Downloaded from genome.cshlip.org on June 22, 2026 . Published by Cold Spring Harbor Laboratory Press

KDM1A maintains genome-wide homeostasis of transcriptional
enhancers

Saurabh Agarwal, Katherine M. Bonefas, Patricia M. Garay, et al.

Genome Res. 2021 31: 186-197 originally published online January 7, 2021
Access the most recent version at doi:10.1101/gr.234559.118

References This article cites 86 articles, 16 of which can be accessed free at:
http://genome.cshlp.org/content/31/2/186.full.html#ref-list-1

Creative This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the
Commons first six months after the full-issue publication date (see

License http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it is available under
a Creative Commons License (Attribution-NonCommercial 4.0 International), as
described at http://creativecommons.org/licenses/by-nc/4.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

CRISPR and RNAI Genetic Screening. | LEARN :
Your new superpower. MORE sty

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

© 2021 Agarwal et al.; Published by Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.234559.118
http://genome.cshlp.org/content/31/2/186.full.html#ref-list-1
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.234559.118&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.234559.118.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 22, 2026 . Published by Cold Spring Harbor Laboratory Press

Research

KDMIA maintains genome-wide homeostasis
of transcriptional enhancers

Saurabh Agarwal,’? Katherine M. Bonefas,> Patricia M. Garay,> Emily Brookes,*
Yumie Murata-Nakamura,? Robert S. Porter,” Todd S. Macfarlan,” Bing Ren,’
and Shigeki Iwase?

" Ludwig Institute for Cancer Research, Department of Cellular and Molecular Medicine, University of California, San Diego School of
Medicine, La Jolla, California 92093-0653, USA; 2 Department of Human Genetics, University of Michigan, Ann Arbor, Michigan
48109, USA; 3Neuroscience Graduate Program, The University of Michigan Medical School, Ann Arbor, Michigan 48109, USA;
?Division of Newborn Medicine, Boston Children’s Hospital, and Department of Cell Biology, Harvard Medical School, Boston,
Massachusetts 02115, USA; * Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes
of Health, Bethesda, Maryland 20892, USA

Transcriptional enhancers enable exquisite spatiotemporal control of gene expression in metazoans. Enrichment of mono-
methylation of histone H3 lysine 4 (H3K4mel) is a major chromatin signature of transcriptional enhancers. Lysine (K)-spe-
cific demethylase 1A (KDMIA, also known as LSDI1), an H3K4me2/ mel demethylase, inactivates stem-cell enhancers during
the differentiation of mouse embryonic stem cells (mESCs). However, its role in undifferentiated mESCs remains obscure.
Here, we show that KDMIA actively maintains the optimal enhancer status in both undifferentiated and lineage-committed
cells. KDMIA occupies a majority of enhancers in undifferentiated mESCs. KDMIA levels at enhancers exhibit clear positive
correlations with its substrate H3K4me2, H3K27ac, and transcription at enhancers. In Kdmla-deficient mESCs, a large frac-
tion of these enhancers gains additional H3K4 methylation, which is accompanied by increases in H3K27 acetylation and
increased expression of both enhancer RNAs (eRNAs) and target genes. In postmitotic neurons, loss of KDMIA leads to
premature activation of neuronal activity-dependent enhancers and genes. Taken together, these results suggest that
KDMIA is a versatile regulator of enhancers and acts as a rheostat to maintain optimal enhancer activity by counterbalanc-

ing H3K4 methylation at enhancers.
[Supplemental material is available for this article.]

Transcriptional enhancers were discovered as potent gene regula-
tory elements that act independently of the distance and orienta-
tion to the target promoters (Banerji et al. 1981; Moreau et al.
1981). Cell type-specific and temporally controlled gene expres-
sion programs rely on coordinated actions of transcriptional en-
hancers (Bulger and Groudine 2011; Levine et al. 2014).
Numerous studies have revealed mechanisms of how enhancers
induce changes in gene expression (for review, see Long et al.
2016). Numerous genetic variants associated with various human
traits have been observed at enhancers, implicating their impor-
tance in normal physiology and disease pathogenesis (Maurano
et al. 2012; Smith and Shilatifard 2014; Vallianatos et al. 2018).
Genome-wide identification of potential enhancer elements has
been facilitated by profiling (1) binding of pioneer transcription
factors (TFs), (2) chromatin accessibility, and (3) patterns of his-
tone modifications (for review, see Ren and Yue 2015).
Monomethylation of histone H3 lysine 4 (H3K4me1l) can distin-
guish enhancers from promoters (Heintzman et al. 2007, 2009).
In response to various environmental and developmental cues,
TFs bind to specific DNA elements (Zaret and Carroll 2011; Spitz
and Furlong 2012), and subsequent recruitment of methyltransfer-
ases KMT2C and KMT2D (also known as MLL3 and MLL4) primes
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the enhancers with H3K4mel (Herz et al. 2012; Hu et al. 2013; Lee
et al. 2013). Changes in the epigenetic landscape further deter-
mine the identity of enhancers as either active or poised through
the acetylation or trimethylation of histone H3 lysine 27
(H3K27ac or H3K27me3), respectively (Creyghton et al. 2010;
Rada-Iglesias et al. 2011).

Two H3K4 demethylases, KDM1A (also known as LSD1) and
KDMSC (also known as SMCX), play critical roles in the regulation
of enhancers (Whyte et al. 2012; Outchkourov et al. 2013;
Respuela et al. 2016; Shen et al. 2016; Cao et al. 2018). While
KDMSC removes H3K4me3/2, leaving H3K4mel intact (Iwase
et al. 2007; Tahiliani et al. 2007), KDM1A can demethylate only
H3K4me2/1 (Shi et al. 2004). The substrate specificities imply
that these two H3K4 demethylases may cooperate to generate
and/or maintain the balance of the H3K4 methylation landscape
at different classes of enhancers. During the differentiation of
mouse embryonic stem cells (mESCs), KDM1A-mediated removal
of H3K4mel/me2 decommissions stem-cell enhancers (Whyte
etal. 2012; Respuela et al. 2016). The failure of this process contrib-
utes to aberrant stem-cell-like gene expression patterns, as ob-
served in embryonal carcinoma cells (AlAbdi et al. 2020).
Artificial tethering of KDM1A to active enhancers via TALEN or
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Homeostatic regulation of enhancers by KDMIA

CRISPR-dCas9 impairs enhancer activity (Mendenhall et al. 2013; Next, we identified putative enhancers in mESCs. We fol-
Kearns et al. 2015). In the present study, we investigated the roles lowed studies that had utilized a high H3K4mel:me3 ratio
of KDM1A in undifferentiated mESCs and postmitotic neurons to (Heintzman et al. 2007; Creyghton et al. 2010), DHS, and bind-
gain deeper insights into the dynamics of H3K4 methylation un- ing by CBP/EP300 (Visel et al. 2009; Zentner et al. 2011) to distin-
derlying the regulation of enhancers. guish enhancers from promoters. As H3K4me2 decorates both

promoters and enhancers (He et al. 2010) and exhibits sharper

peaks than H3K4me1l, we included our H3K4me2 data to increase
Results the sensitivity and precision of enhancer mapping. Whereas pro-
. . . moters are associated with stable transcripts (Core et al. 2014), ac-
KDMIA levels positively correlate with H3K4 methylation tive enhancers are associated with the expression of enhancer
at mESC enhancers RNA transcripts (eRNAs) (De Santa et al. 2010; Kim et al. 2010;
We started by examining the genome-wide distribution of KDM1A Core et al. 2014), which are short-lived due to exosome-mediated
at various regulatory elements in mESCs. We analyzed the previ-  degradation (Wyers et al. 2005; Preker et al. 2008; De Santa et al.
ously published ChIP-seq data sets of KDM1A (Whyte et al. 2010). Global Run-On (GRO)-seq (Core et al. 2008) facilitates a
2012), EP300 (Shen et al. 2012; Buecker et al. 2014), CTCF sensitive and quantitative evaluation of transcriptionally engaged
(Handoko et al. 2011; Shen et al. 2012), DNase I hypersensitivity RNA polymerase molecules and thus serves as an indirect mea-

(DHS) (Neph et al. 2012), and other histone modifications sure of nascent transcription at promoters and enhancers, irre-
(Supplemental Table S1). EP300, a histone acetyltransferase, occu- spective of the subsequent stability of the transcripts (Core
pies both promoters and enhancers (Wang et al. 2005; Heintzman et al. 2014). Therefore, we employed a high ratio of GRO-seq:
et al. 2007), whereas CTCF anchors chromatin loops (Ghirlando RNA-seq signals to refine the prediction of enhancers in
and Felsenfeld 2016) and insulating domains (Kim et al. 2007; mESCs. We focused on only intergenic enhancers as we found

Dixon et al. 2012; Hnisz et al. 2016). By examining the overlaps it difficult to differentiate eRNAs from gene-coding and promot-
of KDM1A, EP300, CTCF peaks, and DHS sites, we found that er-upstream (Preker et al. 2008) transcripts. In summary, inter-
most of the KDM1A peaks overlapped DHS sites (86.3%) and genic enhancers were defined as +500-base regions around
were present at a majority of EP300 binding sites (70.5%) (Fig. EP300/DHS summits with (1) H3K4mel enrichment (RPKM>1
1A; Supplemental Fig. S1). In contrast, only 7.9% of KDM1A peaks and ChIP:Input> 1.5), (2) H3K4me3 lower than either
were found at non-EP300 CTCF-binding sites (Fig. 1A). A higher H3K4mel or H3K4me2, (3) a low rate of transcription (RNA-seq
degree of overlap of KDM1A with EP300 compared with CTCF- FPKM <0.5), (4) a GRO-seq:RNA-seq ratio> 5, and (5) a high aver-

only sites was observed at the promoter, genic, and intergenic re- age mappability to exclude repetitive regions. This pipeline pre-
gions (Supplemental Fig. S1), indicating that KDM1A occupies a dicted 22,047 intergenic enhancers in mESCs (Supplemental
large fraction of promoters and enhancers in mESCs. Table S2).

B Categorization of intergenic enhancers based on H3K4me2/H3K4me1 ratio
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Occupancies of various classes of intergenic enhancers by KDM1A

OBound by KDM1A High H3K27me3 High H3K27ac High H3K9ac

Figure 1. KDMTA occupies a large fraction of enhancers in mESCs. (A) Overlap of binding sites of EP300, CTCF, and KDM1A in mESCs. (B) Intergenic
enhancers were divided into quartiles (Q1-Q4) based on the enrichment of H3K4me?2 relative to H3K4me1 (left panel). Box plots show the enrichment of
the indicated histone modifications, KDM1A, and EP300, as measured using ChIP-seq and eRNA levels (GRO-seq, nuclear RNA-seq, and RNA-seq) at each
quartile of the intergenic enhancers. Levels of KDM1A show positive correlations with increases in H3K4me2 and eRNA expression from Q1 to Q4. In all
figures, the bottom and top boxes signify the second and third quartiles, respectively, and the middle band represents the median of the population.
Whiskers represent 1.5 times the interquartile range (IQR), and the notch represents the 95% confidence interval of the median. (C) The percentage of
intergenic enhancers with KDM1A peaks. (D,E) Active, poised, and intermediate enhancers were classified based on the enrichment of either trimethylation
or acetylation of H3K27 (D) or H3K9 (E). KDM1A occupancy at enhancers increases with higher enhancer activity.
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To examine the relationship between KDM1A binding and
chromatin states at enhancers, we subdivided the 22,047 predicted
intergenic enhancers into quartiles (Q1-Q4) based on the enrich-
ment of H3K4me2 relative to H3K4mel (Fig. 1B). Similar to the
previous observation in K562 cells (Core et al. 2014), H3K4me2
levels correlated positively with eRNA levels, as measured by
GRO-seq, nuclear RNA-seq, and RNA-seq (Fig. 1B). Acetylation
of H3K9 and H3K27 and production of eRNA are signatures of
active enhancers (Creyghton et al. 2010; Rada-Iglesias et al.
2011; Ren and Yue 2015). Consistently, enhancers with higher
H3K4me2/mel ratios displayed higher acetylation levels of H3K9
and H3K27 relative to trimethylation (Supplemental Fig. S2).

We then determined the extent of KDM1A binding across
various enhancer classes and found that KDM1A binds to a large
fraction (63.2%) of the predicted 22,047 enhancers (Fig. 1C). As
an H3K4mel/me2 demethylase, KDM1A can be expected to occu-
py enhancers with low H3K4me1l/me2 and low eRNA expression.
However, KDM1A levels correlated positively with both H3K4me2
and eRNA levels (Fig. 1B; Supplemental Figs. S3, S4A). KDM1A lev-
els showed the highest correlations with its primary substrate,
H3K4me2 (r=0.627) (Supplemental Fig. S4B) and with H3K27ac
(r=0.604), followed by H3K4mel (r=0.5745) and H3K4me3 (r=
0.486). In contrast, H3K27me3 and H3K9me3 levels were inversely
correlated with KDM1A levels (Supplemental Fig. S4B). We also
classified the intergenic enhancers into poised, active, and inter-
mediate enhancers based on their H3K27me3 and H3K27ac levels
(Rada-Iglesias et al. 2011) or H3K9me3 and H3K9ac levels (Zentner
et al. 2011). We found that KDM1A occupies substantial fractions
of each class with increased occupancy of active enhancers com-
pared with other classes (Fig. 1D,E). Similarly, we observed positive
correlations between the levels of KDM1A, EP300, and permissive
histone modifications at promoters and transcriptional levels of
the genes (Supplemental Fig. S5).

KDM1A rarely showed binding to lineage-specific enhancers
that were not bound by TFs in mESCs, indicating that KDM1A is
predominantly recruited to TF-bound enhancers and may not be
involved in active silencing of lineage-specific enhancers in
mESCs (Supplemental Figs. S6, S7; Supplemental Note 1).
KDM1A interacts with POUSF1 (Pardo et al. 2010; van den Berg
et al. 2010; Ding et al. 2012; AlAbdi et al. 2020). Consistently,
we found that a majority (68.6%) of the KDM1A-bound mESC en-
hancers contained recognition sequences for the three pluripo-
tency TFs: POUSF1, SOX2, and NANOG (Supplemental Table S3).

These analyses indicate that KDM1A targets TF-bound en-
hancers with positive correlations to H3K4me2, H3K27/H3K9
acetylation, and eRNA levels.

Loss of KDMIA results in genome-wide increase of enhancer
H3K4 methylation and H3K27 acetylation

The unexpected positive correlation between KDM1A binding and
H3K4me?2 levels at enhancers implies that KDM1A may not be de-
methylating H3K4me2 at enhancers. KDM 1A has been implicated
in the demethylation of H3K9, when it binds to androgen recep-
tors (Metzger et al. 2005; Wissmann et al. 2007), although a later
study reported otherwise (Cai et al. 2014). H3T6 phosphorylation
also interferes with KDM1A-mediated H3K4 demethylation
(Metzger et al. 2010). Alternatively, the positive correlation may re-
flect a negative feedback mechanism, in which KDM1A or associ-
ated proteins search for and bind to genomic regions with high
H3K4me2 and then KDM1A reverses this modification to main-
tain optimal enhancer activity.

To test whether KDM1A is involved in maintaining optimal
levels of H3K4 methylation at enhancers, we investigated the pre-
viously generated Kdm1la gene-trap mESCs (Kdm1a-GT) that lack
KDM1A (Macfarlan et al. 2011). Western blot analysis of WT- or
Kdm1a-GT mESCs did not reveal any detectable differences in total
H3K4mel, H3K4me2, H3K4me3, or H3K27ac levels (Supplemen-
tal Fig. $8). We then performed ChIP-seq to measure H3K4 meth-
ylation levels across the genomes of these two mESCs lines.
Because KDM1A associates with multiple HDAC-containing core-
pressor complexes, including CoREST (Hakimi et al. 2002; Shi
et al. 2005) and NuRD (Wang et al. 2009), we included H3K27ac
and HDAC1 in the ChIP-seq analysis. The spatial distributions of
these histone modifications and HDAC1 appeared highly similar
between the two genotypes at most of the loci. Upon the loss of
KDM1A, however, H3K4 methylations increased significantly at
active, poised, and intermediate enhancers, accompanied by con-
spicuous increases in H3K27ac (Fig. 2A; Supplemental Fig. S9). The
increases in H3K4 methylation and H3K27ac at many of the poised
and intermediate enhancers suggest a shift in their identity toward
active enhancers. HDAC1 levels did not change significantly at
poised enhancers, whereas active and intermediate enhancers
showed a small but significant increase in HDAC1 binding (Fig.
2A; Supplemental Fig. S9B), likely due to either experimental var-
iations or an unknown compensatory mechanism for KDM1A
loss. The inability of HDAC1 to remove H3K27ac in Kdm1a-GT
mESCs is consistent with previous observations that H3K4me in-
terferes with HDAC activity (Lee et al. 2006; Yin et al. 2014). Rep-
resentative genes Pou5f1 (Fig. 2B) and CbIn4 (Fig. 2C), which are
active and poised in undifferentiated mESCs, respectively, showed
higher H3K4 methylation and H3K27ac, as well as higher GRO-seq
signals at both promoters and enhancers in Kdmla-GT mESCs.
These results advocate that KDM1A functions primarily as an
H3K4 demethylase at enhancers and prevents runaway increases
in H3K4me and H3K27ac.

Loss of KDMIA but not KDM5C results in aberrant activation
of transcriptional enhancers in mESCs

KDMSC appears to reside in the same complex as KDM1A and sup-
presses the overactivation of active enhancers in breast cancer cells
(Shen et al. 2016). To elucidate the functional roles of KDM1A and
KDMSC in mESCs, we first performed KDMSC ChIP-seq in mESCs
and identified 113,166 KDM5C-binding sites (MACS2, g<0.05).
Most of the 22,047 predicted intergenic enhancers (78.3%) were
bound by either KDM1A or KDMSC, and 11,483 (52.1%) were
bound by both (Fig. 3A), indicating a broad cooperation between
the two H3K4 demethylases. Next, we generated KdmSc-knockout
(KO) mESCs (Supplemental Fig. S10) and performed GRO-seq on
the Kdm1a-GT and Kdm5c-KO mESCs. To identify misregulated en-
hancers, we calculated the number of GRO-seq reads mapping
within £500 bases of the center of the predicted enhancers and
normalized them against the genome-wide 199,209 EP300/DHS
sites using DESeq (Anders and Huber 2010). Upon the loss of
KDM1A, a large fraction of intergenic enhancers (5471 of
22,047, 24.8%) or enhancers co-occupied by both KDM1A and
KDMSC (3011 of 11,483, 26.2%) showed a significant elevation
in associated GRO-seq transcripts (q<0.05) (Fig. 3B), whereas
only 674 (3.06%) or 543 (4.7%), respectively, displayed a reduced
activity (Fig. 3B). All three enhancer classes displayed a significant
increase in associated nascent transcripts (P<2.27'°, Wilcoxon
signed-rank test) (Fig. 3D). Using the same significance cutoff,
we were unable to identify any misregulated enhancers in
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A Changes in histone modifications and HDAC1 at KDM1A-bound enhancers upon the loss of KDM1A
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Loss of KDM1A results in increases in H3K4 methylation and H3K27 acetylation at enhancers. (A) H3K4me1, H3K4me2, H3K4me3, H3K27ac,

and HDACT1 levels on KDM1A-bound enhancers in WT (gray boxes) and Kdm1a-GT mESCs (red boxes). Enhancers were classified into poised (P), interme-
diate (1), and active (A) enhancers based on the enrichment of either H3K27ac or H3K27me3. Geometric mean of ChIP:Input ratios from the two indepen-
dent ChIP-seq replicates are shown. P-values (p) from Wilcoxon signed-rank tests on log,(Kdm1a-GT/WT) are denoted in blue beneath each panel. n
indicates the number of enhancers in each category. (B) Dysregulation of active enhancers at the Pou5f1 locus. Several enhancers are co-occupied by
EP300 and KDM1A in WT mESCs, some of which show increased H3K4me2, H3K27ac, and GRO-seq signals in Kdm1a-GT mESCs (red vs. gray). (C)
Misregulation of a poised enhancer at the Cbin4 locus. This locus is decorated with a broad H3K27me3 domain and shows elevations in H3K4mel,
H3K4me2, and GRO-seq signals upon the loss of KDM1A. Gray bar: Predicted enhancer, blue bar: significantly up-regulated enhancer in Kdm1a-GT
mESCs compared with WT mESCs based on changes in the GRO-seq signal (see Fig. 3).

Kdm5c-KO mESCs (Fig. 3C; Supplemental Fig. S11; Supplemental
Note 2). These data demonstrate that, in contrast to KDM1A’s crit-
ical requirement, KDMSC is largely dispensable for suppression of
aberrant activation of enhancers in mESCs.

Because GRO-seq is an in vitro transcription assay, we validat-
ed the up-regulation of enhancers in Kdmla-GT mESCs under
physiological conditions by sequencing the total cellular RNAs
(RNA-seq) and nuclear RNAs (nuclear RNA-seq), but neither pro-
vided sufficiently high eRNA signals to call differentially expressed
enhancers, likely due to the aforementioned exosome-mediated
degradation of eRNAs. However, when we evaluated global chang-
es in eRNA levels, RNA-seq and nuclear RNA-seq corroborated our
GRO-seq results (Supplemental Fig. S11).

To elucidate the contributions of KDM1A and its catalytic ac-
tivity to suppression of enhancers, we performed a cDNA comple-
mentation study using Kdm1a-KO mESCs (Kdm1a*/"°*:Cre-ER")
(Supplemental Methods; Wang et al. 2007; Macfarlan et al.
2011). Human KDM1A-WT, or its catalytically hypomorphic mu-
tant, KDM1A-K661A (Lee et al. 2005; Kim et al. 2020), was ex-
pressed at comparable levels in the Kdm1a-KO mESCs (Fig. 3E).
We selected 10 KDM1A-target enhancers that were highly up-reg-
ulated in Kdmla-GT mESCs and measured their eRNAs levels
(eRNA#1 to #10) (Supplemental Table S4) by quantitative reverse
transcription PCR (RT-qPCR). Consistent with the GRO-seq results
in Kdmla-GT mESCs, each tested eRNA exhibited significant
up-regulation in Kdm1a-KO mESCs (Fig. 3F), and KDM1A-WT ex-
pression led to its down-regulation. In comparison, KDM1A-

K661A was less efficient in lowering the levels of six eRNAs
(eRNA#1 to #6, P<0.05, Student’s t-test). The four remaining
eRNAs (#7 to #10) were restored to their normal levels through
the expression of KDM1A-WT or its hypomorphic mutant. These
observations highlight the context-dependent requirements of
KDM1A’s demethylase activity at enhancers (Supplemental
Note 3).

Aberrant changes in enhancer activity are associated with
misregulation of physically interacting genes

To identify genes that physically interact with our set of predicted
enhancers, we utilized the published HiCap data set, a high-resolu-
tion map of promoter-anchored chromatin interactions in mESCs
(Sahlén et al. 2015). For instance, our enhancer prediction identi-
fied an enhancer cluster downstream from Dusp5, and the analysis
of the HiCap data revealed that one of the three individual enhanc-
ers within the cluster appears to interact with the Dusp5 promoter
(Fig. 4A). This enhancer cluster was significantly up-regulated in
Kdm1a-GT mESCs, with pronounced increases in H3K4me2 and
H3K27ac levels and increased Dusp5 transcription (Fig. 4A). A con-
comitant misregulation of enhancers and the anchored gene
was also observed at the aforementioned mir290 cluster
(Supplemental Fig. S12A).

We then categorized the enhancers based on the statistical
significance of their differential expression in the GRO-seq analy-
sis of WT and Kdm1a-GT mESCs: significantly misregulated (q<
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0.05); moderately misregulated (0.05 <g<0.25); unchanged (g>
0.5 and fold-change < 25%), and the rest. We retrieved their target
promoters from the HiCap data set and plotted the changes in
mRNA levels (RNA-seq) (Fig. 4B,C) or rates of nascent transcription
(GRO-seq) (Supplemental Fig. S12B). Generally, the genes associat-
ed with up-regulated enhancers displayed elevated expression lev-
els in Kdm1a-GT mESCs and vice versa (Fig. 4B; Supplemental Fig.
S12B,C), and the genes anchored to the unchanged enhancers did
not exhibit significant changes in expression (Fig. 5B,C). Notably,
the magnitude and statistical significance of the gene expression
changes correlated positively with those of enhancer activity alter-
ations (Supplemental Fig. S12C). Alternatively, when interacting
genes were called based on genomic proximity to the enhancers,

A Co-occupancy of enhancers
by KDM1A and KDM5C

B Changes in GRO-seq signal at common C Changes in GRO-seq signal at common
. enhancers upon the loss of KDM5C

we observed a similar trend (Supplemental Fig. S13). These results
indicate that KDM1A at enhancers plays a vital role in precise tran-
scription of their cognate genes.

KDMIA negatively regulates both pluripotency and
differentiation genes in mESCs

KDM1A promotes the differentiation of mESCs by decommission-
ing enhancers of pluripotency genes (Whyte et al. 2012). However,
its role in undifferentiated mESCs remains elusive. To understand
the biological implications of the loss of KDM1A in mESCs, we
identified genes that are induced or repressed during the differen-
tiation of mESC:s to epiblast stem cells, respectively. DESeq analysis
of the published data set (Acampora et al.
2016) yielded 710 induced and 745 re-
pressed genes (q<0.01, |fold change|>
5.0) (Fig. 5A). Compared with WT
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Figure 3.

Table S4 for details of the enhancers.

Loss of KDM1A but not KDMS5C results in aberrant activation of enhancers. (A) Fractions of
intergenic enhancers bound by KDM1A and/or KDM5C in mESCs. (B,C) Volcano plots of GRO-seq signals
at enhancers bound by both KDM1A and KDM5C from DESeq analyses. Whereas the loss of KDM1A re-
sulted in a large-scale increase in GRO-seq signals at enhancers, the deletion of KDM5C had a minimal
impact. The x-axis and y-axis indicate the log, fold-change and significance, respectively, of differential
expression in WT and mutant mESC lines. (D) Scatterplots of GRO-seq levels at KDM1A-bound poised,
intermediate, and active enhancers. Significantly up-regulated and down-regulated enhancers (g<
0.05, DESeq) are shown in blue and orange, respectively. The LOWESS curve for each class of enhancers
is shown in red. The total number (n) of all, significantly up-regulated, and significantly down-regulated
enhancers in each group are indicated in black, blue, and orange, respectively. Each class of enhancers
shows a significant up-regulation (P<2.27'6, Wilcoxon signed-rank test) in Kdm1a-GT mESCs compared
with WT mESCs. (E) Western blot analysis to validate the re-expression of KDMTA-WT or the hypomor-
phic K661A mutant after inducible Kdm1a-KO in mESCs. (F) eRNA levels measured using RT-gPCR. Mean
+SEM (n=4 biological replicates). (*) P<0.05; Student’s t-test, (n.s.) not significant. See Supplemental

Kdm1a in primary cultures of mouse cor-
tical neurons (CNs) using lentiviral deliv-
ery of a control or two independent short
hairpin RNAs (shRNAs) (Supplemental
Fig. S14A). We employed BrU-seq, a
nascent-RNA  sequencing technique
(Paulsen et al. 2013), which allows an ac-
curate evaluation of nascent transcrip-
tion of both mRNAs and eRNAs. DESeq
analysis of the BrU-seq libraries indicated
a significant misregulation of 1500 genes
(9<0.05, 778 down-regulated and 722
up-regulated). We noted that many
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Figure4. Aberrant changesin enhancer activity are associated with misregulation of physically interacting genes. (A) An example of long-range promot-
er-enhancer interactions (top track) obtained from the mESCs HiCap data set (Sahlén et al. 2015) at the Dusp5 locus. One of the three significantly up-
regulated enhancers (blue bars) interacts with the Dusp5 promoter. Upon the loss of KDM1A, the gene and enhancers show up-regulation of
H3K4me2, H3K27ac, and GRO-seq signals in Kdm7a-GT mESCs (red) compared with WT mESCs (gray). (B) Volcano plots of changes in mRNA levels
(RNA-seq) of genes that physically interact with misregulated enhancers. On the basis of changes in enhancer-associated GRO-seq signals upon the
loss of KDM1A, enhancers were subdivided as significantly up (g<0.05, DESeq), significantly down, moderately up (0.05 <g<0.25), moderately
down, unchanged (g> 0.5 and fold-change < 25%), and the rest. When multiple enhancers showed interactions with a single promoter, the assignment
of the gene to an enhancer subgroup was prioritized in the aforementioned order. The total number of associated genes (n) and P-values (p) from Wilcoxon
signed-rank tests on differences between mRNA levels in Kdm1a-GT and WT mESCs are shown beneath each panel. (C) % test of the association of mis-
regulated enhancers (GRO-seq) with the number of misregulated genes (RNA-seq). Significantly up- or down-regulated enhancers were more likely to
be anchored to promoters of the genes that showed analogous up- or down-regulation in Kdm7a-GT mESCs. (*) P < 0.0001.

well-characterized activity-regulated genes (ARGs) (Kim et al. KD in unstimulated neurons (Fig. 6A). ARGs are expressed at low
2010), including Arc, Fos, Fosb, Npas4, Egr1-4, and Nr4al-3, were levels in resting neurons and are rapidly induced by depolarization
among the most significantly up-regulated genes upon Kdmla- of neurons via sensory inputs. Derepression of this stimulus-
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Figure 5. Both mESC-specific and differentiation genes are up-regulated after KDM1A loss in undifferentiated mESCs. (A) Schematic showing the num-
ber of significantly induced and repressed genes after differentiation of mESCs to epiblast stem cells with Activin A and FGF2 (Acampora et al. 2016). (B,C)
Scatterplots of mRNA levels (B) and levels of nascent transcription (C), as measured using RNA-seq and GRO-seq, respectively, in WT and Kdm1a-GT mESCs.
Number (n) of significantly up-regulated (q <0.05) and down-regulated genes in each category are shown in blue and orange, respectively. Upon the loss
of KDM1A in mESCs, both groups of induced and repressed genes show a significant increase (P<2.27'¢, Wilcoxon signed-rank test) in mRNA levels and
nascent transcription. (D) Elevated transcription of Hmga2 and its nearby enhancers in Kdm1a-GT mESCs. Gray bar: Predicted enhancer, blue bar: signifi-
cantly up-regulated enhancer in Kdm1a-GT mESCs.
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responsive expression program upon Kdm1a-KD inspired us to nar-
row our focus on these inducible genes. Using our previously pub-
lished RNA-seq data set (Iwase et al. 2016), we first identified 140
ARGs induced by KCl-mediated depolarization of cortical neurons.
Both Kdm1a shRNAs led to a spurious induction of many ARGs in
resting neurons (Fig. 6A; Supplemental Fig. S14B,C), indicating
that KDM1A suppresses the premature induction of ARGs in corti-
cal neurons. At the Npas4 locus, we identified three putative en-
hancers upstream of the promoter based on DHS and H3K4mel
enrichment (Fig. 6B). The enhancers appear to be responsive to
membrane depolarization, as they show activity-dependent in-
creases in NPAS4 binding (Kim et al. 2010) and H3K27ac levels
(Malik et al. 2014). Using the published KDM1A ChIP-seq data
from resting and activated CNs (Wang et al. 2016), we observed
that upon neuronal activation, KDM1A occupancy increases at
the three Npas4 enhancers (Fig. 6B) as well as enhancers of several
other ARGs, including Btg2, Fos, Fosb, and Nr4al (Supplemental
Fig. S15). Increased nascent transcription across these enhancers
in Kdm1a-KD neurons indicates that these enhancers are deregu-
lated in the absence of KDM1A (Fig. 6B; Supplemental Fig. S15).

A study reported more than 10,000 putative activity-regulat-
ed enhancers based on increased CBP binding in response to
membrane depolarization (Kim et al. 2010). Subsequent work cat-
egorized these candidate enhancers into four groups based on ac-
tivity-dependent changes in H3K27ac (Fig. 6C, Groups I-1V) and
revealed that only the enhancers that displayed activity-depen-
dent increases in H3K27ac (Group I) promote ARG transcription
(Malik et al. 2014). We found that KDM1A occupies 46.8%,
38.26%, 29.72%, and 17.6% of enhancers from Groups I-1V, re-
spectively. Our BrU-seq analyses indicate that Kdm1a-KD signifi-
cantly up-regulated eRNAs at enhancers from Groups I, II, and IV
but not Group III (Fig. 6C; Supplemental Fig. S16A,B). These data
indicate that KDM1A suppresses premature activation of enhanc-
ers in resting neurons.

Activation of ARGs upon Kdm1a-KD may also result from ex-
traneous activation of signaling pathways upstream of ARG induc-
tion. Membrane depolarization induces rapid phosphorylation of
extracellular signal-regulated kinases 1 and 2 (ERK1/2), which play
critical roles in transcriptional responses (Greer and Greenberg
2008; Wiegert and Bading 2011). A lack of noticeable changes in
the phosphorylation levels of ERK1/2 after Kdm1a-KD further sup-
ports a direct role of KDM1A in the suppression of activity-regulat-
ed enhancers and genes (Supplemental Fig. S16C).

Discussion

The early embryonic lethality of homozygous Kdm1a-KO mice in-
dicates an essential role for KDM1A in development (Wang et al.
2007). However, the roles of KDM1A in early embryogenesis re-
main incompletely understood. KDM1A decommissions pluripo-
tency enhancers, aiding the silencing of pluripotency genes
during the differentiation of mESCs (Whyte et al. 2012). The study
employed tranylcypromine (TCP), a pharmacological agent, to
block KDM1A enzymatic activity. However, TCP also inhibits the
H3K4 demethylase activity of KDM1B (Karytinos et al. 2009), the
paralog of KDM1A involved in transcriptional elongation (Fang
et al. 2010). Thus, it remains unclear whether the observed effects
were a result of TCP-mediated inhibition of KDM1A, KDM1B, or
both. In contrast, we utilized genetic ablation of KDM1A.
Contradictory observations have been made regarding the
role of KDM1A in pluripotency. Loss of KDM1A in early embryos
results in the dedifferentiation of the pluripotent mESCs toward
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Figure 6. KDM1A represses inducible genes and enhancers in terminally
differentiated neurons. (A) Up-regulation of activity-regulated genes
(ARGs) in Kdm1a-KD cortical neurons. Scatterplots of transcription levels
of ARGs (n=140) from BrU-seq analysis in CN treated with either KdmTa
shRNAs (y-axis) or control shRNA (x-axis). Significantly up-regulated (q<
0.05, DESeq) and down-regulated ARGs are shown in blue and orange, re-
spectively, and ARGs with greater than a twofold difference with KDM1A
loss are labeled with gene symbols. P-values (p) from Wilcoxon signed-
rank tests are denoted in blue. (B) Aberrant induction of Npas4, an ARG,
upon Kdm1a-KD in resting CN. Boxed P: Npas4 promoter, boxed E: puta-
tive activity-regulated enhancers as evident from the presence of DHS
(Neph et al. 2012), high H3K4me1, low H3K4me3 (Iwase et al. 2016), ac-
tivity-dependent binding of NPAS4, and an increase in H3K27ac after KCI
treatment (Malik et al. 2014). Npas4 mRNA and eRNA are up-regulated in
the Kdm1a-KD neurons (red). KDM1A ChIP-seq data were obtained from
previous studies using neuronal stem cells (NSC) (Wang et al. 2016) and
CN (Wang et al. 2015). (C) Increased eRNA levels at activity-regulated en-
hancers in Kdm1a-KD CN. These enhancers were divided into four groups
based on the activity-induced changes in H3K27ac (Malik et al. 2014).
Three groups of enhancers show a significant increase in eRNA levels
upon Kdm1a-KD (red boxes) compared with control conditions (untreated
CN or control shRNA-treated CN, gray boxes). (A +B) Geometric mean of
eRNA levels in CN treated with Kdm7a shRNAs A or B, (U + C) geometric
mean of eRNA levels in control neurons. P-values (p) from Wilcoxon
signed-rank tests are denoted in blue.
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the totipotent two-cell state (Macfarlan et al. 2012). In contrast,
KDM1A deficiency also causes premature differentiation of human
ESCs to endodermal and mesodermal lineages (Adamo et al. 2011)
or interferes with mESC self-renewal (Yin et al. 2014). These con-
flicting observations could be reconciled by our findings that
KDM1A is required for the suppression of both pluripotency and
differentiation genes in mESCs (Fig. 5). Pathway analysis of our
RNA-seq data detected an up-regulation of genes involved in cellu-
lar responses to a broad range of extracellular stimuli, including
hormones, growth factors, and radiation (Supplemental Table
S5). Additionally, KDM1A-deficient postmitotic neurons exhibit-
ed premature activation of ARGs (Fig. 6). Thus, KDM1A is critical
in suppressing spurious transcriptional responses in the absence
of developmental or environmental cues.

We provide several lines of evidence that KDM1A plays an es-
sential role in genome-wide homeostasis of transcriptional en-
hancers. KDM1A recruitment was positively correlated with the
levels of H3K4me2, H3K27ac, and eRNA transcription at enhanc-
ers (Fig. 1) and occurred mostly at TF-bound enhancers (Supple-
mental Figs. S6, S7). Loss of KDM1A up-regulated numerous
enhancers, as demonstrated by increased H3K4 methylation,
H3K27ac (Fig. 2), and eRNA transcription (Fig. 3), concomitant
with an up-regulation of the target genes (Fig. 4). These results sug-
gest the following model for the dynamics and KDM1A-mediated
homeostasis of the epigenetic landscape during the life cycle of an
enhancer (Fig. 7). TF binding and subsequent recruitment of
KMT2C/D (Herz et al. 2012; Hu et al. 2013; Lee et al. 2013) prime
the enhancers with H3K4me1l/me2, which in turn attract KDM1A,
irrespective of whether the enhancers are destined to be “active” or
“poised.” KDM1A then counteracts KMT2-mediated methylation
to maintain optimal H3K4 methylation. Enhancers with relatively
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1717707 77 7177 or stimulation (/77 /177
e et ) ——— U
AL AL A NALS
Latent Stage Binding of TF

A
1 H3K4 demethylation
|‘ H3K27 deacetylation

~ -

Differentiation
Loss of TF

M7 7 recruitment
W ) =
AN/

low H3K4me2 may represent the early stages of priming and may
recruit little KDM1A, which is not detectable with ChIP-seq (Q1 in
Fig. 1B). When gene expression needs to be increased, recruitment
of additional TFs and chromatin modifiers may further activate the
enhancer with higher H3K4 methylation and H3K27ac, in turn
requiring higher levels of KDM1A. Our model of KDM1A function-
ing as a rheostat for the suppression of enhancers in undifferenti-
ated mESCs through active H3K4 demethylation and H3K27
deacetylation is not mutually exclusive to KDM1A-mediated de-
commissioning of enhancers. During ES cell differentiation, pluri-
potency enhancers may lose ES-specific TFs and KMT2-mediated
H3K4 methylation. KDM1A and associated HDACs then remove
remnant H3K4me2/mel and H3K27ac, respectively, to completely
disengage the enhancer from active regulation. In the absence of
H3K4me, KDM1A is then evicted from such decommissioned en-
hancers. As differentiation requires or dictates the activation of a
new set of genes, the processes of priming and activation are re-
peated at a different set of enhancers, resulting in the recruitment
of KDM1A at these new genomic loci. To test this part of our mod-
el, we differentiated mESCs for 24 h and performed ChIP-seq of
H3K4me2, KDM1A, and KMT2D in undifferentiated and differen-
tiated mESCs. Consistent with our model, we found new
H3K4me2 peaks in proximity to many genes that are up-regulated
during differentiation (Supplemental Fig. S17), including both
well-known differentiation genes and “induced” genes, as identi-
fied earlier. To ascertain the validity of our model of recruitment
or eviction of KDM1A in response to changes in H3K4me?2 levels,
we compared the changes in levels of H3K4me2 with changes in
either KDM1A or KMT2D. Indeed, changes in H3K4me2 levels at
promoter-distal sites correlated positively with changes in
KDM1A levels (0.783, P<2.27'%) and changes in KMT2D (0.620,

KMT2C/D

Early priming
H3K4me1, low H3K4me2
no eRNA expression

Active o f o
H3K4me1, high H3K4me2 p Poised
H3K27ac H3K4me1, H3K4me2
eRNA expression H3K27me3

(D) H3K4me1 Op H3K4me2 ? H3K27ac ? H3K27me3

no eRNA expression

Figure 7. A model of KDM1A-mediated homeostasis of enhancers during their life cycle. TF binding and subsequent recruitment of methyltransferases,
KMT2C/D, prime an enhancer with H3K4me1 and/or H3K4me2. KDM1A is then recruited to this enhancer by yet unknown H3K4me-sensing mechanisms
and cooperates with histone deacetylases (HDACs) to suppress its aberrant activation. A primed enhancer, depending on further regulatory signals, can
become either “active” or “poised.” The presence of KDM1A/HDACs is required to antagonize the activities of the methyltransferases and acetyltransfer-
ases (HATs) and maintain an optimal histone modification landscape. The equilibrium of these counteractions likely defines the activity of an enhancer.
When an enhancer is decommissioned upon the loss of TF binding, KDM1A may remove the remnant H3K4me1/2 before dissociating and rendering it

latent.
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P<2.271%) (Supplemental Fig. 18A). At these putative enhancers,
changes in KDM1A and KMT2D also correlated positively but
showed a weaker correlation (0.397, P<2.27'%), which could be ei-
ther a result of differences in ChlIP efficiency or the fact that some
enhancers could be regulated by other KMT2s instead of KMT2D.
Many nuclear receptors, including the glucocorticoid recep-
tor, preferentially inhibit the H3K4mel-demethylase activity of
KDM1A in A549, a lung adenocarcinoma cell line (Clark et al.
2019). Similar inhibition was observed for KDM1A’s interaction
with POUSF1 at pluripotency enhancers in embryonal carcinoma
cells (AlAbdi et al. 2020). Both studies demonstrated that selective
demethylation of H3K4me2 by KDM1A while leaving H3K4mel
intact can potentiate some enhancers, indicating that loss of
KDM1A at some enhancers may impair their activity. These find-
ings may help explain our earlier observation that some enhancers
were significantly down-regulated in Kdm1a-GT mESCs (Fig. 3).
Our BrU-seq analyses in postmitotic neurons revealed that
KDMI1A suppresses premature activation of neuronal ARGs and
enhancers (Fig. 6). Increased KDM1A levels at the activity-regulat-
ed enhancers after neuronal activation and up-regulation of these
enhancers upon Kdm1a-KD further supports the role of KDM1A as
an enhancer rheostat in differentiated cells (Fig. 6B; Supplemental
Figs. S15, S16A; see Supplemental Note 4 for the role of the neuro-
nal isoform of KDM1A in the regulation of ARGs). Several neurode-
velopmental conditions involve loss-of-function KDMIA
mutations (Tunovic et al. 2014; Chong et al. 2015; Pilotto et al.
2016). KDM1A-mediated homeostasis of transcriptional enhanc-
ers, therefore, underlies diverse physiological processes, including
embryonic development and human cognitive function.

Methods

Cell culture, Western blot, and RT-qPCR

Kdm1a-WT, Kdm1a-GT, Kdm1a™"*:Cre-ER" mESCs have been
described previously (Wang et al. 2007; Macfarlan et al. 2011).
Kdm5c-KO mESCs were derived from the previously described
mESCs that carry the floxed Kdm5c allele (Iwase et al. 2016) by
Cre-mediated deletion of the JmjC domain coding exons 11 and
12. mESCs were grown on gelatin-coated plates. See Supplemental
Methods for further details on culture conditions and standard
molecular biology experiments.

Kdmla knockdown in mouse cortical neurons

Lentiviral delivery of control (SHC202, Sigma-Aldrich) or Kdm1la
shRNAs (A: TRCN0000071375 and B: TRCN0000071376, Sigma-
Aldrich) (Moffat et al. 2006) was conducted on 7-d in vitro (DIV)
cortical neurons, and S-bromouridine incorporation was per-
formed on DIV 11.

ChlP-seq

Antibodies used for chromatin immunoprecipitation (ChIP) were
anti-H3K4mel (Abcam ab8895 and EMD Millipore 07-436), anti-
H3K4me2 (EMD Millipore 05-790), anti-H3K4me3 (EMD Milli-
pore 04-745), anti-H3K27ac (Active Motif 39135), anti-HDAC1
(Bethyl Laboratories A300-713A and Santa Cruz Biotechnology
sc-6298), anti-KDM1A (Abcam ab17721), anti-KDMSC (Iwase
et al. 2016), and anti-KMT2D (Invitrogen 701869). KDMSC
ChIP-seq experiments were performed as described previously
(Iwase et al. 2016). Other ChIP experiments were performed as de-
scribed previously (Li et al. 2003) with minor modifications, as
elaborated in Supplemental Methods.

RNA-seq, nuclear RNA-seq, GRO-seq, and BrU-seq

RNA-seq libraries have been described in detail previously
(Agarwal et al. 2015). For the sequencing of nuclear RNA, nuclei
were isolated as described previously (Wang et al. 2011) with mi-
nor modifications. Libraries from rRNA-depleted RNA were pre-
pared using Direct Ligation of Adapters to First-strand cDNA
(DLAF) (Agarwal et al. 2015). GRO-seq was modified from the
methods described previously (Core et al. 2008; Wang et al.
2011). In addition to the presence of 0.2% IGEPAL CA-630, GRO
on Kdm5c mESCs, Kdmla mESCs, and cortical neurons were per-
formed in the presence of 0.5%, 0.25%, and 0.2% of N-lauroylsar-
cosine, respectively, for 8 min at 30°C. For BrU-seq, the cortical
neurons were incubated with 2 mM 5-bromouridine (Sigma-
Aldrich 850187) for 32 min at 37°C. To reduce the number of steps
for library preparation, we developed Direct Ligation of Adaptor
to the 3’ end of RNA (DLAR), a method suitable for the preparation
of BrU-seq libraries. Experimental details are described in
Supplemental Methods.

All sequencing experiments, except for the differentiation ex-
periment, were conducted in biological duplicates concurrently
with different genotypes to minimize technical variations.

Sequencing data analysis

Multiplexed libraries were subjected to single-end sequencing on
[llumina HiSeq 2000/2500 instruments, and the reads were
mapped to the mm9 genome (see Supplemental Methods for the
details). We chose the mm9 assembly over the mm10 because at
the time of our initial analyses, many processed data sets, includ-
ing DHS peaks or HOTSPOTs, genome mappability, ENCODE
blacklisted regions, and the HiCap data, were available for mm9
only. The blacklisted and repetitive regions were excluded from
our analyses and only uniquely mapping reads were analyzed fur-
ther. Therefore, we expect that our choice of the reference genome
assembly should not significantly affect our conclusions.

For the selection of candidate EP300/DHS sites for enhancer
prediction, we first scanned the genome for the strongest (with
the highest MACS2 signal) EP300 or DHS site in a 1.25-kb sliding
window. When both EP300 and DHS sites were present in the
same window, the EP300 binding site was given higher precedence
over any DHS site in its proximity. Intergenic EP300/DHS sites
were defined as sites that were outside of 1.25 kb upstream of to
3 kb downstream from the genes. Enhancer predictions and other
analyses are further detailed in Supplemental Methods. The Perl
scripts used for the analyses are available as a Supplemental Code.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE93952.
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