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Abstract
Histone proteolysis is a poorly understood phenomenon in which the N-terminal tails of histones are
irreversibly cleaved by intracellular proteases. During development, histone post-translational
modi�cations are known to orchestrate gene expression patterns that ultimately drive cell fate decisions.
Therefore, deciphering the mechanisms of histone proteolysis is necessary to enhance the understanding
of cellular differentiation. Here we show that H2A is cleaved by the lysosomal protease Cathepsin L
during ESCs differentiation. Using quantitative mass spectrometry (MS), we identi�ed L23 to be the
primary cleavage site that gives rise to the clipped form of H2A (cH2A), which reaches a maximum level
of ~ 1% of total H2A after four days of differentiation. Using ChIP-seq, we found that preventing
proteolysis leads to an increase in acetylated H2A at promoter regions in differentiated ES cells. We also
identi�ed novel readers of different acetylated forms of H2A in pluripotent ES cells, such as members of
the PBAF remodeling complex. Finally, we showed that H2A proteolysis abolishes this recognition.
Altogether, our data suggests that proteolysis serves as an e�cient mechanism to silence pluripotency
genes and destabilize the nucleosome core particle.

Introduction
Eukaryotic cells condense their DNA around histone proteins to form chromatin. The basic repeating unit
of chromatin is the nucleosome, consisting of approximately 150 base pairs (bp) of DNA wrapped around
a histone octamer composed of two copies of each histone H3, H4, H2A and H2B1. Extending out from
the nucleosome core, histone tails (residues 1–30) are the major acceptor of post-translational
modi�cations (PTMs), among which acetylation, methylation and phosphorylation are the most
common. Different biological outcomes are associated with the speci�c sites and types of histone PTMs,
such as gene activation for H3K27ac, gene silencing for H3K9me3, and mitosis for H3S10ph2. The proper
regulation of gene expression by histone PTMs is crucial for guiding cellular differentiation and dictating
cell fate.

Embryonic stem (ES) cell differentiation gives rise to the three germ layers, the endoderm, mesoderm, and
ectoderm, which are critical for development3. This process of differentiation is tightly regulated by
external cues as well as internal machinery, such as transcription factors and epigenetic modulators,
which have been shown to remodel chromatin and alter gene expression during cell fate commitment4.
During lineage commitment, cells experience major changes in chromatin arrangement, resulting in
alteration of gene expression5,6. As cells differentiate, chromatin becomes less accessible and more
compact with decreased physical elasticity7. These changes are driven in part by chromatin remodelers
acting to reposition nucleosomes and/or promote histone variant exchange8. Differentiation also leads to
changes in histone PTM patterns6. For instance, during the early stages of differentiation, ES cells show
high levels of acetylation, a mark of active chromatin, while the heterochromatic H3K9me3 is barely
detectable in pluripotent ES cells 9.



Page 4/25

Histone proteolysis, another form of regulation, is a less explored process in which histones tails are
enzymatically cleaved, thereby removing existing PTMs and precluding future PTMs until histone
exchange occurs. Histone proteolysis has been observed in different biological contexts. H2A, for
example, has been shown to undergo proteolysis in acute monocytic leukemia at residue V11410.
Similarly, H2B has been found to be cleaved in hepatocytes 11. Histone clipping appears to be dictated
not only by the primary amino acid sequence, but also by the PTMs on histone tails. Jumonji-C domain-
containing proteins JMJD5 and JMJD7 have been shown to cleave methylated arginine in mouse
embryonic �broblasts (MEFs)12. Furthermore, during osteoclastogenesis, H3K18ac has been shown to
modulate proteolysis of H3 by matrix metalloproteinase 9 (MMP-9)13.

In the context of cellular development, the lysosomal protease Cathepsin L (CTSL) has been shown to
cleave H3 during ESC differentiation14. CTSL localizes to the nucleus upon Ras activation, where it is
known to cleave the CDP/Cux transcription factor, regulating the cell cycle 15. Additionally, CTSL has been
shown to promote cellular senescence in IMR90 �broblasts and primary melanocytes by cleaving the
histone variant H3.316. CTSL knockout embryos exhibit abnormal visceral endoderm formation17.
Furthermore, CTSL-de�cient mice show irregular hair follicle development and other skin pathologies18.
Prior to our work, the biological signi�cance of histone proteolysis by CTSL in regulating gene expression
during stem cell differentiation had remained unresolved, as questions of whether this protease cleaves
other histones and whether this processing affects nucleosome stability had yet to be investigated.

Here, we report that CTSL cleaves histone H2A during embryonic stem cell differentiation. We
hypothesized that H2A proteolysis serves as a quick mechanism to remove acetylation on the N-terminal
histone tail, thus counteracting gene activation during development. Using high-resolution quantitative
mass spectrometry (qMS), we localized the primary cleavage sites to lie between amino acids 22–25.
Additionally, we found that CTSL knockdown leads to a global increase in H2A acetylation after four days
of differentiation. Using chromatin immunoprecipitation followed by next generation sequencing (ChIP-
seq), we found that acetylated H2A is re-distributed to promoter regions upon CTSL knockdown. We have
also discovered that members of the SWI/SNF remodeling complex bind to acetylated H2A but not
cleaved H2A (cH2A). Lastly, we found that nucleosomes and dimers containing cH2A are less stable than
full length H2A (FL-H2A), as revealed by protein degradation analysis. Taken together, our results uncover
cellular consequences of histone proteolysis and describe the role of this cleavage in altering H2A
modi�cations and nucleosome stability during cell fate commitment.

Results

The N-terminal tail of histone H2A is cleaved during mouse
embryonic stem cell differentiation
Prior studies have reported that histone H3 is cleaved upon cellular differentiation14. To determine if
differentiation involves the cleavage of other histones, we treated mouse embryonic stem cells (mESCs)
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with retinoic acid (RA) to induce their differentiation into embryoid bodies (EBs, Fig. 1A). Using
immunoblot analysis, we identi�ed that histone H2A is cleaved upon differentiation at day one and four
(Fig. 1B), and no change was observed for H2B. Next, we sought to interrogate whether cleaved H2A
(cH2A) still associates with chromatin by isolating mono-nucleosomes from both undifferentiated
mESCs and EBs using micrococcal nuclease (MNase) digestion. As shown in Fig. 1C, cH2A is only
present in mono-nucleosomes derived from EBs, but not in undifferentiated cells (consistent with our
results in Figure. 1B), suggesting that cH2A is chromatin associated.

Next, we utilized quantitative mass spectrometry to identify the cleavage site(s) on H2A and quantify the
levels of cH2A upon differentiation. Histones from differentiated and undifferentiated mESCs were
extracted with acid and then further puri�ed by reverse phase liquid chromatography (RP-HPLC).
Characteristic fractions corresponding to canonical H2A.119 (Supplementary Fig. 1A) were analyzed by
liquid chromatography coupled to MS (LC-MS). In agreement with our immunoblot data, we detected
cleavage of H2A at day two of differentiation, which signi�cantly increased further by day four of RA
treatment. The most abundant cleavage site we found was at L23 with ~ 1% of all H2A being cleaved at
this site (Fig. 1, D and E). Other cleavage sites that increased through differentiation were also identi�ed
at F25, V27 and G37. Although additional cleavage sites were detected along the H2A tail (Supplementary
Fig. 1B-D), their abundance did not change during differentiation, indicating that these sites were not
regulated during cell development.

Numerous variants of H2A exist, including macroH2A, H2A.Z, and H2A.X, which have different roles in
cellular differentiation20. Although addressing whether H2A variants undergo cleavage during
development is beyond the scope of this work, sequence alignment shows that the cleavage motif is
conserved across the majority of the variants (Supplementary Fig. 1E). It remains to be determined if
these variants are being cleaved during differentiation or other biological processes.

Cathepsin L facilitates H2A proteolysis upon cellular
differentiation
Previously, we reported that CTSL cleaved H2A in vitro 21 and other studies have similarly found CTSL-
mediated cleavage of histones in vitro using reconstituted nucleosomes22. Analysis of the cleavage sites
of CTSL substrates has revealed a motif consisting of glutamine at the P1 position and aromatic
residues at the P2 position23. The H3 cleavage motif Q/LAT (/ indicates cleavage site)14, is similar to
where H2A is being cleaved (G/LQF) as both contain hydrophobic and aromatic amino acids (Fig. 2A).
Together, this led us to the hypothesis that CTSL serves as the H2A protease.

To investigate this further, we knocked down the expression of CTSL using shRNA (shCTSL) in mESCs
(shSC was used as control) (Fig. 2B). Next, we differentiated mESCs (shCTSL and shSC) for two days,
acid-extracted histones and analyzed them by immunoblot. Although shCTSL mESCs still differentiated
into embryoid bodies, cleavage of H2A was reduced compared to the control (Fig. 2C). Similarly, when we
blotted for total H3, we also found less cleavage of histone H3 (cH3) in shCTSL cells compared to control
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cells as well (Fig. 2C). To quantify the levels of cH2A upon CTSL knockdown, we employed top-down MS
to monitor intact H2A as well as the cleavage products. Again, we observed a signi�cant reduction of
cH2A when the expression of CTSL was reduced (Fig. 2D and Supplementary Fig. 2A and B). Proteolysis
in the control cells was observed not only at L23 but also at other residues, including V27, suggesting that
CTSL cleaves H2A at multiple sites. Nevertheless, the abundance of L23 was three-fold higher than V27,
indicating that L23 is most likely the primary cleavage site for CTSL in vivo (Fig. 2D).

To understand how cleavage of H2A by CTSL affects post-translational modi�cation (PTM) patterns, we
analyzed acetylation levels at H2AK5 and H2AK9, as these H2A N-terminal marks are associated with
gene activation24. Our mass spectrometry data showed that the acetylation levels of H2AK5 and H2AK9
change during normal ESC differentiation. In undifferentiated cells, the levels of all possible forms of
acetylated H2A (K5ac, K9ac and dually acetylated K5acK9ac) are approximately 10% (Supplementary
Fig. 2C-E). Two days after RA treatment acetylation levels increase signi�cantly to 19%. Finally, after four
days of RA treatment, acetylation levels decrease to 7%. To interrogate how CTSL proteolysis affects the
levels of acetylated H2A during differentiation (Fig. 2E), we quanti�ed the levels of acetylated H2A in
control and shCTSL cells after RA treatment by spiking in synthetic peptides corresponding to H2AK5ac,
H2AK9ac, H2AK5acK9ac and the unmodi�ed H2A peptide. As shown in Fig. 2F, the levels of H2AK5ac,
signi�cantly decreased after four days of RA treatment in control but not in shCTSL cells. In fact, the
levels of H2AK5ac were relatively unchanged. Similarly, H2AK9ac levels also did not decrease in shCTSL
cells. Although at day two, the levels of H2AK9ac and the H2AK5acK9ac seemed lower in mESC shCTSL
cells versus control cells at day two, the trend of acetylation levels not changing from day two to day four
in shCTSL cells. Together, our data indicates that CTSL-mediated proteolysis serves to rapidly remove
multiple acetyl marks on the H2A N-terminus, thereby potentially regulating gene expression during
differentiation.

Knockdown CTSL leads to genome wide redistribution of
acetylated H2A in stem cells
Given that histone tails, speci�cally those of H3 and H4, have been shown to be dynamically modi�ed
during stem cell differentiation 25, and our observations indicating that H2A is also dynamically
acetylated during differentiation, we asked how proteolysis regulated the genome-wide localization of
H2A acetylation. We performed ChIP-seq for H2AK9ac in shSC and shCTSL mESCs as well as in
differentiated embryoid bodies (Fig. 3A). Alterations in the total levels and genomic distribution of
H2AK9ac in undifferentiated CTSL KD cells compared to control cells were not apparent by MS or ChIP-
seq (Supplementary Fig. 3A-B). In agreement with our MS data, we found a genome-wide decrease in
H2AK9ac on day two of treatment when CTSL was knocked down but not at day four. (Fig. 3B). Moreover,
when determining the genomic distribution of H2AK9ac, we found a 4% increase at promoters in CTSL
KD EBs (Supplementary Fig. 3D). Next, we performed differential binding analysis, here we found that ~ 
1.1% of peaks changed signi�cantly between day two and day four in the control (Log2 fold change > 1
(up) or < -1 (down), FDR < 0.05), which was not observed upon knockdown of CTSL (Fig. 3D). This led to
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the question of whether the expression of those genes are altered upon CTSL knockdown. To answer this
question, we performed RNA-seq in shSC and shCTSL cells.

We hypothesized that genes that lose H2AK9ac after four days of RA treatment will also have lower gene
expression compared to day two. As demonstrated in Fig. 3D, genes (n = 347) with signi�cantly less
H2AK9ac have lower gene expression after four days of differentiation in the control but not upon CTSL
knockdown. Interestingly, gene ontology (GO) analysis showed that genes with signi�cantly decreased
H2AK9ac in WT cells (n = 347) at day four of RA treatment are involved in cellular differentiation and
nervous system development (Supplementary Fig. 3C). Taken together, these data suggest that H2A
proteolysis by CTSL aids in gene regulation by silencing genes involved in pluripotency while activating
genes to promote cell linage commitment.

Acetylated H2A is recognized by PBAF complex in mESCs
Changes in the H2A acetylation patterns upon loss of CTSL expression likely alters the recruitment of
regulatory proteins to chromatin. In addition to H2AK9ac, our MS data showed increased levels of
H2AK5ac in differentiated cells upon CTSL KD (Fig. 2F and Supplementary Fig. 2C). This mark is
associated with gene activation24,26, but its reader protein remain to be identi�ed. Thus, to identify
potential readers, we used synthetic peptides corresponding to H2AK5ac, H2AK9ac and H2AK5acK9ac as
bait in peptide pulldown assays. Isolated proteins were characterized by LC-MS/MS with further
validation by immunoblot (Fig. 4A). As a negative control, we used an H2A peptide with only N-terminal
acetylation since H2A is known to be co-translationally acetylated at the N-terminal serine residue by
NatD27,28. All other H2A peptides also include this N-terminal acetylation.

The H2AK5ac and H2AK9ac peptide baits succeeded in capturing members of the Polybromo-1 BRG1
Associating Factor (PBAF) chromatin remodeler complex, including Brd7 and Pbrm1 (Fig. 4B, C).
Similarly, the dually acetylated H2AK5acK9ac was also able to pull down PBAF members, such as
Smarcd1, Phf10, Pbrm1 and Brd7. Enrichment of PBAF proteins was more prominent when H2A was
acetylated at K5 and K9 simultaneously (Fig. 4D, Supplementary Fig. 4A). Similarly, Brd7 preferentially
binds to dually acetylated H2A (Fig. 4F). However, it appears recombinant Brd7 binds better to H2AK5ac
alone in vitro (Supplementary Fig. 4B), suggesting that additional proteins may enhance recognition of
dually acetylated H2A. Furthermore, we found that Brg1 showed similar a�nity for all acetylated peptides
(Fig. 4D and Supplementary Fig. 4A). Since histone H4 is also known to be acetylated at its N-terminal
tail, which resembles the sequence of H2A, we reasoned that acetylated H4 may also interact with the
PBAF complex. Repeating our a�nity pulldown experiments using unmodi�ed and a dually acetylated
(K5acK8ac) H4 peptides, we observed enrichment of PBAF compared to an unmodi�ed control (Fig. 4F
and Supplementary Fig. 4B). However, as expected, the main reader for H4K5acK8ac, Brd4 25,29 attained
greater enrichment than Brg1 and Brd7 (Supplementary Fig. 4B-C). Pbrm1 has been previously reported to
bind H3K14ac30, which we likewise observed in our experiments. However, we found that Pbrm1 also
binds to H2AK5acK9ac (Fig. 4F). Additionally, we observed that TBP binds acetylated H2A and H4,
highlighting its positive correlation with gene activation (Supplementary Fig. 4D).
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We next performed ChIP-Seq for PBAF speci�c proteins (Pbrm1 and Arid2) to establish genes that are co-
occupied by H2AK9ac and PBAF in mESCs. Our data showed that 54% of all Arid2 peaks contain
H2AK9ac(n = 9257). Similarly, 55% of all Pbrm1 peaks are also marked with H2AK9ac (n = 8316) (Fig. 4G
and Supplementary Fig. 4E and F). When we compared the PBAF occupied regions without H2AK9ac to
where they coexisted, we found a remarkable increase of PBAF at gene promoters with acetylated H2A
present (Fig. 4H). For instance, 7.6% of peaks exclusive to Arid2 are found at the promoter, however when
acetylated H2A is present, we observed 13.3% of peaks correspond to promoter regions. Likewise, we
noticed a 4% increase of Pbrm1 localization at promoters in presence of acetylated H2A, suggesting that
H2AK9ac facilitates PBAF localization to promoters. To correlate H2AK9ac and PBAF co-occupancy, we
compared the expression of genes containing H2AK9ac and PBAF at their promoters to those exclusively
found for PBAF. As shown in Fig. 4I, expression of genes that are co-occupied by PBAF and acetylated
H2A have signi�cantly higher expression than those only marked by PBAF (P-value < 0.0001), suggesting
that potential recruitment of PBAF by H2AK9ac promotes gene expression.

H2A proteolysis prevents PBAF recognition of acetylated
H2A
Since the modi�cations on histone tails can regulate the recruitment of proteins to chromatin, proteolytic
severing of the tails could preclude these interactions normally mediated by modi�cations on the tails.
We hypothesized that removal of the H2A tail, and therefore H2A tail acetylation, would disrupt binding of
PBAF to H2A. To test this, we performed co-immunoprecipitation followed by MS (IP-MS) analysis using
mESCs expressing either FLAG-tagged full-length H2A (FL-H2A) or N-terminally truncated H2A,
representing cleavage at L23 (cH2A). Inspection of the interactome of FL-H2A compared to cH2A showed
96% of the proteins interacted with both cH2A and FL H2A (Fig. 5A). However, in agreement with our
previous �ndings, members of the PBAF chromatin remodeler complex (Smarcd1 and Actl6a) were only
found to interact with FL-H2A and not cH2A. Additionally, we found that Importin-9 (Ipo9) was enriched in
cH2A sample compared to FL-H2A (Fig. 5B and C). Ipo9 is known to translocate H2A-H2B dimers from
the cytosol to the cell nucleus 31. We also found that NPL1 (nucleosome assembly protein 1, also known
as Nap1), which is known to exchange H2A/H2B dimers 32, was enriched by cH2A over FL-H2A.
Interestingly, we found Cbx1, 3 and 5 to preferentially interact with FL-H2A (Fig. 5B and C). Gene ontology
analysis showed that the proteins enriched by cH2A are typically associated with RNA splicing and gene
expression while those enriched with FL-H2A are involved in nucleosome assembly and DNA packaging
(Supplementary Fig. 5A-B).

We next validated our IP-MS results by doing co-immunoprecipitation assays followed by
immunoblotting. As shown in Fig. 5D and Supplementary Fig. 5C, FL-H2A co-precipitated with Pbrm1
more so than cH2A. Additionally, Pbrm1 but not Smarcc2 (Baf170) co-precipitated with FL-H2A,
suggesting that Pbrm1 interacts with H2A acetylation through its bromodomains, which bind to
acetylated lysine residues. Given that proteolysis removes the binding substrate for PBAF, we
hypothesized that Cathepsin L KD cells should have higher PBAF occupancy at H2AK9ac sites. To test
this hypothesis, we focused on day four as cH2A abundance is at its maximum. We performed ChIP-Seq
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for Pbrm1 and Arid2 in shSC and shCTSL cells at day four of RA treatment. When we analyzed the
occupancy of PBAF at H2K9ac peaks, we noticed an increased occupancy of both Arid2 and Pbrm1,
(Fig. 5E-F), indicating that PBAF remains bound to acetylated H2A when CTSL levels are reduced. Taken
together, these results indicate that the PBAF protein complex recognizes acetylated H2A and that H2A
proteolysis abrogates this recognition (Fig. 5G).

cH2A is associated with marks of active transcription and
fast turnover
Our IP-MS results found a reduced interaction between CBX proteins and cH2A. Cbx1, also known as
heterochromatin protein 1 β, plays an important role in gene silencing through its interaction with
methylated H3K933. This suggests that nucleosomes enriched with cH2A are depleted of histone
H3K9me marks. To examine this possibility, we puri�ed mononucleosomes containing cH2A and
analyzed their PTMs by MS (Supplementary Fig. 6A). As expected, nucleosomes with cH2A were mostly
depleted of mono-, di- and tri-methylation at H3K9 compared to those with FL-H2A (Fig. 6A, B). Instead,
we found that cH2A-containing nucleosomes had higher levels of histone marks associated with gene
expression, such as H3K14ac and H3K36me3 (Fig. 6A). Taken together, this data suggests that FL-H2A
can coexist with H3K9me in certain parts of the genome, while cH2A is most likely to be temporarily
associated with accessible chromatin, due to its precursor, FL-H2A, being hyperacetylated on promoters
of active genes.

Aside from affecting histone modi�cations, cleavage of H2A by CTSL could also affect nucleosome
structure and stability. Our recent publication using hydrogen deuterium exchange coupled with mass
spectrometry (HDX-MS), showed that in a nucleosome context, the N-terminal tail of H2A is protected
from exchange34, which is consistent with the �nding that histone tail proteolysis destabilize the
nucleosome in vitro 35. The loss of the N-terminal tail of H2A likely disrupts DNA-histone interactions that
play important roles in the maintenance of nucleosome structure. Indeed, during cellular processes such
as replication and transcription, the nucleosome undergoes conformational changes to allow access to
DNA. Interestingly, we found that cH2A preferentially interacts with Npl1 (Fig. 5B and C), a protein known
to exchange H2A/H2B dimers. Thus, we hypothesized that cH2A-containing nucleosomes are readily
exchanged or evicted compared to FL-H2A-containing nucleosomes. To measure the stability of cH2A in
cells, we blocked protein synthesis with cycloheximide. We found that while FL-H2A protein levels remain
stable for at least eight hours, cH2A undergoes rapid degradation (Fig. 6C). Notably, in our IP-MS
experiment, we found that cH2A but not FL-H2A interacted with Trim21 (Fig. 5A), a ubiquitin ligase known
to target proteins for proteasomal degradation 36. To investigate whether cH2A was being degraded by
the proteasome, cells were treated with the proteasome inhibitor bortezomib and cH2A stability was
subsequently monitored for eight hours. As shown in Fig. 6D, the levels of cH2A still decrease after
bortezomib treatment. This was further con�rmed by treating cells simultaneously with cycloheximide
and bortezomib (Fig. 6E), indicating that cH2A may be degraded by another cellular degradation pathway.
Overall, our data suggest that histone proteolysis occurs in open chromatin regions to remove key histone
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PTM sites and disrupt binding interactions, thus facilitating nucleosome destabilization and eviction, and
promoting gene silencing of pluripotency related genes.

Discussion
Histone proteins undergo a wide variety of changes to their PTM patterns to regulate gene expression.
The addition of these chemical moieties, predominantly on lysine and arginine residues, serves to
modulate electrostatic interaction between histones and DNA or recruit transcriptional regulators, such as
chromatin remodeling complexes that can evict or slide nucleosomes along the DNA. Compared to
classical histone PTMs, such as acetylation and methylation, the connection between histone proteolysis
and gene expression in less clear. The �rst identi�cation of histone clipping was reported three decades
ago, involving cleavage of histone H1 Tetrahymena micronuclei37. Since then, histone proteolysis has
been noted in additional organisms such as sea urchin38, chicken39, and yeast40. These studies
contribute to the idea that histone proteolysis represents a mechanism of gene regulation similar to
canonical histone PTMs. Indeed, Duarte et al. found that histone H3 proteolysis during cellular
senescence promotes silencing of cell cycle related genes16.

In the context of cellular development, CTSL has been shown to cleave histone H3 14, but the downstream
effects of this cleavage event remain unclear. Complementing this study, we now report that histone H2A
is also cleaved by CTSL during embryonic stem cell differentiation. Using high resolution mass
spectrometry, we demonstrated that H2A undergoes proteolysis at amino acid L23, accounting for almost
1% of the entire H2A population in differentiated cells (Fig. 1D). Although we found other cleavage sites
in undifferentiated cells, they were not responsive to CSTL knockdown, which suggests the possibility of
other H2A proteases beyond CTSL. In addition to cleavage at L23, we also found a secondary cleavage
site at V27, which is signi�cantly reduced upon CTSL knockdown (Fig. 2D). This was not surprising given
that on the histone H3 tail, CTSL is known to target a primary site (A21), however secondary sites exist.
One hypothesis is that CTSL �rst cleaves at L23, located right before the alpha 1-helix, and then proceeds
to cleave again at V27 (within in the alpha one helix, further destabilizing the nucleosome by weakening
DNA-histone interactions).

In vitro studies have found that CSTL is more active when H3 is acetylated at H3K18ac. However, dual
acetylation at K18 and K23 has the opposite effect 14. Given that histone H2A is also acetylated within its
N-terminal tail, we sought to interrogate how proteolysis affects H2A acetylation in vivo. We anticipated
that changes in acetylation due to proteolysis would be di�cult to monitor due to the stoichiometry being
only 1%. Therefore, instead of using our standard histone PTM analysis platform 41, we designed a more
sensitive method to monitor levels of H2A acetylation using synthetic internal standards and multiple
reaction monitoring (MRM) MS, which revealed higher levels of acetylated H2A increased upon CTSL KD
(Fig. 2F).

It is important to reiterate that the overall abundance of H2AK5ac is roughly 8% in undifferentiated cells,
which doubles two days after RA exposure (15%). By day four, the level of this mark decreases to ~ 9%. A
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similar trend is observed with H2AK9ac, which increases from 1% in undifferentiated cells to 2% in early
differentiation before decreasing back to 1% in late differentiation. Since these observations are at the
global level, localizing these changes more precisely in the genome may aid in uncovering how H2A
acetylation regulates gene expression during cellular development. Furthermore, investigating how
proteolysis affects genome-wide distribution of acetylated H2A will elucidate how this novel process
contributes to cell fate decisions. We hypothesized that genes regulated by H2A proteolysis would retain
H2A acetylation after four days of differentiation and concurrent knockdown of CSTL. We performed
ChIP-Seq in control and CSTL KD mESCs. Surprisingly we found a redistribution in the genomic
localization of H2AK9ac. After four days of RA treatment, the proportion of H2AK9ac peaks in promoter
regions increased by 4% (Supplementary Fig. 3D). Examining the expression of genes with signi�cantly
lower occupancy of H2AK9ac after four days of differentiation compared to day two, we found
signi�cantly higher levels of gene expression upon CTSL KD. This suggests that proteolysis promotes
gene silencing as expected. In line with the �ndings from Duarte et al. 16, we propose that proteolysis
could serve as a rapid mechanism to silence genes involved in pluripotency, allowing cells to proceed
through differentiation.

Our data indicates that H2A acetylation plays a key role in driving gene expression during development.
Prior studies have found that H2A acetylation is associated with gene activation in Drosophila 42.
Acetylation on H2AK5ac and H2AK9ac is known to be deposited by Tip60 (Kat5) 43. In ESCs, Tip60 is
known to activate genes involved in proliferation and cell renewal 44. While the role of this
acetyltransferase has been extensively described, little is known about H2A acetylation in ESCs and the
readers of this mark. Our data showed that members of the PBAF SWI/SNF chromatin remodeler complex
recognized different forms of acetylated H2A and had higher a�nity for the dual acetyl mark,
H2AK5acK9ac (Fig. 4). As shown in Fig. 4, PBAF members also seem to bind to H4K5acK8ac. This can be
explained by the sequence homology between the N-terminal tails of H4 and H2A. Consistent with prior
�ndings, we con�rmed that BRD4 is the main reader of H4K5acK8ac and not H2AK5acK9ac. As
previously reported, we also observed H3K14ac to interact with Brd7 and Pbrm1 30. A possible
explanation is that H3K14ac and acetylated H2A co-exist in the same nucleosome or in hyperacetylated
chromatin regions. We also cannot exclude the possibility that Pbrm1 could accommodate all acetyl sites
given its six tandem bromodomains. Despites this possibility, our ChIP-Seq experiments further support
our initial observation of PBAF binding to acetylated H2A. As demonstrated in Fig. 4G, we uncover a
genome wide interaction between PBAF and H2AK9ac. Furthermore, we noticed an increased occupancy
of PBAF at promoters that are occupied by H2AK9ac (Fig. 4H), and these co-occupied genes have higher
expression levels compared to those only occupied by PBAF. Together, our results suggest that H2AK9ac
promotes gene expression by recruiting PBAF to promoter regions.

The PBAF complex has been shown to play a key role in maintaining pluripotency 45. In addition to
H3K14ac 46, members of the BAF family are known to also interact with H3K4me1 47. Given that PBAF
also recognizes acetylated H2A, we propose that this interaction is diminished upon H2A proteolysis.
Indeed, utilizing immuno-a�nity precipitation followed by MS (IP-MS) and validation by immunoblotting,
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we found that FL-H2A but not cH2A is able to interact with the PBAF complex. We further supported this
hypothesis by performing ChIP-Seq in shCTSL EBs, here we observed increased occupancy of PBAF
members at H2AK9ac sites when we knockdown CTSL. Additionally, we also found that CBX proteins
interact preferentially with FL-H2A over cH2A. Interactions between CBX proteins and FL-H2A could be
mediated through the association of FL-H2A with H3K9 methylation. As demonstrated in Fig. 6, FL-H2A-
containing nucleosomes show enrichment for H3K9 methylation. Conversely, cH2A nucleosomes were
found to be more associated with active marks, such as H3K9ac and H3K14ac, suggesting that histone
proteolysis occurs in euchromatic regions. Finally, we also found that cH2A is less stable than FL FL-H2A
(Fig. 6), suggesting that proteolysis may destabilizes the nucleosomes in vivo and promote nucleosome
eviction.

Taken together, our studies uncover a novel mechanism of gene regulation during cell fate determination.
We propose a model (Fig. 7) in which CTSL mediates the proteolysis of H2A to remove acetylation on the
N-terminal tail, thereby silencing genes involved in the maintenance of pluripotency. This silencing is
accomplished by preventing the recruitment of PBAF to acetylated H2A, which abrogates chromatin
remodeling at these genes and blocks the binding of transcriptional machinery.

Methods

Cell Culture
CCE-Nanog-GFP MESCs were donated by Ihor Lemischka. Cells were grown at 37°C in 5% CO2 using
DMEM with high glucose and sodium pyruvate (Thermo), supplemented with 15% characterized FBS
(Hyclone,), non-essential amino acids (MEM) (Thermo), GlutaMax (Thermo), 10µM 2-mercaptoethanol
(Thermo) and LIF(Millipore). Cells were grown on 0.1% gelatin (Millipore) coated plates and GFP + cells
were sorted by �ow cytometry before downstream experiments. For differentiation into embryoid bodies
formation, ~ 1.5X107 cells were plated in 10-cm dishes in media without LIF and supplemented with
10µM all-trans retinoic acid (Sigma). Cells were kept with constant rotation for 4 days and media was
changed every other day. All cell lines were tested for mycoplasma.

Plasmids, cloning and generation of stable cell lines
To generate CTSL KD and Flag-tagged H2A (FL and cH2A) mESCs, approximately 4X105 HEK293T cells
were transfected with packaging vectors pPAX2 and VSGV (kind gifts from Dr. Shelley Berger) along with
1µg of FL-H2A or cH2A, or shRNA targeting CTSL. shRNA plasmid for CTSL KD (in pLKO.1) was obtained
from the high throughput core at Penn and scramble control was a gift from Dr. Shelly Berger. To
generate FLAG-Tagged FL-H2A and cH2A tagged with FLAG at the C-terminus, DNA fragments were
cloned into pLenti plasmid (Origene) (EcoRI and PspXI). HEK293T were transfected in mESCs media
(without LIF), and virus particles were collected for 3 days. Prior to transduction, the viral supernatant was
passed through �ltered using 0.45µm �lter. Polybrene (Santa Cruz Biotechnology) was added to a �nal
concentration of 8 ug/ml. Cells were infected for 24 hours followed by selection with 1µg/ml of
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puromycin (Thermo) for 5 days. Transduction e�ciency of FL-H2A and cH2A was validated by
immunoblotting with FLAG antibody (Sigma). CTSL knockdown e�ciency was con�rmed by RT-qPCR
and immunoblots, with GAPDH as control in both cases. To assess protein stability, mESCs expressing
FL-H2A and cH2A were treated with 100µg/mL cycloheximide (Sigma), 10 nM Bortezomib (Sigma)or a
combination of both drugs for eight hours with timepoints collected every two hours. Cell pellets were
snap frozen in liquid nitrogen and stored at -80°C.

Histone isolation and nuclear extraction
Histones were isolated as previously described19. In summary, after nuclei isolation, histones were acid
extracted with H2SO4 for three hours, following by precipitation with trichloroacetic acid (TCA) overnight.
The resulting pellets were washed �rst with acetone containing 0.1% of hydrochloric acid (HCl) followed
by a wash in acetone alone. Finally, samples were resuspended in ultrapure water and protein
concentrations were determined by Bradford assay (BioRad). To generate nuclear extracts, ~1x106 cells,
were lysed in hypotonic buffer (10mM Tris pH 8, 2mM MgCl2, 24mM CaCl2, 0.3M sucrose, 0.5% NP-40
and protease inhibitors) for �ve minutes on ice. The nuclei were pelleted at 500g for 5 minutes and
washed with PBS. Nuclear proteins were released on ice for 30 minutes in nuclear extraction buffer
(10mM HEPES pH 7.9, 0.75mM MgCl2, 500mM NaCl, 0.1mM EDTA, 12.5% glycerol) supplemented with
2.5 U/ul benzonase (Millipore) and protease inhibitors (Bimake).

Antibodies
All antibodies used in this study are listed in Supplementary Table 1.

Co-immunoprecipitation (Co-IPs) and protein identi�cation
by mass spectrometry
Co-IPs were performed as previously described 48. Brie�y, 2X107 cells were lysed for 1hr at 4°C in IP buffer
(20mM Tris pH 7.5, 137mM NaCl, 1mM CaCl2, 1% NP-40, 10% glycerol, 1mM MgCl2 and 12U/ml
Benzonase) supplemented with protease inhibitors (Bimake). Antibodies (FLAG, BAF180, BAF170, IgG)
were conjugated to 30µl protein G magnetic beads (Thermo) in blocking solution (0.5% BSA in PBS) for at
least 2hrs at 4°C. Cell lysate (~ 600µg) was added to the conjugated beads and incubated overnight at
4°C. IP samples were washed three times with IP buffer and eluted in SDS loading buffer for
immunoblots or processed for MS analysis by on-beads digestion (FL-H2A and cH2A IPs) as follows.
Before trypsin digestion, beads were resuspended in 50mM NH4HCO3, and reduction with DTT, alkylation
with iodoacetamide and digested with Trypsin (Promega). Resulting peptides were dried by SpeedVac
centrifugation and store at -80°C. For MS analysis, samples were resuspended in MS buffer A (0.1%
formic acid in MS grade water) and analyzed by LC-MS. Samples were loaded onto a 17-cm in house C18

column (Reprosil-Pur) using a Dionex LC (Thermo Scienti�c) coupled to a QE-HF orbitrap mass
spectrometer (Thermo Scienti�c). Peptides were eluted over a 90-minute gradient from 5–35% solvent B
(solvent A: 0.1%FA, solvent B: 80% acetonitrile, 0.1% FA), the �ow rate was set to 300nl/min. Data was
obtained in data dependent acquisition (DDA) mode. The MS1 was acquired over 300–1200 m/z with a
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resolution of 60,000, AGC target of 5e5, and maximum injection time of 100 ms. For the MS2, the top 25
most intense ions were selected for MS/MS by high-energy collision dissociation (HCD) at 27 NCE, with a
resolution of 30,000, AGC target of 1e5, and maximum injection time of 150 ms. Raw �les were
processed using MaxQuant (v 1.6.0.16) 49 using M. Musculus database (Uniprot, April 2017). For MS/MS
database search the precursor mass tolerance was set to 4.5ppm and the product mass tolerance to 0.5
Da. Two trypsin missed cleavages were allowed. Carbamidomethyl (C) was set as a static modi�cation
while oxidation (M) and acetylation (protein N-terminus) were selected as variable modi�cations. Proteins
were quanti�ed using label-free quanti�cation (iBAQ). The protein false discovery rate (FDR) was �ltered
for < 0.01.

Mononucleosme IP and histone PTMs analysis by mass
spectrometry
Cells were lysed in Buffer A (10mM HEPES pH 7.9, 10mM KCL, 1.5mM MgCl2, 0.34M sucrose, 10%
glycerol 1mM DTT, 0.1% Triton-X and protease inhibitors) on ice for 5min. After centrifugation, pellets
were washed with Buffer A without Triton-X. Soluble nuclear proteins were released for 15min on ice in no
salt buffer (3mM EDTA, 0.2mM EGTA, 0.1mM DTT). Mononucleosomes were obtained by digesting the
chromatin in 30 units of Micrococcal nuclease (Mnase)(Roche) in digestion buffer (50mM HEPES, 2mM
CaCl2 0.2% NP-40) for 10min at 37°C. Chromatin was brie�y sonicated at 20% amplitude. Sample was
further clari�ed by centrifugation and DNA was examined by agarose gel electrophoresis.
Monucleosomes were dialyzed against Buffer D (20mM HEPES pH 7.9, 20% glycerol, 0.2mM EDTA 0.2%
Triton X, and protease inhibitors) for 2hr at 4°C. Following dialysis, ~ 100ug of mononucleosomes were
incubated with FLAG-M2 beads (20µl) overnight at 4°C. After three washes with Buffer D (Buffer A + 
100mM NACL), samples were eluted with 3X FLAG peptide (0.33mg/ml) on ice for 45min and then
analyzed by immunoblotting and MS. For MS analysis, samples were run on a SDS gel and bands
between 10-25kDa were excised. Histone peptides were derivatized with propionic anhydride described in
Sidoli and Garcia 201750. In summary, after two rounds of in gel derivatization, samples were digested
with 12.5ng/µl of trypsin (Promega) overnight. Peptides were eluted form the gel after several iteration of
hydration with 50mM NH4HCO3 and dehydration with 100% acetonitrile. Samples were dried by
SpeedVac centrifugation and resuspended in 50mM NH4HCO3 for two more rounds of derivatization.
Peptides were desalted and analyzed by LC-MS described above. Peptides were eluted over a 60-minute
gradient from 5–35% solvent B (A:0.1% FA, B:80% acetonitrile, 0.1% FA), with a �ow rate of 300nl/min.
Data was obtained by data independent acquisition (DIA). The MS1 was done in high resolution (120,
000) from 300-1,100m/z w. For MS2, 16 DIA scans with 50m/z windows were acquired using HCD (NCE 
= 35). Raw �les were processed using EpiPro�le 51. These experiments were performed in triplicate.

Peptide pulldowns and protein identi�cation by MS
Histone peptide pulldown assays were done as previously described by Vermeulen 52 with minor
modi�cations. In brief, nuclear extracts were prepared by lysing mESC in buffer A (10mM HEPES pH 7.9,
1.5mM MgCl2, 10mM KCl) supplemented with protease inhibitors. Cells were incubated on ice for 10min



Page 15/25

and pelleted at 400xg for 5min. Subsequently, cell pellets were further homogenized in Buffer A
supplemented with 0.15% NP-40 and protease inhibitors. After nuclei were pelleted after spinning at
3200xg for 15min, nuclear proteins were released for 1hr at 4°C in Buffer C (420mM NaCl, 20mM HEPES
pH 7.9, 20% glycerol, 2mM MgCl2, 0.1% NP-40 and protease inhibitors). Protein concentration was
determined by Bradford assay.

Synthetic peptides were purchased from GenScript. Peptides were designed to include H2AK5ac,
H2AK9ac, H2AK5acK9ac, H3K14ac and H4K5acK8ac, as well as corresponding control peptides without
lysine acetylation. All peptides were biotinylated at the C terminus. The exact sequences of the peptides
are listed in Supplementary Table 2. Each peptide (~ 25ug) was bound to 75µl of Dynabeads MyOne C1
(ThermoFisher) for 20 minutes at room temperature in peptide binding buffer (150 mM NaCl, 50 mM Tris
pH 8, 0.15%NP-40). Nuclear lysate was diluted to 0.6µg/ul in protein binding buffer (150 mM NaCl, 50
mM Tris pH 8, 0.15% NP-40, 0.5 mM DTT, 10 uM ZnCl2 and protease inhibitors). Nuclear lysates (~ 
500ug) were incubated with conjugated peptides overnight at 4C. After 5 washes with wash buffer
(protein binding + 350 mM NaCl) samples were eluted with SDS loading dye for MS or immunoblot
analysis. For MS analysis, samples were resolved by SDS-PAGE (in 4–12%NuPage). Lanes were cut from
10-250kDa and divided into 4 different fractions. Before trypsin digestions, proteins were reduced with 5
mM DTT for 45min at 55°C and alkylate with 55 mM iodoacetamide at room temperature for 30min.
Samples were digested overnight, and peptides were extracted as previously mentioned. Peptides were
identi�ed by MS as described in the Co-IPs section.

H2A Top-down analysis by LC-MS
Prior to mass spectrometry analysis, individual histones were fractionated by reversed-phase liquid
chromatography (RP-HPLC) as previously described 53. Brie�y, ~ 200µg of puri�ed histones were
fractionated using Vydac C18 column (4.6 mm inner diameter, 250 mm length and 5 µM particle size).
Samples were eluted using a 100min linear gradient (30–60%B). Solvent A consisted of 5% acetonitrile
(ACN) in HPLC-grade water and .2% tri�uoracetic acid (TFA), where Buffer B was 95% ACN and 0.2% TFA.
Fractions corresponding to H2A.1 were collected based on known retention time and characteristic peaks
(Supplementary Fig. 1A). Samples were then dried using a SpeedVac and stored at -80 °C. Fractions
corresponding to H2A.1 were resuspended in 0.1% formic acid (FA) to a �nal concentration of 1µg/µl.
Samples (2 µg) were loaded onto a 75-um (inner diameter) x 20 -cm C18 column (Reprosil-Pur Germany)
for nano-LC. Proteoforms were eluted over 60min using a non-linear gradient (10-40B%). Solvent A
consisted of 0.1% formic acid while solvent B was 80% acetonitrile (ACN). nLC was coupled to a hybrid
Orbitrap Fusion Mass Spectrometer equipped with electron transfer dissociation (ETD) fragmentation
(Themo). The acquisition was done in data dependent mode with a 3 second cycle time and using high
resolution of MS1 (120,000 at 200 = m/z) and tandem MS2 (30,000). For MS1 and MS2 the AGC target
was set to 2.0E5 with a max injection time of 100 ms for MS1 and 300 ms for MS2. Charge states 5–21
were selected for MS2 fragmentation with ETD, �nally 3 micro scans were averaged to yield high
resolution MS/MS spectra. Data analysis was performed as described in Sidoli et al. with minor
modi�cations. 54. In brief, after spectral deconvolution with Xtract (Thermo), �les were search with
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Mascot (v2.5 Matrix Science). Acetylation (K) and methylation (KR) were included as dynamic
modi�cations. No enzyme was selected for digestion. Results �les were further process using IsoScale54

with �ltering for unambiguous identi�cation. All cleavage sites were normalized to the abundance of the
full length H2A, manually extracted using Xcalibur (Thermo Fisher Scienti�c)

Quantitative Proteomics with Multiple Reaction Monitoring
(MRM) of H2A acetylation
For histone UHPLC-MRM-MS analysis, 20µg of histone was derivatized as previously described41. After
two rounds of derivatization, samples were digested with trypsin overnight. Tryptic peptides were
derivatized twice more and peptides were desalted by stage tipping 41. The multiple reaction monitoring
(MRM) method was developed on a Vanquish liquid chromatography system and TSQ Altis triple
quadrupole mass spectrometer (Thermo Scienti�c) to quantify H2A tail acetylation. Using 25 pmol of
heavy labeled AQUA standard peptides, targets were scheduled with using a 15min gradient, peptides
were loaded onto an Accucore 1.5µm x 15cm C18 column (Thermo Scienti�c) heated to 60°C at a �ow
rate of 300 µl/min. Using an aqueous solution of 0.1% formic acid as Buffer A an organic solution of 80%
acetonitrile with 0.1% formic acid as Buffer B, the gradient began at 5% Buffer B and increased to 50%
Buffer B by 13.9min, then increased to 95% Buffer B at 15.0min where it remained for 2 minutes, and
�nally decreased to 5% Buffer A at 17.1min where it remained for 6 minutes. Peptides were introduced
into the mass spectrometer by H-ESI source in positive mode at 3700V, sheath gas of 25Arb, auxiliary gas
of 4Arb, sweep gas of 1Arb, ion transfer tube temperature of 325°C, and vaporizer temperature of 350°C.
A �nal method was created using the previous parameters coupled to multiple reaction monitoring with a
total number of 164 transitions, dwell time of 2.5ms, Q1 resolution of 0.4 Da, Q3 resolution of 0.7 Da, and
at least ten points across each peak were quanti�ed. Calculation of the heavy to light ratio of each
peptide was carried out in Skyline 55. All experiments were done in triplicate.

Chromatin Immunoprecipitation followed by sequencing
(ChIP-seq)
ChIP-seq was done as previously reported 48. Brie�y, 1X107 mESCs were �xed in 1% formaldehyde in PBS
for 10 minutes and then quenched with 125 mM glycine for 5min. Chromatin was sonicated with a S220
Focused-ultrasonicator (Covaris) for 15min and immunoprecipitated with anti-H2AK9ac (Abcam).
Antibodies were conjugated to protein G Dynabeads (Thermo). After washing and elution, samples were
incubated overnight at 65°C to reverse cross-links. DNA was puri�ed after treatment with RNAse (Thermo)
and Proteinase K (Thermo). Puri�ed DNA was quanti�ed using Qubit dsDNA kit (Thermo) and 50ng was
used to prepare sequencing libraries. Input samples were also included and prepared using the same
protocol. NEBNext Ultra DNA library kit for Illumina (New England Biolabs) was used to prepare the
libraries and the quality was assessed by Agilent BioAnalyzer 2100 (Agilent). Quanti�cation was done
using KAPA library quanti�cation kits (KAPA Biosystems) or NEBNext library Quant kit (New England
Biolabs). For each condition, two independent replicates were included. Single-end sequencing (75bp)
was performed on a NextSeq 500 platform. (Illumina). ARID2 and PBRM1 ChIP-Seq was done as reported
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by Michel et. al56. Brie�y, 2X107 mESCs were �xed with 1% formaldehyde for �ve minutes and quenched
for an additional �ve minutes. After nuclear extraction, chromatin was sonicated with a S220 Focused-
ultrasonicator (Covaris) for 12 min and immunoprecipitated with anti-PBRM1 (Bethyl) and anti-ARID2
(Bethyl). After washing and elution, samples were incubated overnight at 65°C to reverse cross-links. DNA
was puri�ed after treatment with RNAse (Thermo) and Proteinase K (Thermo). Using the Qiagen minElute
PCR puri�cation kit (Qiagen). Puri�ed DNA was quanti�ed using Qubit dsDNA kit (Thermo) libraries using
the KAPA Hyper Prep kit Sequencing was performed at the Genome Sequencing Facility in St. Jude
Children’s Research Hospital on Illumina HiSeq platform in single-end mode with 50 bp per read. Reads
were checked for sequencing quality with FastQC (v0.11.2). After that, reads were aligned to the mouse
reference genome (mm9) using Bowtie2 (v2.2.9) with soft-clipping allowed. SAMtools (v0.1.19) was used
to �lter out non-primary alignments, alignments with mapping quality score less than 10, PCR duplicates,
and alignments on non-chromosome contigs or ENCODE blacklist regions. Peaks were detected for each
sample against the corresponding input control using SICER (v1.1) with default parameters. Bedtools
(v2.27.1) was used to generate bedgraph �les for visualization on genome browser, in which each sample
was normalized to 10 million reads per library with corresponding input subtracted.

Whole transcriptome analysis by RNA-seq
RNA was extracted utilizing RNAeasy Kit (Qiagen) following manufacturer’s instructions. Treatment with
DNase for 15 minutes was included to degrade all genomic DNA. Libraries were prepared using NEBNext
Poly(A) mRNA magnetic isolation module and NEB Ultra Directional RNA Library kit for Illumina (New
England Biolabs). Library quality, quanti�cation and, sequencing was done as described above. RNA-seq
reads were checked for sequencing quality with FastQC (v0.11.2). After sequencing, reads were aligned to
the mouse reference genome (mm9) using STAR (v.2.3.0e) with default parameters. SAMtools (v0.1.19)
was used to �lter out alignments with mapping quality score less than 10 and alignments on
mitochondria or non-chromosome contigs. Finally, FeatureCounts (v.1.6.2) was used to generate a matrix
of mapped fragments per RefSeq annotated gene. Differential gene expression analysis was performed
using the DESeq2 R package (v.1.16.1) with an FDR cutoff of 0.05 and log2 fold change cutoff of 1.5X.
Bedtools (v2.27.1) was used to generate bedgraph �les for visualization on genome browser, in which
each sample was normalized to 10 million reads per library.

GO analysis
All gene ontologies analysis were done using GENEONTOLOGY at http://geneontology.org/

Data availability
Mass spectrometry raw �les are deposited in Chorus repository project number 1698. Additionally, all
ChIP and RNA seq �les are in the NCBI Gene Expression Omnibus under the following accession number
GSE162896.

Declarations



Page 18/25

Acknowledgments 

The authors thank Dr. Shelley Berger for providing plasmids used here. We also thank Dr. Kate Alexander
and Dr. Enrique Lin Shiao for their scienti�c input and discussions. we acknowledge the following grants
NIH GM110174, CA196539 and NS111997. SS gratefully acknowledges the Leukemia Research
Foundation (Hollis Brownstein New Investigator Research Grant), AFAR (Sagol Network GerOmics award),
Deer�eld (Xseed award), Relay Therapeutics, Merck and the NIH O�ce of the Director (1S10OD030286-
01). Additionally, BAG acknowledges funding from a St. Jude Children’s Hospital Consortium.

Author contributions 

B.G. and M.C. conceived the idea for this project and designed experiments. M.C. wrote the manuscript
with essential contribution from EGP. M.C also designed experiments and performed experiments
presented here.  J.C assisted and designed quantitative QQQ method to analyzed H2A acetylation. Y.L
performed computation analysis for sequencing experiments with signi�cant contributions from PJL. Z.Z
and C.R assisted and designed sequencing experiments with invaluable contributions from Y.P.  C.L, and
S.S assisted with Top-Down analysis and LC-MS method development. All authors discussed the results
and the manuscript. 

Declaration of Interest 

The authors declare no con�ict of interests. 

References
1. Strahl, B. D. & Allis, C. D. The language of covalent histone modi�cations. Nature 403, 41–45 (2000).

2. Chen, C. C. L. et al. H3S10ph broadly marks early-replicating domains in interphase ESCs and shows
reciprocal antagonism with H3K9me2. Genome Res. 28, 37–51 (2018).

3. Keller, G. Embryonic stem cell differentiation: emergence of a new era in biology and medicine. Genes
Dev. 19, 1129–1155 (2005).

4. Mas, G. et al. Promoter bivalency favors an open chromatin architecture in embryonic stem cells.
Nat. Genet. 50, 1452–1462 (2018).

5. Dixon, J. R. et al. Chromatin Architecture Reorganization during Stem Cell Differentiation. Nature 518,
331–336 (2015).

�. Giadrossi, S., Dvorkina, M. & Fisher, A. G. Chromatin organization and differentiation in embryonic
stem cell models. Curr. Opin. Genet. Dev. 17, 132–138 (2007).

7. Atlasi, Y. & Stunnenberg, H. G. The interplay of epigenetic marks during stem cell differentiation and
development. Nat. Rev. Genet. 18, 643–658 (2017).

�. Biran, A. & Meshorer, E. Concise Review: Chromatin and Genome Organization in Reprogramming.
STEM CELLS 30, 1793–1799 (2012).



Page 19/25

9. Saraiva, N. Z., Oliveira, C. S. & Garcia, J. M. Histone acetylation and its role in embryonic stem cell
differentiation. World J. Stem Cells 2, 121–126 (2010).

10. Glibert, P. et al. Quantitative Proteomics to Characterize Speci�c Histone H2A Proteolysis in Chronic
Lymphocytic Leukemia and the Myeloid THP-1 Cell Line. Int. J. Mol. Sci. 15, 9407–9421 (2014).

11. Tvardovskiy, A. et al. Top-down and Middle-down Protein Analysis Reveals that Intact and Clipped
Human Histones Differ in Post-translational Modi�cation Patterns. Mol. Cell. Proteomics MCP 14,
3142–3153 (2015).

12. Liu, H. et al. Clipping of arginine-methylated histone tails by JMJD5 and JMJD7. Proc. Natl. Acad.
Sci. <bvertical-align:super;>114</bvertical-align:super;>, E7717–E7726 (2017).

13. Kim, K. et al. MMP-9 facilitates selective proteolysis of the histone H3 tail at genes necessary for
pro�cient osteoclastogenesis. Genes Dev. genesdev;gad.268714.
115v1
(2016) doi:10.1101/gad.268714.115.

14. Duncan, E. M. et al. Cathepsin L Proteolytically Processes Histone H3 During Mouse Embryonic Stem
Cell Differentiation. Cell 135, 284–294 (2008).

15. Goulet, B. et al. A Cathepsin L Isoform that Is Devoid of a Signal Peptide Localizes to the Nucleus in
S Phase and Processes the CDP/Cux Transcription Factor. Mol. Cell 14, 207–219 (2004).

1�. Duarte, L. F. et al. Histone H3.3 and its proteolytically processed form drive a cellular senescence
programme. Nat. Commun. 5, 5210 (2014).

17. Tholen, M. et al. Out-of-frame start codons prevent translation of truncated nucleo-cytosolic
cathepsin L in vivo. Nat. Commun. 5, 4931 (2014).

1�. Tobin, D. J. et al. The Lysosomal Protease Cathepsin L Is an Important Regulator of Keratinocyte and
Melanocyte Differentiation During Hair Follicle Morphogenesis and Cycling. Am. J. Pathol. 160,
1807–1821 (2002).

19. Lin, S. & Garcia, B. A. Examining Histone Posttranslational Modi�cation Patterns by High Resolution
Mass Spectrometry. Methods Enzymol. 512, 3–28 (2012).

20. Nashun, B., Yukawa, M., Liu, H., Akiyama, T. & Aoki, F. Changes in the nuclear deposition of histone
H2A variants during pre-implantation development in mice. Development 137, 3785–3794 (2010).

21. Anderson, L. C. et al. Analyses of Histone Proteoforms Using Front-end Electron Transfer
Dissociation-enabled Orbitrap Instruments. Mol. Cell. Proteomics 15, 975–988 (2016).

22. Papanastasiou, M. et al. Chasing Tails: Cathepsin-L Improves Structural Analysis of Histones by HX-
MS. Mol. Cell. Proteomics 18, 2089–2098 (2019).

23. Biniossek, M. L., Nägler, D. K., Becker-Pauly, C. & Schilling, O. Proteomic identi�cation of protease
cleavage sites characterizes prime and non-prime speci�city of cysteine cathepsins B, L, and S. J.
Proteome Res. 10, 5363–5373 (2011).

24. Wang, Z. et al. Combinatorial patterns of histone acetylations and methylations in the human
genome. Nat. Genet. 40, 897–903 (2008).



Page 20/25

25. Gonzales-Cope, M., Sidoli, S., Bhanu, N. V., Won, K.-J. & Garcia, B. A. Histone H4 acetylation and the
epigenetic reader Brd4 are critical regulators of pluripotency in embryonic stem cells. BMC Genomics
17, (2016).

2�. Vavouri, T. & Lehner, B. Human genes with CpG island promoters have a distinct transcription-
associated chromatin organization. Genome Biol. 13, R110 (2012).

27. Tweedie-Cullen, R. Y. et al. Identi�cation of Combinatorial Patterns of Post-Translational
Modi�cations on Individual Histones in the Mouse Brain. PLOS ONE 7, e36980 (2012).

2�. Magin, R. S., Liszczak, G. P. & Marmorstein, R. The Molecular Basis for Histone H4- and H2A-Speci�c
Amino-Terminal Acetylation by NatD. Struct. Lond. Engl. 1993 23, 332–341 (2015).

29. Miller, T. C. R. et al. A bromodomain–DNA interaction facilitates acetylation-dependent bivalent
nucleosome recognition by the BET protein BRDT. Nat. Commun. 7, 13855 (2016).

30. Porter, E. G. & Dykhuizen, E. C. Individual Bromodomains of Polybromo-1 Contribute to Chromatin
Association and Tumor Suppression in Clear Cell Renal Carcinoma. J. Biol. Chem. 292, 2601–2610
(2017).

31. Padavannil, A. et al. Importin-9 wraps around the H2A-H2B core to act as nuclear importer and
histone chaperone. eLife 8,.

32. Chen, X. et al. Histone Chaperone Nap1 Is a Major Regulator of Histone H2A-H2B Dynamics at the
Inducible GAL Locus. Mol. Cell. Biol. 36, 1287–1296 (2016).

33. Kaustov, L. et al. Recognition and Speci�city Determinants of the Human Cbx Chromodomains. J.
Biol. Chem. 286, 521–529 (2011).

34. Karch, K. R. et al. Hydrogen-Deuterium Exchange Coupled to Top- and Middle-Down Mass
Spectrometry Reveals Histone Tail Dynamics before and after Nucleosome Assembly. Struct. Lond.
Engl. 1993 26, 1651–1663.e3 (2018).

35. Nurse, N. P., Jimenez-Useche, I., Smith, I. T. & Yuan, C. Clipping of Flexible Tails of Histones H3 and
H4 Affects the Structure and Dynamics of the Nucleosome. Biophys. J. 104, 1081–1088 (2013).

3�. Clift, D., So, C., McEwan, W. A., James, L. C. & Schuh, M. Acute and rapid degradation of endogenous
proteins by Trim-Away. Nat. Protoc. 13, 2149–2175 (2018).

37. Allis, C. D., Bowen, J. K., Abraham, G. N., Glover, C. V. & Gorovsky, M. A. Proteolytic processing of
histone H3 in chromatin: a physiologically regulated event in Tetrahymena micronuclei. Cell 20, 55–
64 (1980).

3�. Morín, V. et al. The Protease Degrading Sperm Histones Post-Fertilization in Sea Urchin Eggs Is a
Nuclear Cathepsin L That Is Further Required for Embryo Development. PloS One (2012)
doi:10.1371/journal.pone.0046850.

39. Mandal, P., Azad, G. K. & Tomar, R. S. Identi�cation of a novel histone H3 speci�c protease activity in
nuclei of chicken liver. Biochem. Biophys. Res. Commun. 421, 261–267 (2012).

40. Santos-Rosa, H. et al. Histone H3 tail clipping regulates gene expression. Nat. Struct. Mol. Biol. 16,
17–22 (2009).



Page 21/25

41. Karch, K. R., Sidoli, S. & Garcia, B. A. Identi�cation and quanti�cation of histone PTMs using high-
resolution mass spectrometry. Methods Enzymol. 574, 3–29 (2016).

42. Doiguchi, M. et al. SMARCAD1 is an ATP-dependent stimulator of nucleosomal H2A acetylation via
CBP, resulting in transcriptional regulation. Sci. Rep. 6, 20179 (2016).

43. Jacquet, K. et al. The TIP60 complex regulates bivalent chromatin recognition by 53BP1 through
direct H4K20me binding and H2AK15 acetylation. Mol. Cell 62, 409–421 (2016).

44. Acharya, D. et al. KAT–independent gene regulation by Tip60 promotes ESC self-renewal but not
pluripotency. Cell Rep. 19, 671–679 (2017).

45. Hiramatsu, H. et al. The role of the SWI/SNF chromatin remodeling complex in maintaining the
stemness of glioma initiating cells. Sci. Rep. 7, 889 (2017).

4�. Porter, E. G. et al. PBRM1 Regulates Stress Response in Epithelial Cells. iScience 15, 196–210 (2019).

47. A, L. et al. Identi�cation of H3K4me1-associated proteins at mammalian enhancers. Nat. Genet. 50,
73–82 (2017).

4�. Lin-Shiao, E. et al. KMT2D regulates p63 target enhancers to coordinate epithelial homeostasis.
Genes Dev. 32, 181–193 (2018).

49. Cox, J. & Mann, M. MaxQuant enables high peptide identi�cation rates, individualized p.p.b.-range
mass accuracies and proteome-wide protein quanti�cation. Nat. Biotechnol. 26, 1367–1372 (2008).

50. Sidoli, S. & Garcia, B. A. Characterization of individual histone post-translational modi�cations and
their combinatorial patterns by mass spectrometry-based proteomics strategies. Methods Mol. Biol.
Clifton NJ 1528, 121–148 (2017).

51. Yuan, Z.-F. et al. EpiPro�le 2.0: A Computational Platform for Processing Epi-Proteomics Mass
Spectrometry Data. J. Proteome Res. 17, 2533–2541 (2018).

52. Vermeulen, M. Chapter Seven - Identifying Chromatin Readers Using a SILAC-Based Histone Peptide
Pull-Down Approach. in Methods in Enzymology (eds. Wu, C. & Allis, C. D.) vol. 512 137–160
(Academic Press, 2012).

53. Greer, S. M. et al. Extensive Characterization of Heavily Modi�ed Histone Tails by 193 nm Ultraviolet
Photodissociation Mass Spectrometry via a Middle-Down Strategy. Anal. Chem. 90, 10425–10433
(2018).

54. Sidoli, S. et al. Metabolic labeling in middle-down proteomics allows for investigation of the
dynamics of the histone code. Epigenetics Chromatin 10, (2017).

55. MacLean, B. et al. Skyline: an open source document editor for creating and analyzing targeted
proteomics experiments. Bioinforma. Oxf. Engl. 26, 966–968 (2010).

5�. A non-canonical SWI/SNF complex is a synthetic lethal target in cancers driven by BAF complex
perturbation | Nature Cell Biology. https://www.nature.com/articles/s41556-018-0221-1.

Figures



Page 22/25

Figure 1

Histone H2A is cleaved during ES cell differentiation. A Undifferentiated ES cells, (left panel) from
embryoid bodies (right panel) after treatment with Retinoic acid (RA) treatment. B Western blot analysis
on acid extracted histone or C mononucleosomes during 6 or 5 days of differentiation, arrow indicates
the presence of cleaved H2A (cH2A). D Mass Spectrometry quanti�cation of cH2A relative abundance
compared to FL-H2A.  Asterisks indicate signi�cant differences between undifferentiated (day 0) and
differentiated cells (day 2 and 4), two-tailed student t-test (*p < 0.05, **p < 0.01). Bar plots represent the
average of 3 biological replicates and the error bars represent the S.D E Illustration of the N terminal tail
of H2A, dotted lines indicate secondary cleavage sites while solid line denotes primary and most
abundant cleavage site.

Figure 2

Cathepsin L facilitates H2A proteolysis upon differentiation. A Sequence similarity between H3 and H2A
cleavage sites. B Validation of CTSL knockdown in undifferentiated and differentiated cells, GAPDH was
used as loading control. C Western blots on acid extracted histones from undifferentiated WT mESCs and
differentiated embryoid bodies with and without shCTSL  D Mass spectrometry quanti�cation of cH2A
after 4 days of RA treatment. Asterisks indicate signi�cant differences between scramble shRNA (shSC)
or CTSL KD cells (shCTSL), two-tail student t-test (*p < 0.05) and at least 3 biological replicates in each
time point. E Illustration of the post translational modi�cations on the N-terminal tail of histone H2A. F
MS quanti�cation of histone acetylation marks on H2A on differentiated ES cells. two-tailed student t-test
(*p < 0.05, **p < 0.01) and N=3. All results represent the average of three biological replicates and the
error bars represent the S.D

Figure 3

Genome wide localization of acetylated H2A A Schematic of differentiation time points used for ChIP-seq
and RNA-seq analysis. B Heatmap showing enrichment of H2AK9ac over mm10 genes centered around
the TSS at day 2 and day 4 of EBs formation in control cells (shSC) or CTSL KD cells (shCTSL). C
DiffBind56 analysis comparing H2AK9ac occupancy at day 2 vs day 4 in shSC and shCTSL D Gene
expression by RNA-seq. The boxplot indicates the log2 fold change in gene expression from day 2 vs day
4 in shSC (blue) and shCTSL (orange) using genes (n=347)with signi�cantly lower H2AK9ac occupancy
(by DiffBind). Wilcoxon-rank sum two-sided was used to determined signi�cance (p=0.0001).
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Figure 4

Members of pBAF recognized acetylated H2A. A Representation of histone peptide pulldown experiments
using nuclear extracts. Volcano plots showing the fold change between unmodi�ed H2A (control) peptide
and (B) H2AK5ac, (C) H2AK9ac or (D) H2AK5acK9ac. Proteins signi�cantly enriched by acetylated
peptides versus the control peptide are labeled in blue (Student t-test). E STRING analysis showing
associations between the proteins enriched in H2AK5acK9ac pulldown, the numbers represent the
interaction strength. F Western blots validation of MS results. G Heatmap showing enrichment of Arid2
and Pbrm1 on H2AK9ac consensus peaks in pluripotency. H Genome wide distribution of pBaf and
pBAF/ H2AK9ac colocalized regions. I Expression levels (log2 RPKM+1) of promoter in pBaf and
pBaf/H2AK9ac dual regions, Signi�cance was determined using two-sided unpaired student t-test. 

Figure 5

H2A proteolysis prevents PBAF recognition of acetylated H2A A Ven diagrams showing overlapping and
unique proteins identi�ed by IP-MS. B. Volcano plots showing the fold change between FL-H2A (blue) and
cH2A (orange) Signi�cantly enriched proteins by Student t-test are highlighted in blue or orange. Only
proteins signi�cantly enriched over IgG (FC >2 and p-val >0.05) were used for analysis C Bar plot of
proteins differentially enriched in each condition, showing the average of three biological replicates
Student t-test ;*p < 0.05, **p < 0.01, ***p < 0.001.  The error bars represent the SD D Co-IPs using whole
cell extracts of mESCs expressing either FLAG-tagged full-length H2A (FL-H2A) or FLAG-tagged cH2A
(cH2A). E Heatmap showing enrichment of Arid2 and Pbrm1 on H2AK9ac peaks in shSC and
shCTLS after four days of RA treatment F Genome browser snapshot of H2AK9ac, Arid and Pbrm1 over
EP400. G Recognition of acetylated H2A by the PBAF before and after histone proteolysis

Figure 6

cH2A is associated with marks of active transcription and fast turnover. Mononucleosome IP-MS
quanti�cation of histone PTMs enriched in FL-H2A A or cH2A. signi�cance is denoted by asterisk (*).
Student t-test;*p < 0.05, **p < 0.01, ***p < 0.001.   B MS validations by western blot. Protein stability assay
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using C cycloheximide 100ng/ml D or bortezomib (10nM) or both D. Western blots against FLAG and H3
in nuclear extracts. All experiments were done in biological triplicates

Figure 7



Page 25/25

Proposed model of gene regulation by H2A proteolysis.
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