promote 

acetylation of H3K9 and H3K14 to reactivate gene expression.
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