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Human CRAMP1 specifically promotes the
expression of histone H1 genes
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Abstract

Proper histone gene expression is critical for cell viability and
maintenance of genomic integrity. Multiple histone genes are
organized into three genomic loci that encode replication-coupled
core and linker histones. Histone gene expression and transcript
processing are orchestrated in the histone locus body (HLB) within
the nucleus. Here, we identify human CRAMP1 as a selective reg-
ulator of the linker histone H1 expression. Human CRAMP1 is
recruited to the HLB in RPE1"™RT cells. Immunoprecipitation com-
bined with mass spectrometry shows CRAMP1 physically associ-
ates with the HLB component GON4L (also known as YARP). We
demonstrate that the PAH domains of GONA4L interact with
CRAMP1. CRAMP1 disruption results in reduced histone Hl mRNA
expression and histone H1 protein levels, with no significant
changes in core histone gene expression. CRAMP1 occupies the
promoters of actively expressed replication-coupled linker histone
genes that reside within the histone locus body and replication-
independent histone H1 loci, which reside in a region of the genome
without other histone genes. Together, these data identify CRAMP1
as a novel and selective regulator of histone H1 gene expression.
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Introduction

The human genome includes over 90 histone genes that encode
core (H2A, H2B, H3, and H4) and H1 linker histones. Most human
genes encoding histones are arranged into four clusters spread
across chromosomes 1, 6, and 12 (Marzluff et al, 2002; Marzluff
et al, 2008; Seal et al, 2022; Singh et al, 2018). The histone genes
within these clusters are expressed coincident with DNA replica-
tion. The locus on human chromosome 6 is the largest cluster,
containing approximately 70% of all histone genes and 66% of
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linker histone genes. The multimerization of histone genes is
conserved from S. cerevisiae to humans, but the arrayed format of
histone genes varies greatly among species (Mei et al, 2017;
Nakashima et al, 2016; Seal et al, 2022).

Histone gene expression is controlled at both the transcriptional
and post-transcriptional levels (Marzluff and Koreski, 2017). In
metazoans, replication-coupled histone genes lack introns, and
most transcripts do not undergo polyadenylation. This includes
both core histones and H1 linker histones. Instead, the 3> UTR
regions end in a well-conserved stem-loop structure that binds
SLBP. The 3’ end is processed by the CPSF73 exonuclease as part of
the active U7 snRNP complex, which recognizes a stem loop (Sun
et al, 2020). Expression of the core histone genes requires the
protein NPAT (Nuclear Protein, Ataxia-Telangiectasia/Nuclear
Protein, Mxc in Drosophila) (Terzo et al, 2015; Ye et al, 2003).
NPAT is a central regulator of replication-coupled histone gene
expression (Bucholc et al, 2020; Koreski et al, 2020; Yang et al,
2014). The cell cycle restriction of histone gene expression—
coupled with DNA replication—is controlled by CDK phosphor-
ylation of NPAT (Armstrong et al, 2023; Zhao et al, 2000).

The histone locus body (HLB) is a cytologically defined nuclear
body that contains histone genes, histone pre-mRNA, and
associated regulatory proteins serving as the site of histone mRNA
biogenesis (Bongiorno-Borbone et al, 2008; Ghule et al, 2008; Liu
et al, 2006; Liu et al, 2009; Nizami et al, 2010). HLBs are
membraneless organelles, and liquid-liquid phase separation is
proposed to play a role in their formation (Hirose et al, 2023; Hur
et al, 2020). In Drosophila, sequences within the histone H3/H4
gene regions of tandem repeats are sufficient to establish a histone
locus body (Salzler et al, 2013). HLB formation is also controlled by
the NPAT protein (Bucholc et al, 2020; Koreski et al, 2020; Yang
et al, 2014). In addition, the Drosophila Cramped protein is
recruited to the HLB and alters histone H1 gene expression (Gibert
and Karch, 2011). Human GONA4L (a.k.a. YARP, YY1-associated-
related protein) is the homolog of the Drosophila Mute gene, and
both GON4L and Mute are recruited to histone locus bodies in
HelLa cells and Drosophila, respectively (Yang et al, 2014). Mute in
Drosophila appears to suppress histone gene expression (Bulchand
et al, 2010); however, it has not been tested whether GON4L plays a
similar repressive role on the core histone genes in human cells,
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and its role in histone H1 regulation has not been tested in either
system. GONA4L is known to bind the Yin-Yangl (YY1) transcrip-
tion factor, and YY1 may play a cell type-specific role in histone
transcription (Barr et al, 2017; Colgan et al, 2021; Lu et al, 2011;
Schwarzenbacher et al, 2016; Williams et al, 2018).

Each histone H1 gene encodes a distinct linker histone protein
(Prendergast and Reinberg, 2021). Histones H1-1, H1-2, H1-3, H1-
4, and H1-5 are expressed primarily during S-phase (replication-
coupled) to support DNA replication. These genes are located with
the histone loci on chromosome 6 and occupy the HLB. The
majority of replication-coupled histone H1 gene transcripts end in
a stem-loop structure and are not polyadenylated; however,
alternative non-replication-coupled transcripts can also occur
(Cheng et al, 1989; Wang et al, 1997). The histone H1-6, H1-7,
and H1-8 variants are germline-specific. Histone H1-0 and H1-10
genes are expressed throughout the cell cycle, independent of DNA
replication, and their transcripts undergo polyadenylation. Similar
to the replication-independent histone H3 and H2A variants, the
H1-0 and H1-10 genes lie outside the histone clusters. Histone H1
interacts with linker DNA at the entry-exit site at or near the dyad
axis of the nucleosome to form a structure called the chromato-
some. Many roles for H1 have been identified, including chromatin
condensation and 3D genome organization (Yang et al, 2013a;
Fernandez-Justel et al, 2022).

Core histones use a chaperone protein system to facilitate assembly
of nucleosomes (Hammond et al, 2017). Histone H3 variant-specific
chaperones determine the timing and location of variant nucleosome
assembly. Whether a unique histone chaperone network exists for
histone H1 is unclear, although NASP and NPM1 have been proposed
to bind to histone H1 (Finn et al, 2008; Kato et al, 2011; Shintomi et al,
2005), and NASP and NPM1 can contribute to histone H1 assembly
in vitro (Finn et al, 2008; Gadad et al, 2011).

Here, we identified human CRAMP1 as a regulator of histone
H1 gene transcription and a novel member of the human HLB.
Immunoprecipitation followed by mass spectrometry (IP-MS) of
CRAMPI1 identified the GON4L HLB component as a binding
partner for CRAMPI. The interaction between CRAMPI is
mediated by the PAH domains of GON4L. We demonstrated that
CRAMPI selectively regulates histone H1 genes without affecting
core histone gene expression. ChIP experiments demonstrated that
CRAMP1 binds almost exclusively to the promoters of histone H1
genes. Both replication-coupled and replication-independent his-
tone HI1 genes are bound by CRAMP1. These data are consistent
with recent reports showing that CRAMPI activity facilitates PRC2
function and alters sensitivity to topoisomerase II inhibitors
through its effect on histone H1 transcription (Ingham et al,
2025; Matthews et al, 2025). Together, these data suggest that core
histone and histone H1 genes are differentially regulated by
CRAMPI and that diverse levels of regulation occur within the
histone locus body.

Results and discussion

Genome-wide cell fitness analysis identified CRAMP1 as
an H1 regulator

We used a human genetic approach to identify human-specific
pathways related to histone H1 function by analyzing large-scale
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cell fitness screens in response to whole-genome CRISPR/Cas9
drop out screening across >1000 human cell lines from DepMap
(https://depmap.org; Hart et al, 2015; Wang et al, 2015). Previously,
we and others have used the correlated degree of fitness across a
large number of cancer cell lines from DepMap to identify physical
protein complexes and related regulatory pathways that influence
stress response and define complexes involved in chromatin
remodeling (Meyers et al, 2017; Amici et al, 2021; Amici et al,
2022, Pan et al, 2018) (Fig. 1A). To identify genes functionally
related to histone H1, we created a histone HI1 gene fitness
signature by averaging the fitness values of all H1 genes within cell
lines and then correlating the histone H1 fitness average with all
other genes across cell types. CRAMP1 showed the highest
correlation with the HI gene signature of any non-histone gene
(R=0.303)(Yamamoto et al, 1997) (Fig. 1B). CRAMP1 was
similarly ranked (R =0.388) when we restricted the gene signature
to replication-coupled histone H1 genes. Among the top 15 genes
correlated with the histone HI gene signature, CRAMP1 was the
only non-histone gene. Likewise, ranking the correlation of
CRAMPI cell fitness across the entire genome, the highest
correlations were with the replication-coupled histone H1 genes
(H1-2, H1-4, and H1-5) (Fig. 1C). In addition to the histone H1
genes, CRAMP1 also showed a high degree of correlation with
PRC2 components EED, SUZ12, and EZH2. Interestingly, Droso-
phila mutants of the CRAMP1 homolog Cramped phenocopy
Polycomb mutants (Yamamoto et al, 1997).

We conducted immunoprecipitation followed by mass spectro-
metry (IP-MS) using anti-V5 conjugated beads from a cell line
stably expressing C-terminally V5-tagged CRAMP1 (HEK293T) to
identify the proteins associated with CRAMP1 (Figs. 1D and E-
V1A,B; Dataset EV1). This approach identified 75 enriched
proteins in CRAMP1-V5 purification that met the cutoff criteria
(P value <0.05 and Log2 fold >1.5) compared to V5 purification
from parental HEK293T cells (Fig. 1D, red dots). IP-MS showed
that CRAMP1 associates with several histone HI1 variants.
CRAMPI co-purified with histones H1-10 and H1-0 in the highest
abundance; however, CRAMP1 also co-purified histones H1-2, H1-
3, and H1-4 (Fig. 1D), albeit below the assigned stringency cutoffs
(Fig. 1E). The co-purification of CRAMP1 with histone HI is
consistent with the strong fitness correlation between CRAMP1
and histone H1 genes. In contrast, core histones identified by IP-
MS showed no enrichment in CRAMP1-V5 purification.

GON4L (a.k.a. YARP) was the most highly purified protein
(Log, fold change=5.5) associated with CRAMPI1. GON4L was
previously shown to interact directly with HLB regulator NPAT
(Bucholc et al, 2020; Yang et al, 2014). Although NPAT was also
found in our IP-MS dataset, it did not meet our cutoff criteria for
significant enrichment. Therefore, NPAT may co-purify with
CRAMPI via its association with GON4L. We did not identify
GONA4L in our fitness screening. These incongruencies can occur
when genes have multiple phenotypic outcomes that impinge on
cellular fitness; therefore, we expect that GON4L will have
additional roles in the cell.

Effect of CRAMP1 on histone H1 expression
Since CRAMP1 is associated with two genes known to influence

histone gene expression, NPAT and GON4L, we sought to
determine if CRAMP1 alters histone gene expression. A degron
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Figure 1. Association of human CRAMP1 and histone H1.

Justin Bodner et al

NS Log, FC p-value p —value and log, FC
5 L
| |
I | @ -
4l ! ! H1-10
| |
Q 2ol |
2 31 L GONA4L
2 | -0 GOB CRAMP1
| ®
1 21 %l
.|
1 o
O 1 I L] I L] L]
0 5 10
Log, fold change
E
H1-10 —e
—Log1o P
H1-31 4
3
H1-01 )
H1-21 1
H1-4- 0
-1 0 1 2 3
Log, fold change
—-Logio P
CRAMP1 m 3
GON4L 2
NPAT 1
00 25 50 7.5 10.0 0

Log, fold change

(A) Schematic showing the use of fitness correlations from whole-genome knockouts across multiple cell lines from DepMap for the identification of functionally related
genes. Genes with correlating patterns of fitness changes across cell lines are functionally and/or physically related, as in the example of Genes X and Y. The example of
genes Y and Z does not show correlated fitness across cell lines. (B) Rank order of genome-wide fitness correlations with a combined histone H1 fitness signature derived
from the average fitness score across all histone H1 genes versus all genes. CRAMP1 (magenta) was the highest correlated non-histone gene and the only non-histone in
the top 15 ranked genes (green). (C) Rank order of genome-wide fitness correlations with CRAMP1 fitness. Histone H1 genes (blue) were highly ranked within this list.
Components of the PRC2 complex (orange) were also highly correlated with CRAMP1. (D) Cycling HEK293T cells stably expressing CRAMP1-V5 were subjected to

immunoprecipitation of CRAMP1-V5 using anti-V5 conjugated beads, and associated proteins were identified by mass spectrometry (n = 3 biological replicates). Red dots
indicate proteins that met the cutoffs of Log2FC >1 and P value <.05. GONA4L and the target, CRAMP1, showed the greatest Log2FC values. P values were calculated using
unpaired two-tailed t test. Histone H1 proteins were also co-purified. (E) Values for the individual histone H1 protein from the CRAMP1-V5 immunoprecipitation extracted
from data displayed in (D). Source data are available online for this figure.
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Figure 2. CRAMP1 stimulates Histone H1 gene expression.

(A) HEK293T cells were engineered to encode a dTAG degron and HA epitope tag at the C-terminus of the endogenous CRAMP1 locus using CRISPR/Cas9
(HEK293TCRAMPIHA-ATAG) ' Immunoblot for the HA tag showed the degradation of endogenous CRAMP1 as early as 1 day after dTAG13 addition. Immunoblot also showed
Histone H1-0 and Histone H3 in HEK293TCRAMPIATAG treated for the indicated times. (B) No significant growth defects were observed in response to CRAMP1-dTAG
degradation after up to 6 days (n = 3 biological replicates). Values represent the mean confluence, and error bars are the standard deviation (S.D.). (C) Quantitation of
protein levels from (A) (n =3 biological replicates). Statistical analysis was conducted using unpaired two-tailed t test. Mean normalized values +/— S.D. Histone H1
protein levels are reduced in response to CRAMP1-dTAG degradation, while H3 is largely stable (n =3 biological replicates). (D) RNA-seq was conducted on
HEK293TCRAMPI-TAG ce||s after 24 h of dTAG treatment. Volcano plot of RNA-seq shows genes that meet the cutoffs of P value <.05 and log2FC > 1. P values were calculated
by edgeR using an exact test adapted for the negative binomial distribution (n = 3 biological replicates). (E) Expression levels of histone H1 genes in DMSO-treated
HEK293TCRAMPI-TAG showed that only a subset of the H1 variants are expressed, with histone H1-2 being the most abundant. (N.D. not detected.) (F) Relative mRNA levels
(Z-score) of expressed histone genes comparing cells treated for 24 h with dTAG versus DMSO in three independent replicates. Expression of the histone H1 genes was
uniformly suppressed following CRAMP1 degradation. Core histones are variably affected. (G) GSEA analysis of gene expression data from HEK293TRAMPI-TAG ce||s treated
for 1 or 7 days with dTAG13. P values were calculated using the fgsea R package, which uses an adaptive multi-level split Monte-Carlo scheme. The gene signature that
includes the histone H1 genes showed strong enrichment at both 1 and 7 days (MSig: DNA_PACKAGING_COMPLEX). After an extended time of CRAMP1 suppression,
PRC2-regulated genes were significantly derepressed (MSig: PRC2_EED_UP). (H) Analysis of CRAMP1 degradation after short-term dTAG treatment showed that protein
levels are severely reduced within 3-5 h after dTAG treatment. (1) TT-seq analysis was conducted on dTAG-treated HEK293TRAMP-TAG ce||s after 6 and 24 h to examine
the nascent expression of histone genes. Track examples showed a rapid reduction in histone H1 gene expression (n =1 biological replicate). Tracks represent CPM-
normalized read counts. (J) Changes in nascent expression were calculated as the fold change of normalized counts across all genes within the type relative to the no
dTAG condition. Histone H1 genes collectively showed significant reductions after just 6 h of dTAG treatment. Statistics were calculated using unpaired two-tailed t test,
and error bars indicate S.D. Boxplots extend from the 25th to 75th percentile, the middle bar represents the median, whiskers extend 1.5 the interquartile range, and
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outliers are indicated by individual points (n =1 biological replicate). Source data are available online for this figure.

tag (dTAG) was incorporated into the endogenous CRAMP1 locus
in HEK293T cells to facilitate the timed removal of CRAMPI
(Fig. EV2A). The addition of the proteolysis-targeting chimera
(PROTAC) dTAG13, which targets dTAG-containing protein for
destruction by the proteasome (Nabet et al, 2018), resulted in the
degradation of CRAMP1 to below detectable levels within 3-5h
(Fig. 2A,H). To determine the effect of CRAMP1 degradation on
cell proliferation, we followed HEK293TCRAMPIHATAG qTAGI3-
treated cells by live-cell imaging for 6 days (Fig. 2B). No difference
was observed in the rate of cell proliferation between dTAG13 and
DMSO-treated cells, suggesting that CRAMP1 loss does not alter
cell cycle dynamics or cell viability, at least within the timeframe of
the experiments conducted here. This is consistent with cell
viability from the DepMap resource (depmap.org), which shows
only a slight reduction in cell viability after 14-21 days, across
many cell types.

We observed that CRAMPI1 degradation led to a sustained
reduction in histone H1 protein as quickly as 1 day after the
addition of dTAGI13, while not affecting steady state levels of
histone H3 (Fig. 2A,C). To determine if transcriptional changes in
histone H1 gene expression could explain the reduced levels of
histone H1, and identify which histone H1 genes were affected, we
conducted RNA-seq in the HEK293TCRAMPI-HAATAG ce] Jine, Since
histone transcripts are largely not polyadenylated, we conducted
RNA-seq from ribo-depleted samples 24 h after the addition of
dTAG13 to degrade CRAMPI1. Analysis at 24h after dTAG
addition showed that CRAMP1 degradation led to a significant
decrease in histone H1 gene transcripts (Fig. 2D). The histone H1-
3, H1-2, and HI-0 variants showed significant reductions in
expression. H1-4 and H1-10 were reduced, albeit to a lesser extent.
HEK293T cells did not express H1-5, H1-7, and H1-8 variants
(Fig. 2E). CRAMP1 loss reduced histone H1 expression at 24 h and
7 days (Fig. EV2B) after dTAG addition; however, histone HI1
expression was not completely eliminated, suggesting that
CRAMPI1 stimulates H1 expression, but may not be essential for
basal expression. CRAMP1 loss did not result in a consistent
reduction in the expression of the genes encoding core histones
(Figs. 2F and EV2C). Although sporadic changes in core histone

1126  EMBO reports Volume 27 | March 2026 | 1122 - 1145

expression are observed in some replicates, especially in histone
H2A and H2B genes, changes are not consistent across replicates.
Also, in contrast to histone H1, where all genes within this histone
type are strongly reduced, the core histones do not show a
reduction in aggregate (Fig. EV2C). Finally, we did not observe an
effect of CRAMPI loss on expression of select core histone genes
when we assayed their levels by RT-PCR, whereas the linker histone
H1-2 expression is strongly reduced (Fig. EV2D). A similar pattern
of suppression was observed in RPE1"®T cells treated with siRNA
targeting CRAMP1. Histone H1-2 showed a significant reduction in
response to CRAMP1 suppression, whereas the core histones were
unaffected (Fig. EV2E).

Consistent with the effect of CRAMPI on histone Hl1
expression, GSEA analysis of RNA-seq profiles after 1 day of
dTAG treatment identified a significant reduction in a gene set
associated with DNA packaging, and this change persisted for
7 days of dTAG treatment (Figs. 2G and EV2B). Given the genetic
association of CRAMP]I that we identified in the DepMap (Fig. 1C),
we examined the effect of CRAMPI loss on PRC2-suppressed genes
by gene set enrichment analysis (GSEA) (Fig. 2G). A gene set of
PRC2-repressed genes did not show a significant derepression after
1 day of dTAG treatment. However, after 7 days of CRAMP1 loss,
the set of PRC2-repressed genes shows a significant degree of re-
expression. Although the Drosophila Cramped mutant yields a
polycomb phenotype similar to mutations in the PRC2 complex,
the Cramped protein does not co-purify with PRC complexes
(Yamamoto et al, 1997). The correlation between PRC2 and
CRAMPI in the human DepMap data, and our observation that
long-term CRAMP1 suppression leads to derepression of PRC2-
controlled genes, demonstrate that the function of CRAMP1 is
evolutionarily conserved from Drosophila to humans. Matthews
et al recently demonstrated that the histone H1 loss mediated by
CRAMPI leads to the decompaction of PRC2-suppressed loci
(Matthews et al, 2025).

To determine the acute effects of CRAMP1 loss on histone gene
transcription, we conducted transient transcriptome sequencing
(TT-seq) to capture changes in new RNA transcription (Schwalb
et al, 2016). Treatment with dTAG13 led to the significant

© The Author(s)
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Figure 3. Interaction between CRAMP1 and GONA4L.

Justin Bodner et al

(A, B) Schematics showing the known and Alphafold 3.0 predicted domain structure of (A) GON4L and (B) CRAMP1. Predicted structures and interactions were based on
the interaction metric derived from the expected position error. Positive values indicated a high-confidence structure within the protein, and negative values indicated
structure between GON4L and CRAMP1. Domains are color-coded. (C) AlphaFold 3.0 predicted the 3D structure of CRAMP1 in complex with the 2xPAH domains of
GONA4L. Domains are color-coded consistent with (A, B). (D) Immunoprecipitation of GON4L-FLAG was performed using anti-FLAG antibody from HEK293T cells
transiently expressing full-length GON4L and the indicated CRAMP1 domain deletion mutants. (E) Immunoprecipitation of CRAMP1-V5 used anti-V5 antibody from
HEK293T cells transiently expressing full-length CRAMP1 and GON4L deletion mutants. Source data are available online for this figure.

degradation of CRAMP1-dTAG protein within 3-5h (Fig. 2H).
Therefore, we conducted the TT-seq in HEK293T CRAMPI-HA-dTAG
cells after 6 or 24h of dTAGI13 treatment (Figs. 2I,] and EV2F).
Overall, histone H1 expression was significantly impacted after only
6h of CRAMP1-dTAG degradation, showing a 60% reduction
(Fig. 2J). Histone H2A genes, as a group, also showed significant
changes, although the degree of change was smaller compared to
histone H1 (11%). Histone H2B, H3, and H4 genes, as well as a set
of randomly selected control genes, showed no significant change.
Individually, dTAGI13 treatment resulted in the clear reduction in
the nascent transcription of all histone H1 genes as assayed by TT-
seq (Fig. EV2F). Several H2A genes also showed reduction in
nascent expression after 6 h, however, none showed the degree of
change observed in histone HI genes.

Interaction between CRAMP1 and GON4L

To understand the structure of CRAMP1 and GON4L and identify
potential interaction sites between the proteins, we subjected the
protein complex to structure prediction using AlphaFold 3.0
(Figs. 3A-C and EV3A) (Abramson et al, 2024). The predicted
aligned error (PAE) was used to identify the structured domains
within CRAMP1 and GON4L (Figs. 3A,B and EV3A). The only
sequence-predicted domain within human CRAMP1 is the SANT
domain (PRU00624, PS51293, PSSM ID 473887) spanning amino
acids 168-224 (Figs. 3A and EV3A), which is present in the amino
terminus. Based on the PAE values, the structured region extended
beyond the annotated SANT domain to include an additional 77
amino acids (a.a. 111-245).

In addition to the SANT domain, AlphaFold 3.0 revealed two
well-structured regions within the N-terminal half of CRAMPI,
designated as domains D1 (amino acids 315-429) and D2 (amino
acids 663-741), which are not part of any previously recognized
motif (Fig. 3B,C). D1 and D2 of human CRAMP1 are separated by
a largely unstructured region of 234 amino acids; however,
structural predictions suggest that they contribute to a common
fold (Fig. 3C). Specifically, beta-strands from both D1 and D2 are
predicted to form a mixed parallel/antiparallel B-sheet.

GONA4L contains a YY1-binding region (a.a. 600-1339) (Lu et al,
2011) and two predicted paired amphipathic helix (PAH) repeats
(PRU00810, pfam02671, PSSM ID 460645), PAH1 (a.a. 1624-1696)
and PAH2 (a.a. 1706-1777) (Fig. 3A,C). Amino acids 681-1000
within the YY1-binding region are part of a high-confidence
predicted structure comprised of alpha-helical repeats (Figs. 3A,C
and EV3). The two PAH domains appear to form a single structure
within the GON4L C-terminus, spanning amino acids 1597-1793
(Figs. 3C and EV3).

Structural prediction identified the two PAH domains in the
C-terminus of GONA4L as potential interaction sites for CRAMP1. The
4-helices of the GON4L PAH2 domain are associated with the last
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alpha helix of the D2 domain of CRAMP1 (Fig. 3C). The D1 domain of
CRAMP1 is predicted to make additional contacts with the PAH
domains of GON4L. Therefore, we propose that both D1 and D2
contribute to the binding of GON4L. The YY1-binding domain of
GON4L did not show an interaction interface with CRAMPI,
suggesting it is free to interact with other proteins in the context of
CRAMP1 binding, including NPAT (Figs. 3A,C and EV3).

The CRAMPI gene evolved along with bilateral symmetry in
Eukaryotes. The Drosophila homologs of CRAMP1 and GONA4L,
Cramped and Mute, respectively, are known components of the
histone locus body. The CRAMPI1 D1 and D2 domains are highly
conserved across vertebrates and with D. melanogaster, as is the
SANT domain (Fig. EV4A). Drosophila Cramped shares 28%
identity with human CRAMP1 across the entire protein between
these distant relatives (Fig. EV4B). To determine whether the
structure and interaction of these two proteins are conserved, we
determined the predicted structure of the Drosophila complex using
AlphaFold 3.0 (Fig. EV4C,D). The predicted structure of Droso-
phila Cramped includes the SANT, D1, and D2 domains, which
strongly reflect the human CRAMPI structure (Fig. EV4D,E).
Similar to the human complex, the predicted Cramped—Mute
complex interacts via the D1 and D2 domains of Drosophila
Cramped and the 2xPAH domains of Mute, suggesting that the
structure of the complex is highly conserved.

To determine the domains of GON4L and CRAMP1 that are
required for binding, we developed V5-tagged CRAMP1 deletion
mutants lacking a.a. 165-305 (SANT domain), a.a. 315-439 (D1),
or a.a 663-741 (D2) (Fig. 3D), and FLAG-tagged GON4L deletion
mutants lacking amino acids 1585-1831, spanning both PAH1 and
PAH2, or lacking a.a. 600-1339 that eliminates the YY1-binding
domain. Wild-type or CRAMPI1 deletion mutants were co-
expressed in HEK293T cells in combination with full-length
FLAG-tagged GON4L protein. Full-length CRAMP1 and the
deletion mutant lacking the SANT domain efficiently co-
precipitated with GON4L (Fig. 3D). However, deletion mutants
of CRAMP1 that eliminated the D1 or D2 domains of CRAMP1
abrogated the interaction with GONA4L. Likewise, full-length
GON4L and the deletion mutant lacking the YY1-binding domain
efficiently co-precipitated CRAMP1 (Fig. 3E). In contrast, deletion
of the PAH repeats eliminated the interaction between CRAMP1
and GON4L, demonstrating that the PAH domain is required for
CRAMPI to bind to GON4L.

CRAMP1 localization to histone locus bodies (HLB)

To determine the subcellular localization of CRAMP1 in human
non-transformed RPE1PMERT cells, we established a stable cell line
expressing CRAMPI-V5. We observed clear co-localization of
CRAMP-V5 with NPAT-positive foci (Fig. 4A), demonstrating that
CRAMPI is a component of the histone locus body (HLB), similar
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Figure 4. Localization of CRAMP1 to the histone locus body.

Justin Bodner et al

(A) Immunofluorescence was conducted in RPET-hTERT cells stably expressing V5-tagged CRAMP1. Cells were co-stained with anti-V5 (green) and NPAT (red)
antibodies. CRAMP1-V5 colocalized with NPAT to the HLB. (B) HEK293TCRAMPIHA-TAG \ere stained with antibodies against HA-tag for endogenous CRAMP1 (green) and
anti-GON4L antibodies (red). Endogenous CRAMP1 and GON4L were colocalized at histone locus bodies. (C) Stable HEK293T cell lines were created by lentiviral
transduction expressing the indicated V5-tagged CRAMP1 deletion constructs. Cells were fixed and subjected to immunofluorescence with anti-NPAT (red) antibodies to
identify the histone locus body (HLB) and anti-V5 (green) to determine the localization of CRAMP1 mutants. The D1 and D2 domains, which are required for GON4L
binding, are also responsible for recruitment of CRAMP1 to the HLB. Scalebars =5 microns. Source data are available online for this figure.

to the Drosophila homolog Cramped (Gibert and Karch, 2011). To
determine that CRAMP-V5 localization to the HLB reflected the
endogenous localization of the protein, we stained parental
RPE1MERT «els with an antibody against endogenous CRAMP1 and
the HLB component Symplekin (Sabath et al, 2013; Yang et al,
2013b). Endogenous CRAMP1 was concentrated at the HLB
(Fig. EV4F). To determine if GON4L and CRAMPI colocalize to
the HLB, we examined the localization of endogenously tagged
CRAMPI-HA and GON4L by immunofluorescence in
HEK293T cells. Similar to RPE1"ERT cells, CRAMP1-HA showed
discrete localization to the HLB (Fig. 4B). Moreover, staining for
endogenous GON4L showed complete overlap with CRAMP1.

To determine the CRAMPI1 domains required for HLB
localization, stable HEK293T cell lines were created expressing
HA-tagged full-length or deletion mutants of CRAMP1 targeting
the SANT, D1, and D2 domains (Fig. 4C). Similar to the RPE1"ERT!
cells, wild-type CRAMP1 clearly localized to the histone locus
bodies. Deletion of the SANT domain had no effect on the
CRAMPI localization to the HLB. Alternatively, deletion of either
the D1 or D2 CRAMP1 domain resulted in a protein that was
unable to concentrate to the HLB. Given that the same domains are
required for binding to GON4L, we surmised that GONA4L is
required for the recruitment of CRAMP1 to the HLB.

CRAMP1 occupies the H1 gene promoters

To determine the genomic localization of CRAMP1, we conducted
ChIP-seq using the RPE1"™T CRAMPI-V5 expressing cells that
show discrete localization of CRAMP1 to the HLB (Fig. 4A). ChIP-
seq using a V5 antibody identified 32 peaks common to all three
replicates (Fig. 5A). The peaks occupied primarily protomer regions
and were enriched for genes related to nucleosome structure
(Fig. 5B,C).

We examined the localization of CRAMP1-V5 specifically at the
histone genes and compared the CRAMP1 occupancy distribution
to a pre-existing NPAT ChIP-seq dataset from RPEIMRT cells
(Sokolova et al, 2017) (Fig. 5D). CRAMP1-V5 accumulated to its
highest levels at the promoters of the linker histone H1 genes, with
more modest recruitment to H2A, H2B, and H4 promoters. In
contrast, NPAT, which regulates replication-coupled expression of
histones, accumulates most highly at the H4 promoter, and to a
lesser degree at H2A, H2B, and HI1. The biphasic distribution of
NPAT at the promoters of H2A and H2B genes reflects the head-
to-head arrangement of many H2A and H2B gene pairs within the
human genome. Surprisingly, NPAT showed little accumulation at
the H3 promoters, suggesting that the influence of NPAT on H3
regulation may be through coordinated control of H3 and H4.
CRAMPI accumulates at the promoter of the replication-coupled
H1-2 and H1-4 genes, as well as the replication-independent H1-10
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gene (Fig. 5E,F). While NPAT is weakly recruited to the H1-2 and
H1-4 gene promoters, it is absent from the CRAMP1 accumulated
in a discrete region of the promoter, and NPAT is distributed
downstream of CRAMP1 and extends into the histone gene body.

We identified GONA4L as a binding partner of CRAMP1 (Fig. 3).
To determine if GON4L also occupies the histone H1 promoters,
we conducted ChIP-PCR from HEK293TCRAMPI-HAATAG cellg yging
GONA4L or anti-HA (CRAMP1) antibodies (Fig. 5G). As expected,
the degradation of CRAMPI led to a loss of CRAMPI at the
histone H1 promoters; However, GON4L was unaffected by
CRAMPI loss, suggesting that GON4L lies upstream of CRAMP1
recruitment to the HLB and histone H1 promoters.

CRAMP1 is highly recruited to a subset of histone H1 genes,
specifically H1-10, H1-2, and H1-4, in RPE1"®T cells, which were
shown previously to be universally expressed (Salinas-Pena et al,
2024). To determine whether CRAMP1 is selectively present at the
promoters of active histone H1 genes, we conducted ATAC-seq to
identify the open/closed chromatin state at the histone gene
promoters (Fig. 5G). The ATAC-seq analysis shows a correlation
between open-chromatin states at the histone H1 genes and the
accumulation of CRAMPI, suggesting that CRAMP1 is recruited to
accessible histone gene promoters. To define the mechanism by
which cells select histone H1 gene variants for expression, we
examined DNA methylation at the promoters of the H1 genes by
reduced representation bisulfite sequencing (RRBS). We observe
that DNA methylation negatively correlates with open chromatin
and the presence of CRAMP1 at histone gene promoters in general
(Fig. 5H,I). Based on the correlation between increased DNA
methylation and the closed chromatin state at histone genes, we
propose that DNA methylation is a mechanism by which histone
genes are repressed within a cell lineage. However, additional
experiments are needed to demonstrate whether DNA methylation
or NPAT1 and/or CRAMP1 binding are the primary determinants
of histone expression.

In summary, we describe human CRAMPI1 as a regulator of
histone H1 gene expression. The pattern of cellular fitness across
cell types in response to loss of histone H1 is highly correlated with
CRAMPI1 knockout, demonstrating a functional relationship
between Histone H1 and CRAMPI1. Consistent with this genetic
interaction, CRAMP1 both binds to the histone H1 protein and the
promoters of histone H1 genes to stimulate their expression.
CRAMPI is strongly localized to the histone locus body in the cell
nucleus; however, CRAMP1 exclusively occupies promoters of
replication-dependent and independent H1 genes and uniquely
regulates only histone H1 expression. Core histones are not under
the control of CRAMP1. Although CRAMP1 is considered non-
essential and we see no growth defects with acute destruction of
CRAMPI, the loss of CRAMP1 and histone H1 renders cells more
sensitive to topoisomerase II inhibition (Ingham et al, 2025). These
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Figure 5. Histone H1 promoters are bound by CRAMP1.

(A) ChIP-seq was conducted from RPE1"™®T cells stably expressing CRAMP1-V5. Heatmaps display the ChIP-seq signal average of two biological replicates at consensus
peaks. (B) GO analysis of genes within 1kb of the CRAMP1 consensus binding sites using GREAT (McLean et al, 2010) showed that CRAMP1 was enriched in nucleosome-
related genes. (C) The binding sites of CRAMP1 were located primarily within promoter regions. (D) Combined heatmaps of the transcription start sites (TSS) from all
genes within the classes of core (H2A, H2B, H3, and H4) and linker histones (H1) showed a preference of CRAMP1-V5 binding at histone H1 promoters. (E) Heatmaps
show V5-ChlP-seq peak intensities at the TSS of individual histone H1 genes. The promoters of replication-dependent (H1-2 and H1-4) and replication-independent (H1-10)
histone H1 genes were bound by CRAMP1. (F) Track examples of histone genes showing the accumulation of CRAMP1 from V5 ChIP-seq accumulated at histone H1 genes,
NPAT at replication-coupled histones by ChIP-seq (GSE69147), and open chromatin by ATAC-seq. (G) ChIP-PCR conducted from HEK293TCRAMPIATAG cg| |ines shows
GONAL accumulation at the histone H1 promoters. ChIP-PCR was conducted using antibodies against endogenous GONA4L (orange circles), HA (CRAMP1) (green circles),
or IgG control (open circles). The binding of these factors was assayed at three separate H1 gene promoters and the GAPDH promoter as a negative control (n=3
biological replicates). DMSO-treated cells are indicated by the gray box, and dTAG-treated cells by the blue box. Values are represented as the mean across biological
replicates, and error bars represent standard deviation (S.D.). P values were calculated using unpaired two-tailed t test. (H) Heatmaps of CRAMP1-V5 by ChlIP-seq,
accessibility by ATAC-seq, and CpG methylation by reduced representation bisulfite sequencing (RRBS) were mapped to the transcriptional start sites (TSS) of all H1
histone genes. Relative CpG content of the histone H1 protomers within 1Kb of the TSS is listed on the right. (I) Cumulative distribution function of methylation of CpG sites
at all histone promoters compared between sites that are categorized as open or closed based on ATAC-seq signal. Open promoters showed a reduced level of DNA
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methylation as compared to closed chromatin. A leftward shift indicates relative hypomethylation.

studies also showed that CRAMP1 occupies the histone H1 locus
and regulates linker histone transcription.

CRAMPI interacts with another previously identified HLB
component, GON4L. We identified the D1 and D2 domains as
those responsible for GON4L binding. This recapitulates recent
findings by Ingham et al (Ingham et al, 2025), which they termed
GB-N (D1) and GB-C (D2). Our work goes on to demonstrate that
the PAH repeats of GON4L provide the interface for CRAMP1
binding. The C-terminus of NPAT interacts with the SANT
domains of both GON4L and FLASH (Bucholc et al, 2020; Yang
et al, 2014). Structural prediction by Matthews et al suggests that
the SANT domain of CRAMP1 may provide a direct interaction
with NPAT (Matthews et al, 2025). However, our localization data
show the SANT domain is not required for localization of CRAMP1
to the HLB. Both GON4L and NPAT act as bridges between
multiple components of the HLB complex. The protein compo-
nents of the histone locus body are highly conserved from
Drosophila to humans, and include NPAT, GON4L, FLASH, and
CRAMP1 (Duronio and Marzluff, 2017; Geisler et al, 2023).
Structural predictions suggest that the interface between GON4L
and CRAMPI1 is highly conserved between the human and
Drosophila complexes.

The cell cycle timing of the replication-coupled core histone genes
that exist in the gene clusters that are organized in the HLB is
controlled by CyclinE/Cdk2 of NPAT (Armstrong et al, 2023; Miele
et al, 2005; Mitra et al, 2009; Ye et al, 2003). Phosphorylation of NPAT
by CyclinE/Cdk2 is required for transcriptional activation and
maintenance of the histone genes at the G1/S boundary and during
S-phase, respectively (Hur et al, 2020; Miele et al, 2005; Mitra et al,
2009; Nelson et al, 2002; Ye et al, 2003). Consistent with the role of
NPAT in control cell cycle-specific histone expression, NPAT only
overlaps with CRAMP1 at the replication-coupled histone H1 genes.
However, CRAMP1 occupies both the replication-coupled and
replication-independent histone H1 gene promoters.

Our work and the work of Matthews et al and Ingham et al
demonstrate that histone HI1 regulation within the human HLB is
distinct from core histone gene expression (Ingham et al, 2025;
Matthews et al, 2025). The Drosophila Cramped has been shown to
localize to the histone locus body and act as a selective regulator of
histone H1 (Gibert and Karch, 2011). Mutations in Drosophila
Cramped led to a severe reduction in the expression of histone H1,
while having no effect on the core histones (H3, H4, H2A, H2B),
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implying a unique and conserved role for CRAMPI in HI1
regulation and/or stability. This distinct regulation within the
HLB may extend to the core histones, as the HiNF-P/MIZF
transcription factor binds to NPAT in its promoter and selectively
regulates histone H4 expression (Miele et al, 2005; Mitra et al,
2003).

Methods

Reagents and tools table

Identifier or

Reagent/resource Reference or source catalog number

Experimental models

Cell line: RPETMTERT American Type Culture ~ CRL-4000
Collection

Cell line: HEK-293T American Type Culture  CRL-3216
Collection

hTERT RPE]CRAMPI-VS This study N/A

HEK293TCRAMPIVS This study N/A

HEK2Q3TCRAMPI-HA-ATAG This study N/A

HEK293TCRAMPI-HA This study N/A

HEK293TCRAMPIASANT-HA This study N/A

HEK2Q3TCRAMPIADT-HA This study N/A

HEK293TCRAMPIADZ-HA This study N/A

Recombinant DNA

CRAMP1 (Homo sapiens) in  DNASU HsCD00865801

pLenti6.3/V5-DEST

GONA4L (Homo sapiens) in Genewiz N/A

pUC-GW-Kan

pLenti CMV Puro GON4L- This study N/A

FLAG

pLenti CMV Puro This study N/A

GON4LAYY1-FLAG

pLenti CMV Puro This study N/A

GON4LAPAH-FLAG

pLenti6.3 CRAMP1-ASANT-  This study N/A

V5
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Identifier or Identifier or
Reagent/resource Reference or source catalog number Reagent/resource Reference or source catalog number
pLenti6.3 CRAMP1-AD1-V5 This study N/A Trim Galore v0.4.4, Bismark  https://github.com/ N/A
0.16.3 FelixK TrimGal
plenti6.3 CRAMP1-AD2-V5 _ This study N/A . elixKrueger/TrimGalore
X Segmonk bisulfite https://github.com/s- N/A
CRAMPI-HA-dTAG rescue  This study W methylation pipeline andrews/SeqMonk
construct
. Other
pcDNAS5-FRT/TO-3xFlag- Addgene Plasmid #187585
APEX2 C-term NPAT Anti-V5-conjugated beads Proteintech/Chromotek  v5tma
Antibodies Anti-Flag magnetic Beads
Rabbit anti-HA Cell Signaling Technology 3724 fetal bovine serum (FBS)- Bio-Techne $12450
Opti
Rabbit anti-V5 Cell Signaling Technology 13202 phima
Dulb 's Modified Eagl Si -Aldrich M8823
Mouse anti-Flag Millipore Sigma F1804 Ml;dijcnc_lo(EMg,\;l)le RES B ne
Rabbit anti-histone H1-0 Thermo Fisher PA5-30055 Opti-MEM Thermo Fisher Scientific 31985070
Rabbit anti-histone H3 Cell Signaling Technology 4499 penicillin/streptomycin Sigma PO781
Rabbit anti-GONAL Millipore Sigma bzt Lipofectamine 3000 reagent Invitrogen L3000015
Mouse anti-NPAT BD BioSciences 611344 Polybrene Sigma H9268
Anti-actin Millipore Sigma A2228 RNA extraction kit Qiagen 74106
Anti-GAPDH Millipore Sigma PLAQ125 iScript cDNA Synthesis kit Bio-Rad 17088900
Oligonucleotides and other sequence-based reagents iTag Universal SYBR Green Bio-Rad 1725121v
CRAMP1 siRNA Thermo Scientific $33376 Supermix
H1-0 promoter This study Table EV1 Protein A Dynabeads Thermo Fisher 10001D
CRAMP1 This study Table EV1 NEBNext Ultra Il DNA Library New England Biolabs E7765S
Preparation kit
GAPDH This study Table EV1
NEBNext Unique Dual Index New England Biolabs E6440S
H1-10 Promoter This study Table EV1 Primers
H1-2 Promoter This study Table EV1 NEBNext rRNA Depletion Kit New England Biolabs E7400
H1-4 Promoter This study Table EV1 V2
H1-2 This study Table EVA QIAGEN AllPrep Micro Kit Qiagen 80284
H2AC6 This study Table EVA NEBNext Magnesium RNA New England Biolabs NC0477295
Fragmentation Buffer
H2AFY/MacroH2A.1 This study Table EV1 . o
Dynabeads MyOne Thermo Fisher Scientific 65001
H2BC12 This study Table EV1 Streptavidin C1 beads
H3Cé6 This study Table EV1
H4C9 This study Table EV1 Deletion mutants
Chemicals, enzymes, and other reagents
dTAGT3 Toris 6605 A full-lf:ngt.h CRA.MPI entry cl‘one was generated by BP Gateway
] — recombination using a C-terminal V5-tagged CRAMP1 Gateway
iRl zo] il rim obhishierdsteicn i 5590026 expression clone (DNASU, HsCD00865801) and pDONR221
MTSEA-biotin-XX Biotium 90066 Gateway donor vector (Invitrogen, 12536017). A full-length
4-Thiouridine Sigma T4509-250MG GON4L entry clone was synthesized de novo by Genewiz.
Software CRAMPI and GON4L deletion mutant entry clones were generated
' from their respective full-length entry clones by site-directed
Graphiadiris e PP a oI N/A mutagenesis. A C-terminal V5-tagged vector was generated using
RStudio posit.co/download/ N/A NEB HiFi Assembly by ligating a Gateway cassette into the large
rstudio-desktop/ fragment produced from digesting the full-length CRAMPI
fgsea https://bioconductor.org  N/A expression clone at BstBI and Spel sites. Mutant CRAMPI1
FIJI/Image) N/A N/A expression clones were generated by LR Gateway recombination
reaction with mutant entry clones and a C-terminal V5-tagged
rnaseq pipeline v3.18.0 https://nf-co.re N/A w Y K 88
vector. Mutant and full-length GON4L expression clones were
chipseq pipeline v2.0.0 https://nf-core N/A generated by LR Gateway recombination reaction with entry clones
Atac-seq pipeline v2.1.2 https://nf-co.re N/A and a C-terminal FLAG-tagged vector. All plasmids were verified
edgeR (Version 3.36.0) https://bioconductor.org N/A by sequencing and/or restriction digestion.
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Immunoprecipitation mass spectrometry

HEK293T stably overexpressing a CRAMP1-V5 fusion protein and
parental HEK293T were lysed in extraction buffer (150 mM NaCl,
50 mM Tris-Cl pH 7.5, 1% v/v IGEPAL CA-630, protease inhibitor
cocktail) for 30 min on ice. Whole cell extracts were centrifuged for
30 min at 4700 rpm at 4 °C. The supernatant was collected and
analyzed by BCA for protein concentration. The samples were
normalized to the most dilute sample in the set, combined with
magnetic V5-conjugated beads (Proteintech, v5tma), and incubated
while rotating overnight at 4 °C. Beads were washed 5x in wash
buffer (150 mM NaCl, 50 mM Tris-Cl pH 7.5, 1% IGEPAL CA-
630), after which beads were resuspended in 1x Laemmli buffer and
boiled at 95°C for 10 min. Successful immunoprecipitation was
tested by silver staining SDS-PAGE-resolved immunoprecipitated
samples. Immunoprecipitated samples were trypsin-digested and
prepared for/subjected to mass spectrometry analysis. Mass
spectrometry was conducted by the Northwestern Proteomics core.
The Log2 fold change (FC) was calculated from normalized spectral
counts of CRAMP1-V5 expressing cells versus parental HEK293T.
Three biological replicates of parental and CRAMP1-V5-expressing
cells were analyzed. P values were calculated using unpaired two-
tailed ¢ test.

Transient transfection and co-immunoprecipitation (Co-IP)

HEK293T cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS)-Optima (Bio-Techne, S12450) and 1%
penicillin/streptomycin (Sigma, P0781). Cell lines were tested
regularly for mycoplasma. HEK293T plated in a 6-cm plate were
transfected overnight in Opti-MEM with 1 ug DNA per construct
(i.e., 2pg DNA for co-transfection) using Lipofectamine 3000
reagent (Invitrogen, L3000015) according to the manufacturer’s
protocol. Opti-MEM was replaced with growth media for 48 h.
Cells were lysed in extraction buffer (150 mM NaCl, 50 mM Tris-Cl
pH 7.5, 1% v/v IGEPAL CA-630, protease inhibitor cocktail) for
30 min on ice, centrifuged at 21,000 rcf for 30 min at 4 °C. Only the
supernatant was carried forward for Co-IP. Inputs were collected
(5% total volume) and combined with sufficient 6x Laemmli buffer
for a 1x dilution. Magnetic V5-conjugated (Proteintech, v5tma) or
FLAG-conjugated beads (Sigma, M8823) were added to the
remaining supernatant and incubated while rotating overnight at
4 °C. Beads were washed 5% in wash buffer (150 mM NaCl, 50 mM
Tris-Cl pH 7.5, 1% v/v IGEPAL CA-630) suspended in 1x Laemmli
buffer, and boiled for 10 min at 95°C. Inputs and the immuno-
precipitated sample were analyzed by western blot. At least two
unique biological replicates were analyzed per experiment.

Structure prediction

The combined structure of GON4L and CRAMP1 complex was
predicted using AlphaFold3 (Abramson et al, 2024). Full-length
sequences of both proteins were used for prediction, although only
regions showing confidence pLDDT >80 are shown in the
structures. The interaction metric was derived from the expected
position error by averaging the expected position error at each
amino acid within or across molecules and reporting the maximum
expected position error minus the observed.
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Lentivirus production, transduction, and cell
line generation

Lentivirus was generated in HEK293T by co-transfecting 12 pg
desired transgene plasmid with 3 pg VSV-G coat protein vector
pMD2.G (Addgene, 12259) and 6 ug psPAX2 (Addgene, 12260) in
a 10-cm plate. Parental HEK293T cells were transfected overnight
in Opti-MEM (Thermo Fisher, 31985070). Growth media was
replaced, and the viral media was collected and replaced with fresh
DMEM every 24h for two consecutive days. Viral media was
pooled and sterile-filtered through a 0.45uM surfactant-free
cellulose acetate membrane filter. As needed, lentivirus was stored
at —80°C or used immediately. Transduction was performed in a
six-well format, where 5e5 parental cells were plated one day prior
to infection. Lentivirus was spiked into growth media containing
8 ug/mL Polybrene (Sigma, H9268) and incubated overnight. Fresh
growth media was replaced the next morning, and antibiotic
selection was initiated 24 h thereafter. Surviving colonies were
pooled, and expression of the transgene was validated by
immunoblotting for the exogenous tag.

To create an endogenously tagged CRAMP1-dTAG cell line,
sgRNAs targeting the C-terminus of CRAMP1 were cloned into the
Cas9-expressing vector pX330 (Addgene, #42230) between BbsI
sites. A repair construct plasmid was designed to include a 2xHA
tag fused to FKBP12F36V, followed by a cleaving peptide sequence
(P2A) and a blasticidin resistance cassette. The cassette was
integrated between two homology arms, each roughly 500 base
pairs long. The left arm was positioned upstream of the stop codon,
while the right arm began at the stop codon and extended just
beyond it. To prevent Cas9 from targeting the repair template, a
silent mutation was introduced into the PAM site. The complete
construct was inserted into the high-copy pTwist-Amp plasmid and
synthesized by Twist Biosciences for use as the repair plasmid.
HEK293T cells were co-transfected with 500 ng sgRNA-Cas9 and
1500 ng repair plasmids using Lipofectamine™ 3000 transfection
reagent (Invitrogen, L3000). Following selection in 1 ug/ml
blasticidin, single clones were isolated. Clones that were homo-
zygous for the knock-in were validated through PCR using four
independent primer pairs covering the knock-in junction and
producing a distinct product size. dTAG13 (Tocris, 6605)
concentration used in all the experiments was 500 nM for the
indicated time points.

Immunoblot and antibodies

Antibodies for HA (CST, 3724), V5 (CST, 13202), FLAG (Sigma,
F1804), histone H1-0 (Thermo Fisher, PA5-30055), histone H3
(CST, 4499), ACTIN (Sigma, A2228), and GAPDH (Sigma,
PLA0125) were purchased commercially. Samples for immunoblot
were prepared as indicated. For immunoprecipitated (IP) samples,
the inputs and IP samples in extraction or wash buffer, respectively,
were combined with 6x Laemmli buffer for a 1x working
dilution and boiled at 95°C for 10 min, as described earlier. For
non-IP samples, cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-Cl pH 8.0, 1% v/v
IGEPAL CA-630, 0.5% deoxycholate, 0.1% SDS) for 30 min on ice.
Lysates were centrifuged at 20,000 rcf for 30 min at 4 °C, and the
supernatant was isolated and combined with sufficient 6x Laemmli
buffer for a 1x working dilution and boiled at 95 °C for 10 min. All
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samples were resolved by SDS-PAGE and transferred to poly-
vinylidene fluoride (PVDF) membrane, which was blocked in TBST
supplemented with 10% non-fat milk powder for 20 min at room
temperature. Primary antibody incubation was performed over-
night at 4 °C with rotation, and secondary antibody incubation was
performed for 30 min at room temperature with rotation. One
representative image of at least two replicated immunoblots is
reported in the article.

Fitness correlation analysis

Fitness data from whole-genome CRISPR screens across hundreds
of cancer cell lines was downloaded from the DepMap database
(depmap.org). All analyses were conducted in version 23Q4 using
RStudio. The histone HI1 fitness signature was calculated by
averaging the fitness effect of all histone H1 variants within each
cell line. Matrices of fitness effects per gene, including the histone
H1 gene signature by cell type, were used to calculate Pearson’s
correlation of the fitness effects for each gene knockout across cell
lines. The results were displayed as the rank order of correlations
with the indicated gene or gene signature.

Quantitative reverse-transcriptase PCR

Total RNA was isolated using an RNA extraction kit (Qiagen,
74106) following the manufacturer’s protocol. Complementary
DNA (cDNA) was prepared from 2 ug RNA using the iScript cDNA
Synthesis kit (Bio-Rad, 17088900). cDNA was diluted 10-fold and
combined with iTaq universal SYBR Green supermix (Bio-Rad,
1725121), then forward and reverse primers were added to a final
concentration of 500 nM (Table EV1). The mixture was subjected
to real-time quantitative PCR using the protocol described in the
iTaq SYBR manual. Gene expression was analyzed by the 2744
method. Three technical replicates were analyzed for every
biological replicate, and a minimum of three biological replicates
were analyzed for each experiment.

ChlIP-seq

ChIP-seq was performed in RPEI"T CRAMPI1-V5 cells as
previously described in (Khurana et al, 2024). Briefly, 5 x 107 cells
were cross-linked with 1% formaldehyde, 1% FBS in 1xPBS for
10 min at room temperature with rotation, followed by quenching
with 0.2 M glycine for 5min at room temperature with rotation.
Cells were then washed in PBS, pelleted, and flash frozen in liquid
nitrogen. Cells were lysed in lysis buffer 1 (50 mM HEPES pH 7.5,
140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% IGEPAL CA-630,
0.25% Triton X-100), lysis buffer 2 (10 mM Tris-HCI pH 8.0,
20 mM NaCl, 1 mM EDTA, 0.5mM EGTA), and resuspended in
lysis buffer 3 (10 mM Tris-HCI pH 8.0, 1 mM EDTA, 0.1% SDS).
Cells were sonicated using the Covaris E220 with the following
parameters: 600s, 10% duty cycle, 140 peak intensity, and 200
cycles per burst. The lysates were centrifuged, and input across the
samples was normalized by DNA concentration. In total, 10x ChIP
dilution buffer (10% Triton X-100, 1 M NaCl, 1% Na-deoxycholate,
5% N-Lauroylsarcosine, 5mM EGTA) was added to a final
concentration of 1x. 1% of the Input was removed and then
DNA-protein cross-linked complexes were immunoprecipitated
overnight at 4 °C with the following antibodies: V5 (1.92 ug CST),
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or Rabbit IgG (1.92 ug CST). Complexes were then bound to
Protein A Dynabeads (Invitrogen) for 4 h at 4 °C followed by four
washes in RIPA buffer (50 mM HEPES pH 7.5, 500 mM LiCl, 1 mM
EDTA, 1% IGEPAL CA-630, 0.7% Na-Deoxycholate) and 1 wash in
Ix TE+50mM NaCl. Reverse crosslinking reaction using
proteinase K was performed at 65 °C overnight, followed by DNA
purification using Qiagen PCR purification kit. DNA libraries were
produced using NEBNext Ultra II DNA Library Preparation kit and
NEBNext Unique Dual Index Primers (New England Biolabs).
Libraries were quality checked using Agilent D1000 TapeStation kit
and Qubit Flourometer and then sequenced on the Illumina
NovaSeq X (Admera Health) with 2 x 150 bp paired-end reads and
with 1% PhiX as a control. We obtained 50 M reads per sample.
Data analysis including alignment of reads and peak calling was
conducted using the nf-core/chipseq pipeline (https://github.com/
nf-core/chipseq). Downstream analysis was performed using bed-
tools, deeptools and R. GO analysis of genes within 1kb of
CRAMPI-consensus binding was conducted using Genomic
Regions of Enrichment of Annotations Tools (GREAT) (McLean
etal, 2010). NPAT ChIP-seq was conducted previously (GSE69147)
(Sokolova et al, 2017).

RNA-seq

Total RNA was extracted using TRIzol reagent and chloroform.
Ribosomal RNA was depleted with NEBNext rRNA Depletion Kit
V2 (NEB, E7400) as per the manufacturer’s protocol. The rRNA-
depleted samples were used as input for Library Prep as described
above, and NGS sequencing was conducted by the NUSeq Core
facility. RNA-seq analysis was conducted using the nf-core/rnaseq
pipeline v3.18.0 (https://github.com/nf-core/rnaseq) using default
parameters through nextflow 24.04.4. Differential gene expression
was determined using edgeR (Version 3.36.0) after filtering genes
with fewer than 3 counts, or with counts present in 3 or fewer
samples. GSEA analysis was conducted using the fgsea package
(Version 1.30.0) from Bioconductor.

ATAC-seq

ATAC-seq was conducted as described previously (Khurana et al,
2024). Briefly, 5 x 10* RPE1"*"! cells were isolated in cold PBS and
lysed with 0.1% NP-40, 0.1% Tween-20, and 0.01% Digitonin. Cells
were centrifuged, and the nuclear pellet was resuspended in the
transposition reaction mix that included Tagment DNA TDEIL
Enzyme and Buffer (Illumina) per the manufacturer’s protocol.
Transposition was conducted at 37 °C for 30 min, and DNA was
then purified using Qiagen MiniElute Reaction Cleanup Kit (Qia-
gen, 28204. Nextera (Illumina) i5 common adapter and unique i7
index adapters were used to PCR amplify purified transposed DNA
using NEBNext High Fidelity 2xPCR Master Mix for five cycles.
Ten percent of the partially-amplified libraries were then analyzed
by qPCR to determine the number of additional PCR cycles
necessary for sub-saturating amplification. The number of addi-
tional cycles needed for each sample was determined by calculating
the number of cycles needed to reach 1/3 of the maximum RFU in
that sample. After further amplification, primer dimers and large
>1000 bp fragments eliminated using AMPure XP beads. Libraries
were quality checked using Agilent D1000 TapeStation kit and
Qubit Flourometer then sequenced on the Illumina HiSeq (Admera
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Health) with 2 x 150bp paired-end reads. Data analysis was
conducted using the nf-core/atacseq pipeline (https://github.com/
nf-core/atacseq).

TT-seq

TT-seq was conducted as described previously (Aoi et al, 2021).
HEK293TCRAMPI-HA-ATAG ce]|s were plated on 15-cm plates and grown
to 80% confluence. Cells were treated with 500 nM dTAG for 0, 6,
or 24 h. At the end of the dTAG treatment, cells were labeled with
0.5 uM 4sU for 10 min, after which the media was aspirated, and
2.5ml TRIzol (Thermo Fisher Scientific, 15596026) was added to
quench the reaction. Total RNA was extracted according to the
manufacturer’s specifications, with the addition of 2uM freshly
prepared DTT added prior to isopropanol precipitations to avoid
oxidation of 4sU. RNA concentration was determined by Qubit
RNA BR assay, and a TapeStation was used to verify the quality of
total RNA using RNA ScreenTape. RNA fragmentation was
achieved using the NEBNext Magnesium RNA Fragmentation
buffer (NEB, NC0477295) and heating the samples to 94 °C for
2min followed by purification of RNA using RNAclean XP
beads (Beckman, A63987). RNA was denatured at 65°C for
5min, and 4sU was biotinylated by treating RNA with 33 ug/ml
MTSEA-biotin-XX in 20% DMF, 0.1 mM HEPES pH 7.5, and
50 uM EDTA for 1h at room temperature. RNA was purified via
RNAClean XP bead and resuspended in RNAse-free water.
Biotinylated RNA was denatured and purified on glycogen-
blocked Dynabeads MyOne Streptavidin C1 beads and eluted by
cleavage of the MTSEA disulfide bond in 100 mM DTT. RNA was
purified via RNAClean XP bead and resuspended in RNAse-free
water and subjected to RNA-seq as described above.

Modified reduced representation bisulfite sequencing

4.5 % 10° cells were lysed using QTAGEN RLT Plus buffer, and DNA
isolation was performed with the QTAGEN AllPrep Micro Kit. Briefly,
200 ng of genomic DNA was subjected to restriction endonuclease
digestion with Mspl, and size selection, bisulfite conversion, and index
ligation proceeded as previously described (McGrath-Morrow et al,
2018; Michki et al, 2023; Morales-Nebreda et al, 2021; Morgan et al,
2023). The bisulfite conversion efficiency was 99.5% for all samples
based on the observed methylation level of unmethylated A-
bacteriophage DNA (New England Biolabs) spiked into each sample.
Sequencing was performed on an Illumina NextSeq 2000 instrument
with P2 kits (75-bp single-end reads). Processing, analysis, and
quantification were performed using Trim Galore v0.4.4, Bismark
v0.16.3 with alignment to the hg38 genome build, and the Seqmonk
bisulfite methylation pipeline as previously described (Singer, 2019).
Visualization was performed by plotting raw methylation values from
the Bismark bigwig file output and by generating cumulative
distribution functions filtered to regions of open versus closed
chromatin as defined by ATAC-seq analysis.

Data availability

Genomics datasets are available through Gene Expression Omnibus
(GEO). TT-seq, ATAC-seq, ChIP-seq, RNA-seq, and RBBS raw
datasets are available with accession numbers GSE310913,
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GSE310852 GSE310853, GSE310854, GSE310855, respectively.
NPAT ChIP-seq data were published previously (Sokolova et al,
2017) and are available with accession number GSE69147. Reagents
and cell lines are available upon request.

The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44319-026-00704-9.

Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44319-026-00704-9.
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Expanded View Figures

Figure EV1. Validation of RPE1"™" cells expression CRAMP1-V5.

(A) Whole cell extracts from parental HEK293T and V5-tagged CRAMP1
expressing cells were subjected to immunoblot, showing the expression of V5-
tagged CRAMP1 in cells used for immunoprecipitation and mass spectrometry (IP-
MS). Parental HEK293T cells were used as a control in IP-MS experiments. (B)
Silver stain following immunoprecipitation using V5 antibody-conjugated beads
from parental HEK293T and V5-tagged CRAMP1 expressing cells. The red arrow
indicates the expected relative molecular weight of CRAMP1-V5 protein.

1140  EMBO reports Volume 27 | March 2026 | 1122 - 1145 © The Author(s)



Justin Bodner et al

A pX330

3 UTR
SgRNA

CRAMP1 Locus

Exon 21

GG-linker Stop codon

CRAMP1-HA-dTAG repair plasmid

10 1

-Logio P

EMBO reports

NS
Log, FC > 1
p value <0.05
@© p-valueandlog, FC

L L L] L]
25 0.0 25 5.0
Log, fold change
C _ 15 s
[4)
3 SR (. i ¥
<
S to/o o ++++ T*ﬁ ++++ ****
£ . * [ ]
C : .
g os *- . H I
< L]
g
oo{ —
7 1 7 7 1 7 7 1 7 17 1 7 7 1 7
DMSO  dTAG DMSO  dTAG DMSO  dTAG DMSO  dTAG DMSO  dTAG
E macroH2A.1 - H2AFY
p=0.097 H2A - H2AC6
D - H2B - H2BC12
7 p=0.017 - -
. ° 2.0 H3 - H3C6 e Control
g - H4 - H4C9
g . 0 m dTAG
c 109 @ 1.5+
S -l
o . g
o
T x -
93 SiRNA * £ 10
B NT ()
I CRAMP1 =
0.0 k= 0.7
S B S S— r
PN SV O SIG I
SEEUERRE *
62~ X 0.0~
& C
$ v
N =S
F H1-3 H2AZ1 H2BC11 CENPA 2
H1-4 H2AC6 H2BC5 H3-3B ::g
H1-10 H2AC21 H2BC4 H3-3A HFC11
12 H2AX H2BC20 H3C13 Hac1s 1
H1-0 H2AC13 H2BC21 H3C14 HaC14
T H2AC11 H2BC13 H3C15 HaC12
Time (ho) H2AC7 H2BC12 H3-7 HaCs 0
H2A) H2BC15 H3C6 HacCa
H2AC12 H2BC8 H3C1 H4C1
H2AC15 H2BC6 H3C7 Hac2 -1
H2AC8 H2BC17 H3C10 0 6 24
H2AC4 H2BC7 H3C2 Time (hr)
H2AC17 H2BC18 0 6 24 -2
H2AC18 H2BC19 Time (hr)

© The Author(s)

0 6 24
Time (hr)

H2AC19 0 6 24
Time (hr)

EMBO reports Volume 27 | March 2026 | 1122 -1145

na



EMBO reports Justin Bodner et al

Figure EV2. Effect of CRAMP1 loss on hist: gene expr

(A) Schematic of the CRAMP1 locus and the CRISPR/Cas9-mediated homologous repair construct used to add the C-terminal HA epitope tag and dTAG degron to the
endogenous CRAMP1 locus. (B) RNA-seq was conducted on HEK293TCRAMPIATAG ces after 7 days of dTAG treatment. Volcano plot of RNA-seq showing genes in red that
meet the cutoffs of P value <.05 and log2FC > 1. P values were calculated by edgeR using an exact test adapted for the negative binomial distribution (n = 3 biological
replicates) (C) Analysis of histone gene expression by histone type from RNA-seq conducted in HEK293TRAMPIHA-ATAG ce||s after 1 or 7 days of DMSO or dTAG13. Boxplots
extend from the 25th to 75th percentile, the middle bar represents the median, whiskers extend 1.5% the interquartile range, and outliers are indicated by individual points.
(D) mRNA expression analysis by RT-PCR of selected core and linker histone genes in HEK293TRAMPIHA-ATAG ce||s, Error bars represent the standard deviation P values
were calculated using a two-tailed unpaired t test (n = 3 biological replicates). (S.D.) (E) RT-PCR expression analysis from RPE1 cells treated with control or siRNA targeted
against CRAMP1 (n = 2 biological replicates). (F) Heatmaps of TT-seq signal derived from counts per gene. Values were normalized to the O timepoint (n =1 biological
replicate).
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Figure EV3. Predicted structure of the CRAMP1 and GONAL binding interface.
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Variance

(A) Predicted alignment error (PAE) matrices for the five highest confidence models generated by AlphaFold 3.0 of human CRAMP1 and GONA4L co-structures. All models
identify the same structural domains within CRAMP1 and GONAL. The variance was calculated across model matrices and is plotted to the right. (B) Model_O predicted
structure of the putative CRAMP1-GON4L complex. pLDDT indicates the predicted local distance difference. pTM is the predicted template modeling score indicating the
accuracy of the entire structure. ipTM is the interface predicted template modeling indicating the accuracy of the protein-protein interface.
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Figure EV4. Structural and sequence conservation of CRAMP1 and its interaction with GON4L.

(A) Amino acid sequence alignment of the SANT, D1 and D2 across vertebrates and Drosophila melanogaster. Highlighting shows the degree of conservation. (B) Pairwise
alignment between full-length CRAMP1 homologs. (C) Predicted alignment error (PAE) matrices for the highest confidence model (Model_0) produced by AlphaFold3 for
Drosophila Cramped and Mute. (D) Model_O predicted structure of the putative Cramped-Mute complex. (E) Aligned human and Drosophila complexes. Light colors
indicate Drosophila proteins. (F) Immunofluorescence in RPET cells fixed and stained with primary antibodies against endogenous CRAMP1 and the HLB components
Symplekin. Scalebar =5 microns.
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